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RASTERIZATION

To build fragment data from given vertices
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®  The vertices processed by the vertex program enter a hard-wired stage
and are assembled to build primitives (polygons, lines). Primitives are

further processed to determine its 2D form on the screen, and are
rasterized into a set of fragments.

® The hard-wired rasterization stage performs the following:

vertex p— fragment
=) rasterization =

processing processing
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" Clipping is performed in the clip space, but the following figure presents
its concept in the camera space, for the sake of intuitive understanding.

. LTI T T T AT T T AT
- (T T T T T T T T T T T |
[ Trrr AT vy Cerew v oy o reererer

®  As aresult of clipping, vertices may be added to and deleted from the
triangle.
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" Unlike affine transforms, the last row of M, ,.is not (000 1) but (00
-10). When M,,,.is applled to (x,y,z,1), the AW-coordinate of the
transformed verfex is —z.

cot( !%”3)
aspect ? 0 0
Mp’I'Oj — O COt( 5 ) 0 O
0 0 L _n
f-n f-n
0 0 -1 0
myi1 0 0 0 x My — LT
0 moo 0O O y| _ ma2y 5 - %
0 0 mg3 msy 2 ms33z + M3y —mgz — 24
0O 0 -1 0 1 —z 1

" In order to convert from the homo§eneous (clip) space to the
Cartesian space, each vertex should be divided by its w-coordinate
(which equals —2z).
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" Note that -z is a positive value representing the distance from the xy-
plane of the camera space. Division by —z makes distant objects
smaller. It is perspective division.

projection
fovy
col(75%) 0 0 0 transform
aspect Y Mo Y
Mo = 0 cot(3¥) 0 0 t prof
proj f nf | R e
O 0 _f—_n _]Tn A
0 0 -1 0 P, =(0,1,-2) 0,1,-1) P =011 Pl =(0,1,0)
Zz 2 lr 9 l]'
T LA Z < 2
fovy= - (1) (1) 8 8 @2=(0,0,2) @1 =(0,0-1) Q3 =(0,0,1) Qi=0.00
aspect = 1 Mproj = 00 22
n=1 00 -10 cuboidal
f=2 view frustum view volume
1000Y(0 0 1000)(0 0 0
0100]|]1 1 , 0100]|]1 1 L ,
MproiPt=1g g 2 | | 1|7 0|7 Mreail2=)g g || 2| 2| 2| 1|7
00-10){1 | o0-10)(1) (2 O
1000)(0 0 1000)(0 0 0
0100]]|0 0 , 0100/[]0 0 0 ,
Myroi@1=1 o 0 2 2| [ ][0 |79 Merei@=|g o 55| 2||2] 21|79
00-10)L1 1 oo0-10)1) @ @
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fovy = — 1000
- 0100
(13198101;:1 == Mpro; = 0 0 -2-2
n =
F=2 0 0 -10 ‘Z{ %
1000)(0 0 0
010012 2 I ,
Mroj1=10 0 22 | |27 2|7 1]Y
00-10) L1 2 I
1000)(0 0 0 — 24
010011 1 4
Mp*roj 2 = 7 = 3 - Z = ’Ué
002-2][-F 7|9
00-10)(1) (L I
1000Y(0) (0 0
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M-,"UZ — - =’U’
R 37 217"
3
00-10)(1) (3 1
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The polygons facing away from the viewpoint of the camera are discarded.

Such polygons are called back-faces. (The polygons facing the camera are
called front-faces.)

In the camera space, the normal of a triangle can be used to determine
whether the triangle is a front-face or a back-face. A triangle is taken as a
back-face if the camera (EYE) is in the opposite side of the triangle's normal.
Otherwise, it is a front-face.

For the purpose, compute the dot product of the triangle normal n and the
vector ¢ connecting the camera position and a vertex of the triangle.

n3¢3=0 n-c=||nl|||c||cost
n3

edge-on face

nicr >0 4/]/
N
back face \\/

n2-c2 <()

front face




universal
connecting
vector
(0,0,1)

.................

camera space clip space
(in RHS) (in LHS)

" Back-face culling in the camera space is expensive.

" Fortunately, The projection transform makes all the connecting
vectors parallel to the z-axis. The universal connecting vector
represents the parallelized projection lines. Then, by viewing the
triangles along the universal connecting vector, we can
distinguish the back-faces from the front-faces.
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" Viewing a triangle along the universal connecting vector is equivalent to
orthographically projecting the triangle onto the xy-plane.

® A 2D triangle with CW-ordered vertices is a back-face, and a 2D triangle
with CCW-ordered vertices is a front-face.

V24 o V2

U3 ‘ A back-face front-face A
@\ view direction tor) - CW-ordered - CCW-ordered
Ao A . fin vecto
|| iversal comiE — 0.2) 0.2)
BV V)
» t 2
S\ B ), W
\ \ 7:_,,,'0,30 y 1 y V1 (2’0) "U3 y U3" (_2,0) (A
NV 02 0 2
Z =4 ‘ —
T 20 z 20

®  Compute the following determinant, where the first row represents the 2D
vector connecting v; and v,, and the second row represents the 2D vector
connecting v, and v3. If it is positive, CCW. If negative, CW. If O, edge-on face.

)
r3—x1) (Y3 —¥1)

I (ro —21) (Y2 —11) t
( | |

® Note that, if the vertices are ordered CW in the clip space, the reverse holds,
i.e., the front-face has CW-ordered vertices in 2D.
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OpenGL and Direct3D allow us to control the face culling
mechanism based on vertex ordering.

[Note: Face culling in OpenGL]
In OpenGL, face culling is disabled by default, and both front- and back-

faces are rendered. When it is enabled, glCullFace () specifies whether front-
or back-facing polygons are culled. It accepts the following symbolic con-
stants:

e GL_FRONT

e GL_BACK

e GL_FRONT_AND_BACK
The default value is GL_BACK, and back-faces are culled.

Then, glFrontFace() specifies the vertex order of front-facing polygons.
It accepts the following:

e GL_CW

e GL_CCW
The default value is GL_CCW.
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" RHSvs. LHS
z Yy Y
\ 1
x x x
z
RHS in 3ds Max RHS in OpenGL LHS in Direct3D

" Notice the difference between 3ds Max and OpenGL: The
vertical axis is the z-axis in 3ds Max, but is the y-axis in OpenGL.
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in 3ds Max

in OpenGL

If the scene is
exported as is to
OpenGL, the
objects appear
flipped.

z

in 3ds Max

\

in OpenGL

At the time of
export, flip the
yz-axes while
making the
objects
immovable.
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(0,0,20)

(m,y,z) b (.’L',Z,-y)

(@)

(0.20,0) §

~(0,0,-18)

VIETNAM FRANCE UNIVERSITY
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Assume that the yz-axes have been flipped. Then, ‘3ds Max to Direct3D’
problem is reduced to ‘OpenGL to Direct3D.’

Placing an RHS-based model into an LHS (or vice versa) has the effect of
making the model reflected by the xy-plane mirror, as shown in (a).

The problem can be easily resolved if we enforce one more reflection,
as shown in (b). Reflecting the reflected returns to the original!

Reflection with respect to the xy-plane is equivalent to negating the z-
coordinates.

(a) (b)
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" Conceptual flow from 3ds Max to Direct3D

vertex buffer  index buffer

o[ (00,0 0o |

1 (0,0,0) 3 51“

2| (18,0,0) 1|

3| (0,18,0) 0 |
N
2
(U
A
3 1

(a) Original (in RHS)

vertex buffer  index buffer

o[ (0,200
1 (0,0,0)
2| (18,0,0)
3| (0,0,-18)

WO =[O |— W O
] e "

(b) Flipped yz-axes (in RHS)
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"  Conceptual flow from 3ds Max to Direct3D

17

D (

W N = O

(¢) Imported (in LHS)

W N = O

(d) Reflected (in LHS)

vertex buffer

index buffer

(0,20,0)

(0,0,0)

(18,0,0)

(0509_1 8)

vertex buffer

WIN O | —|[O|—|W O

index buffer

(0,20,0)

(0,0,0)

(18,0,0)

(0,0,18)

WIN O | — O |—|W O
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Conversion from 3ds Max to Direct3D requires yz-axis flip
followed by z-negation. The combination is simply yz-swap.

yz-axis flip z-negation
(CE,y,Z) > (ZE,Z,-y) > ($,Z,y)

3ds Max Direct3D
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" When only yz-swap is done, we have the following image. Instead
of back-faces, front-faces are culled.

_f..\‘\)ua

" The yz-swap does not change the CCW order of vertices, and
therefore the front-faces have CCW-ordered vertices in 2D. In
Direct3D, the vertices of a back-face are assumed to appear
CCW-ordered in 2D, and the default is to cull the faces with the
CCW-ordered vertices.

" The solution is to change the Direct3D culling mode such that the
faces with CW-ordered vertices are culled.
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" Aviewport is defined in the screen space.

typedef struct  D3DVIEWPORT?9 {
DWORD X;

DWORD Y;

DWORD Width;

DWORD Height;

float MinZ;

float MaxZ;

+ D3DVIEWPORTY;

typedef struct D3D10_VIEWPORT {
INT TopLeftX;

INT TopLeftY;

UINT Width;

UINT Height;

FLOAT MinDepth;

FLOAT MaxDepth;

+ D3D10_VIEWPORT;

VVVVVVVVVVVVVVVVVVVVVVV

" A window at the computer screen is associated with its own
screen space. It is a 3D space and right-handed.
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1000
0-100
0010
0001
reflection
W
> 0 0 0
H
0= 0 0
2
0 0 MaxZ-MinZ 0
00 0 1
scaling

10 O]\/IinX+v7V

10 J\/IinY+%

1 MinZ
0 1

translation

L

0 -4

- 2

-~ clip space (in NDC) 0 0
i 0 0
2

0

0

0

screen space

MaxrZ — MinZ

I
S Cpr ©

D =D D

0
0

0

MinX +
MinY +

\
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In most applications, MinZ and MaxZ are
set to 0.0 and 1.0, respectively,
and both of MinX and MinY are zero.

-
-

p— ©w|::p|
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I
i (z1,y1)
(1 41) | % i _
x ‘ Q 0I234>6789
(1_,0_. ‘ (r2,42) v L ‘
i (r3,y3) .
Ce3.005; | ¢ j’ | (6.2,1.6)
= Y 3
per-vertex attributes per-vertex attributes 4
- normal: (ng,ny,n:) - normal: (ng,ny,n:) 2 N
- texture coordinates: (u,v) - texture coordinates: (u,v) 7
- color: (R,G,B) - color: (R,GG,B) g
- depth: 2 ‘o ¢
(a) (b)

® Defines the screen-space pixel locations covered by the
primitive and

" |nterpolates the per-vertex attributes to determine the per-
fragment attributes

22



VIETNAM FRANCE UNIVERSITY

Y
C ( USTH

6 7
& [
0123456789
nisi s 3' R =188
( s Ty )=(l 8’”’] ) ---------- 5 1 =6.2
Ay=72-16=56 Y 0 at (62.1.6) “a 045\ :
AR =244 — 188 = 56 S Rl 2. 7%
AR_ 56 3 "\
Ay~ 56 =10 4 / R= R|+04xAR
Ar=90-62=28 2 L i b | 188+O4x10 192
Az 2.8 7 : ' Az
—_—= =2 =(5 +04
Ay~ s g (RG.B)=(244922) | “="" 7%y
at (9.0,7.2) = 6.2 +0.4%0.5 = 6.4
{c)
xr
012 3 4 56789
yo- -
] bt R—188at(6216)
yJRREEEETER R R +———R=188+4=192
3 o T R=192+10=202
4w RER=202+10=212
5 TN e —R-2124+10=222
6 o 1 RE—R =222 +10=232
R e R o R=232+10=242
S R-244a(9.072)

(d)
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r
=34&R=97 430 4 -69&R,=202

Ar=69-34=35

AR =202 -97 =105 1R 145 + 30 = 175

AR _105_ 4, R=115+30=145
Az 35 —R=97+0.6x30=115
(¢)
(188,11,13) (9,165,255) (255,255,255)
(12,9,255) (255 4'9)‘ (128,128,128)
(244,9,22) (236,255.28) (0,0,0)
)

24
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" When a pixel is on the edge shared by two triangles, we have
to decide which triangle it belongs to.

" A triangle may have right, left, top or bottom edges.

" A pixel belongs to a triangle if it lies on the top or left edge of
the triangle.

x x
1 23456 1 23456
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® An object is picked by placing the mouse cursor on it or clicking it.

Y

@b»

®  Mouse clicking simply returns the 2D pixel coordinates (x,y.). Given
(x,,¥.), we can consider a ray described by the start point (x,y,,0) and
the direction vector (0,0,1).

,"('xSayS,l)

position of the
mouse cursor -°

(25,95,0)

HY

" The ray will be transformedyback to the world or object space, and then
ray-object intersection test will be done. For now, let’s transform the
ray to the camera space

26
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® Let us transform the direction vector of the camera-space ray
(LJCIETIIEE) into the world space (] LTI,

u
&/ WS_Start= EYE
s \—1 -1
9,\/ "\‘[view _ (RT)
L7 _ 7-1p-1
Moy ( 100 EYE, Uy Uy Ny 0
view ; 2y
| 010EYE, Uy Uy Ty 0
001 EYE, Uy Uy Ny 0
000 1 0 0 01
Uy Uy Ny EYE,
camera space uy vy ny EYE,
u, v, n, EYE,
‘71;‘ 2 4
. Bl el _ \0 00 1
Uy Vyp Ny EYEI —‘;‘nT Ug myy T Uz Man L
2y 2zs 2ua
uy vy ny EYE, —_TH | W T,
u, v, n, EYE, 1 w T ey .
' Z myy 27 Moo 2
0 0 0 1 0 0

®  For now, assume that the start Eoint of the camera-space ray is the

origin. Then, the start point of t

EYE.
27

e world-space ray (LI LTI I)is simply
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In principle, we have to perform the ray intersection test with
every triangle in the triangle list. A faster but less accurate
method is to approximate each mesh with a bounding sphere
that completely contains the mesh, and then do the ray-
sphere intersection test.

UV n UV n
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® Bounding volumes

& Y

Yy
!
z/ e
® Bounding volume creation
iy Yy Yy Yy
Ymaz|---
° °
° ° ° °
* ° 0 * ® o
[ P ® o®
® o Ymin .- L )
> L » L > T » L
Lmin Lmax
(a) (b) (c) (d)

29
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" For the ray-sphere intersection test, let us represent the ray in a
parametric representation.

A0%
. “\JGC’
airect© 402
(da> 2(t) = s + tdy
y(t) = sy + tdy
start point (Sz,5y,5) 2At)=s.+td;
(@—Co)?+(Y—C)’+(:—C)2 =7 & a’+bt+c=0 B t=_0F "2”2 — dac
a
®  Collect only positive ts. (Given two positive ts for a sphere, choose the
smaller.)
./t/ /
t2
t
start point
(a) (b) )
tl-’--./
ta / / """" {
_ot-l" - | t}o-"'

30 () (e) (f)
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4

(

ta <ty

near plane
(t=mn)

ta <<ty <if

The bounding sphere hit fgrs'gzby the ray is the one with the smallest t with the range constrain [n,f].

near plane
(t=mn)

far plane

=D

camera-space
ray

far plane

=5
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" Ray-sphere intersection test is often performed at the
preprocessing step, and discards the polygon mesh that is
guaranteed not to intersect the ray.




FRAGMENT PROCESSING

To determine final color of each fragment
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" Per-fragment attributes: normal vector, texture coordinates, color values,

depth...
x
0123456789
YO
1 3 (6.2,1.6)
2___ _________ - .
3 (0.8,4.3) o
4 |
S5 Te e e e e\
6 3
7 I Fee e
I B T P E RS (9.0,7.2)

®  Fragment processing stage determines the final color of each fragment.
" =TT
= I

34
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" Use normalized texture coordinates (u,v) in [0,1] =2 multiple
images of different resolutions can be glued to a surface
without changing the texture coordinates.

parameter space

> U

1
v '
v

texture colordinates
(0.5,0.5)

35

texture 1
1 2 3 4

texel a'ddress
(2,2)

01 2 3 4

(=]

texel a'ddress
(3.3)

s 1 1 510 1 B

EEEEEEN -
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" Surface parameterization: texture coordinates are assigned
to the vertices of the polygon mesh.

" |n general, parameterization requires unfolding a 3D surface

onto a 2D planar domain.

el

(u,v) =(0,1)

(@)

(b)

(u,v) = (1,0)

(0.2500

(u,v) =(1,1)
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Surface to be textured is subdivided into patches.

Each patch is unfolded and parameterized. An image for a
patch is called a chart.

Multiple charts are usually packed and arranged in a texture,
which is often called an atlas.

(a) (b)
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= Scan conversion is done with the texture coordinates.

(u,v) = (0,0)
at (1.5,2.5) L

3 Iz
4 l@ey (u,v) = (1,0)
at (5.5,2.5)
5 ______________________________
6 oo — (L L
T i SR SRR
(u)=(0,1) |~
at (1.5,6.5)

= D3D performs the following computation to convert the texture
coordinates to the texel address

t.UwxS.)-0.5
t,0(vx§,)-0.5
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" Observe that multiple images of different resolutions can be
gIUEd tO d Su rf;cflwce. (0,0 (0.25,0) (1,0)

(b)
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" Direct3D and OpenGL adopt different parameter spaces for
texture coordinates.

" When a textured model is exported between Direct3D and
OpenGlL, the v-coordinates should be converted into (1-v).

Direct3D

40



OUTPUT MERGING

To determine the final color of each pixel from corresponding fragments
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The output of the fragment program is often called the RGBAZ fragment.
A [T T T T T T AT T T I
= IO T =TT

Using alpha and depth values, the fragment competes or is merged with the
pixel of the color buffer.

The z-buffer has the same resolution as the color buffer, and records the z-
values of the pixels currently stored in the color buffer.

= [T T T AT q LI (I T I (OO T T T IO | O (T AT T
(T LTI I IO IT T -1 T T T T L)

= | I T T IO TTTC T T =TI (O T AT T - T AT T T T I T
[T T T I T T T =T AT T T4 LYY (I I

= [[TITTITITC] (IO TT T T AT I T ]
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Assume MaxZ is 1.0, red triangle’s depth is 0.8, blue
triangle’s is 0.5.

initialized

N

36

T
36

Y54-1.0
55-1.0-
56-1.0:
57-1.0
58-1.0
59-1.0

37 38 39 40

1.0-1.0-1.01.0-
1.0-1.0- 1.0 1.0~
10-10-101.0-
10-1.0-1.0 1.0-
1.0-1.0-1.0 1.0~
10-10-10 1.0-

z-buffer

color buffer

37 38 39 40

al
l;O-
1.0-
1.0
L0
1.0
10

41

J\ '/
g

red triangle rendered

-

Y54-
5l
56-
57+

58

59-

z )

36 37 38 39 40 41
1.0 1.0 1.0-0.8) 1.0-1.0-

1.0 1.0 0868 08x1.0-

10:10 /8808 6303
10.10/69.69 6869
1010 6303 903
10 86969 696

z-buffer

T
36 37 38 39 40 41

N\ 7N\ /7R
Y54-( ()
o / N /

4 ‘\r \"" y -\‘\
35 )(H)
N/ N/

N
/ \ [/ \\
56 )¢
S\
~ .

57€%)
58J

59

.

g . /‘.. ‘
DI€) ‘. .‘
560060

color buffer /

blue triangle rendered

(2
36 37 38 39 40 41
Y54-1.0-1.0-1.0- 0.8, 1.0-1.0-

z-buffer

T
36 37 38 39 40 41

color buffer
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Rendering-order independence!!

initialized

/

L\

Y54-
oo
56-
37
58-
59-

T
36 37 38 39

1.0 1.01.0-1.0
1.0 1.0-1.0- 1.0
10 1.0-1.0- 1.0
1.0:1.01.0-1.0

1.0-1.0-1.0-1.0 -

1.0-1.0-1.0- 1.0
z-buffer

36 37 38 39

Y54
55
56+
57
58-(
59-OOOOO0

4 |

color buffer

40

10-
40
i
1_0
1.0-
0o

=

{l
1.0¢

1.0-
1.0
10
1.0-
5

blue triangle rendered

36 37 38 39 40
Y54 lO 10 lO 10 10-

57(!§<!§€ﬁ?§g§ﬁkr

58-1.:0- 120--1.:0-

59.1.0-1.0-1.0-1.0 1.0 -
z-buffer

T
36 37 38 39 40

color buffer

-1.0-
0-1.0-

o

41
1.0¢

1.0+
1.0-
1.0

N
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red triangle rendered

/ 36 37 38 39 40 41
Y54-1.0 1.0 1.0-08,1.0-1.0:

z-buffer

T
36 37 38 39 40 41

color buffer




45

IC LI

VVVVVVVVVVVVVVVVVVVVVVV

"  Founder of Pixar and now president of Walt Disney and Pixar Animation
Studios

®  Academy awards:

1993 A LTI I T T T T 0T T T0A C T (O T T T I T
(T T T T T TN T T T T T T AT TP T IO T T T
CITTTMIT I 30 LI T T T T T T YT 0 CT T T T ™

1996 A LTI I T T T T 0 T TIOA T (O T T MO T I I AT o

D [T TITC CI T

200 | [T [ T T T T T CO T A T T JC T T

(LTI I T T T N T I T T

2008 GLIIMIIT E. [T TTITA LTI IO I I T T X T T T AT T
C T T I T T T T T T I T T T T AT T O AT T T

® Ed Catmull’s work

[T T T T ]
[ LI
B (LT T T I T O I T T AT I T T
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®  The alpha channel in the range of [0,1]

= O [T T T ] c=oac;+ (1 —a)ep

® Atypical blending equation is described as fO||OVa§/S:
36 37 38 39 40 41

<

(1,0,0,1)

[ ]
(0,0,1,0.5)
---(0,0,1,0.5)

(0,0,1,0.5) (1,0,0,1)

(1L0.0H_|
— =

(a) (b)
®  For alpha blending, the primitives cannot be rendered in an arbitrary
order. They must be rendered after all opaque primitives, and in back-
to-front order. Therefore, the partially transparent objects should be

sorted.

46



47

VVVVVVVVVVVVVVVVVVVVVVV

B Let’s kill the fragments “before the fragment processing stage” if possible.
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z=0.8 2=0.9

If zlile < 2ttt je. the closest vertex is deeper than the deepest pixel of the tile,

~“max min?
the triangle is determined to be invisible and no fragment of the triangle has a chance

to enter the fragment processing stage.
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®  Z-culling is powerful, and is enabled by default.

®  Consider the scene, where the first object occludes almost of triangles
of the other objects.

view direction

" |n atest, the average frame rate with the front-to-back ordered objects
is 12.75 fps whereas that with the back-to-front ordered objects is 2.71.

®  This shows that the triangles may need to be sorted in front-to-back
order in order to maximize the performance increase brought by z-

culling.
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" Two-pass algorithm
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" The pre-Z pass algorithm even with back-to-front ordered
objects outperforms the single-pass front-to-back

rendering.
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