graphics pipeline

i 4. Scan
LBuld | L o aip 3. Project ——|
scene convert
Done
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graphics pipeline

i 4. Scan
LBuld |, g 3. Project |——1
scene convert
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graphics pipeline 3

3. project
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graphics pipeline

4. Scan
3. Project —l ——

convert

projected 2d 2d image

vertices

A, 4
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projected 2d vertex

orthographic .
perspective
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graphics pipeline

4, Scan
3. PI"OJECT _> _’
convert
projected 2d 2d image
vertices & their
3d depth
.
W A
o\/ ///«
11/5/2002 €5155 - Subject 78




orthographic projection

view volume

S

V%A\v

orthographic projection

Yview

+ 3d coordinates
(xy.2)
+ 3dprojected
coordinates

+ 2d projected

_ coordinates
view

+ depth

Zjiew
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4 3d vertex
depth
Ziiew projected
vertex
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orthographic projection
4. Scan
3. Project — —
convert
4
/ 3d vertices 2d image
o Lo X
o
nothing? N%
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orthographic projection

4. Scan
3. Project — —-
convert
normalized
3d vertices 2d image
e
i &
o ///,.
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normalized device coordinates

Yview
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normalized device coordinates

Yview z=-1
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normalize - step 1

(Xright-YsopZtar) (11,2¢,)

(Xlzfn‘/roprzn

Xview

normalize - step 2

(2 (11 2y Zoear)

(-1,1,0)

view view

(11, Zneqr)
Zjiew Z. (1-1,0)
view
>
>
translate by
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(Xright Yoottom Znear) (1-1,2,0)
Zjiew Zyiew
>
scale by
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normalize - step 3
2=(Z4 o+ Zpear)/ 2 27(Zgor* Zpear)/ 2 z=-1

v

scale by
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orthographic projection matrix

view normalized device
coordinates coordinates
2/(-1) 0 0 0 x 2x/(r-1)
0 2/tb) 0 0 v 2y(1-b)
0 0 2/(fn) -(frn)/(f-n) 2 2(z-(f+n)/2)/(f-n)
0 0 0 1 . .

shorthand: r=x.igpt, 1=Xietr, 1=¥rop, D=Ybottom N=Znear, f=Ztqr .
warning:  Woo generalized and uses slightly different notation
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now for perspective projection...

orthographic .
perspective
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perspective view volume

frustum
centerline
alighed
with z,,,
axis
Z=Ztqr
g . z=z
viewpoint near
Zyiew
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perspective projection
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x-projection

Xpl X = Zpe/ 2
(xy.2)

(XPIYP'znear)

view

(0,00)

Zyiew
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perspective projection

(XIYIZ) d (x*zﬂeﬂl"/zl Y*ZHECIT‘ /Z' znecr)

“Zyiew
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perspective projection

(X'Y'Z) - (X*ZHEOT‘/Z' y *ZHZCIT‘ /z' Znear)

depth-dependent
scale
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depth dependent x,y scale

e
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perspective projection: 2 step

1. depth dependent scale

(leIZ) - (X*Zneclr‘/z’ y *ZHGCIV‘ /Z’ Z)

2. orthographic projection
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perspective projection matrix

depth-dependent scale is hot a 3d linear transform
BUT we can fake it

n 0 0 0 X nx nx/z
0O n O 0 y _ ny ny/z
0 0 1 0 | = , g 1
0 0 1 0 . @ L
view .

coordinates normalize by
w component
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perspective projection matrix

depth-dependent scale is not a 3d linear transform
BUT we can fake it

nx/z
problem - we've lost ny/z
depth information !

there are many hacks to fix this ... next we'll show
the one we will usell
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depth dependent x.,y scale

relative depth

‘"f°;:;;“ "e
4
&

perspective projection

normalized
device
coordinates
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2d
x x x X/ projection
; W (xX/w'y' w)
y My N Y/
z z z z/w
1 1 w 1
view relative
coordinates normalized device depth
coordinates zZ/w
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2n/(e-) 0 0 0 x X X‘ZW'
0 -2n/(t-b) 0O 0 Y ' y/w
0 [o] -(f+n)/(f-n) 2fn/(f-n) z = 7 2/
0 0 E) 0 . v [ L
view normalization
coordinates
11/5/2002 €S155 - Subject 100
projection matrix: Mp
2n/(r-l) 0 0 0 2/-) 0 0 0
0 -n/(+-b) 0 0 0 2/(tb) 0 0
0 0 -(f+n)/(f-n) 2fn/(f-n) 0 0 2/(f-n) ~(f+n)/(f-n)
0 0 1 0 0 0o o0 1

perspective orthographic
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geometric primitives

object coordinates: v description of vertex

description of vertex

world coordinates: Myv situated in world

description of vertex in
view coordinates: MyMyv world as seen from a
particular viewpoint

normalized device

coordinates: MM My description of vertex

seen from viewpoint in
a normalized world
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graphics pipeline

i 4. Scan
LBuld | o g 3. Project |——1
scene convert

Done
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graphics pipeline

i 4. Scan
L. Build 2. Clip 3. Project
scene convert
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scan conversion

2d normalized device display window
coordinates
° [ J
—_—
°
display
window can be
re-sized by
end user
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scan conversion

2d normalized display display
device coordinates coordinates
coordinates

=Y

viewport scan
transformation conversion
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viewport transformation

display window:
set by end-user

view window

.

aspect ratio may be
different
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viewport transformation

display window

view window
-
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our default transformation

display window:
set by end-user

view window
-
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our viewport transform

2d normalized display coordinates
device
coordinates ©h) gy (W)
(-1.D), +y an
2D translate
0.0) & scale
S
(-1-1) a-n (0,0) (w.0)
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display coordinates

(0h) (w.h)

(p(l)Xg)l oo |0 |0 |0 0|00 0|0
sam’pled e (o (oo 0|0 0|0 0|0
at(z, 2 o |0 |0 |0 |0 0|00 0|0

0.0) (w.0)
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display coordinates: alternative

pixel
(0,0)
samp|ed o (oo |0 0|0 0|0 0o
at (0,0)

\oooooooooo

(-2,

(w-3.-%)

e
'
e
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display coordinates

today: a pixel is a little square!!

©oh @ @Wh
pixel — 1 .
“ "
on — ot pixel
location
| | —
pixel <\\.. @<« pointon
“off" image
plane
©00) @ ® (.0)
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scan conversion

* points
* line segments
+ polygons
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scan conversion: point

closest
pixel
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scan conversion: point

nearest §l‘r’
neighbors
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line segments

scan converting line segments
- naive algorithm
- midpoint algorithm
- bresenham’s algorithm
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1-pixel wide lines

scan conversion

one pixel per row ‘

one pixel per column
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* input: endpoint coordinates

* output: pixels to turn on (and their color)
for a 1-pixel wide line segment
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endpoints: (3 , % )and (93 4%)

y =mx + b, m=4/9, b=5/18

for edch columni
compute the y-intercept at x=i+3
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endpoints: (3 , % )and (93 43)

y =mx + b, m=4/9, b=5/18

| o for (i=0...9)
|| turn on pixel
5 - (i, Lm(i+2)+b )
/r/
.//'
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naive algorithm

* input: endpoints (xq, Yo) to (X, Y1)

for now we'll assume xq<x;!

* line: 'y = mx + b where m = (y, - yo)/(x, - x0), byo-mx,

for i= LXoJ LXIJ
turn on pixel (i, Lm(i+$) + b.)

is there a better/faster algorithm?
yes, we can avoid (almost all) multiplication!
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midpoint algorithm: 0 <m<1

* suppose we've just
NE turned on pixel (i,j)

+ next we'll furn on
o) I E NE: (i+1,j+1) or
1 E: (i+1, )

11/5/2002 €S155 - Subject 124

midpoint algorithm: 0 <m<1

* suppose we've just
turned on pixel (i,j)

y=jxd + next we'll turn on

- NE: if the y

(%) intercept at

/ x=i+3/2 is at least

i+l

x=i+3/2
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midpoint algorithm: 0 <m <1

* suppose we've just
turned on pixel (i,j)

—* next we'll turn on
| :- - NE: if they
[BR intercept at
x=i+3/2 is at least

i+l
- E: otherwise

x=i+3/2
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midpoint algorithm: 0 <m <1

* suppose we've just
NE turned on pixel (i,j)

+ next we'll turn on
(i) E - NE: if j+1<
< m(i+3/2)+b

- E: otherwise
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midpoint algorithm: other cases

- similar rules

e.g. ml I ®
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advantage of midpoint algorithm

if the endpoints of the line segment
have integer coordinates we can avoid
floating point operations

this was a big deal in the dark ages!
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avoiding (imost iy multiplication (smey

+ we just turned on pixel (i,j)
+ next we'll turn on
NE: if j+1< m(i+3/2) +b
E: otherwise

#<m3/2)+b > A1) < A (+3/2)+ Ayb
where Ax = x;-Xoand Ay = y;-y,
© 20 < A (2i+3) + 20, b
> 2A(j#1) - A, (2i+3) - 2A, b <0
we can compute d incrementally
without multiplication
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bresenham's algorithm o<

1. turnon (i,j) where i =Lxo]) j= Ly,

//find first
(%0.Y0) pixel

(.5
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bresenham's algorithm osmen

2. d=2A(j*1) - A, (2i+3) - 2A, b

// initialize d
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bresenham's algorithm oy

3. whilei<x,{
ifd<0 //goNE

else // go E
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bresenham's algorithm smen

3. whilei<x;{
ifd<0 //goNE

{ —
i++, jr+
turn on pixel (i,j)
update d

}

else // goE

{
j++
turn on pixel (i,j)

} update d

}
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bresenham's algorithm o<

3. whilei<x {
ifd<0 //goNE

{ i+e, jrr
turn on pixel (i,j)
d=d+2a,-2A

}

else // go E

{
e
turn on pixel (i,j)

} d=d-2a

}
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bresenham'’s algorithm: other cases

- similar rules

e.g. ml I ®
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scan conversion

* input: endpoint coordinates

+ output: pixels to turn on for a 1-pixel
wide line segment + pixel color
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shading models

What is

/’rhe color
here?
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flat shading

What is

‘/The color
here?

use color of first vertex
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smooth (gouraud) shading

interpolation computation

¢+ Ac/AX
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What is
/ the color
here?
interpolate
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scan conversion

* points

* line segments

* polygons
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polygon: vg,vi,Vo,V3,Vy

Vi

A Vo
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polygon: scan conversion

polygon(vy, ..., Vy.1)
for i=0 to n-1
draw-line-segment(p;,Pic1 mod n)
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scan conversion scan conversion
* points * input: vertex coordinates
* line segments
+ polygons + output: pixels to turn on (and their
- filled color) for filled polygon
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which pixels should be on? here we get the same size!
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tesselating polygons tesselating polygons with edges

exercise:
mark
remaining
edge pixels
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scan line algorithm

for each scan line

1. find
edge/scan line

intersection
points

2. order by x-

coordinate

3. use odd-even
test to turn on

pixels
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scan line algorithm

for each scan line

1. find
edge/scan line

intersection
points

2. order by x-

coordinate

3. use odd-even
test to turn

on pixels

11/5/2002 CS155 - Subject 152

odd-even test

. i in
'V " V crossing edge changes

in/out state

note: for polygon we'll
always have an even
number of edge

odd-even test

we count this as one
crossing!
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crossings
11/5/2002 €S155 - Subject 153
odd-even test
buyer bewarel!
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scan line algorithm

for each scan line

1. find
edge/scan line

intersection
points

2. order by x-

use your favorite coordinate

sorting algorithm 3. use odd-even

test to turn on

pixels
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scan line algorithm

for each scan line

1. find
edge/scan line

intersection
points

2. order by x-

coordinate

3. use odd-even
test to turn on

pixels
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scan line notation

> scan line h-1

scan line i is
defined as the

line y=i+3

> scan line 1

» scan line 0
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edge notation

(xfop ’ YTop)

Ybottom < Yop

(xboﬁ'om' Ybof'rom)
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naive algorithm

for each edge of

po

11/5/2002 €S155 - Subject

lygon

compute
intersection of
current scan line &
edge line

check if
intersection is on
edge segment

160

scan line algorithm

we want to | for each scan line
do this 1. find

FAST edge/scan line

intersection
points

2. order by x-

coordinate

3. use odd-even
test to turn on

pixels

11/5/2002 €S155 - Subject 161

exploit coherence

/ let E; be the edges that
intersect scan line i

then E;=
i

scan line i ! I/ + edges M{i'fh i~ < Ybottom

l ‘ 4 el =t ? .
scan line i-1 [/] _ - edges withy,,,<i+ %
v >
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data structures

* edge table

- for each scan line i a list of edges with
i-—'z <YboffomSi+%
+ active edge list

- edges intersecting current scan line
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edge table (et)

scan | edge
line | list
5
4 . .
3 list of edges with
- with:
2
1 1
1 23 < Ybottom < 3z
0
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example edge table

scan |edge
line | list
7 -
6 |- / e
e, |

5 - 7

Py 4
4 leye; 0 N
3 e,

/ 4/
2 |- [/ 2,
1 ep.e;
0 0 .
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data structures

* edge table
- for each scan line /a list of edges with
=2 <Yooum <1+ %
* active edge list

- edges intersecting current scan line
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example active edge list

o €,
co T
eO ,61 [/ //
T €1
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ael update

ael = ael + et[i] -

edges with y,,,

<i+}
g
el le;
€4
U
.......... sesedecccoesccatoccccosine ...» '
P i-1
= 71 >
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ael changes

_ N

end/begin two end two begin

ael always contains an even humber of edges!
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scan line algorithm

we want to | for each scan line
do this 1. find

FAST edge/scan line

intersection
points

2. order by x-

coordinate

3. use odd-even
test to turn on

pixels
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intersection point calculation

(v tmid)
scan line it y= i+3 >
scan line i-1: y=i-3 / >
/Zx, i-3)

y=mx +b

all we need to store is x-intercept
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edge record at scan line i

* Ybottom
) Y'rop
* 1/m
* X ¢ X-intercept at scan line i
initialize to x-
intercept at first

scan line the edge
intersects
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initialize edge records

scan line algorithm

edge | Yiottom | Yip | Xiw | /M
e |1 7 |76 |3
[le, | &
e |1 3 |94 |5/2 2
e 4
e, |4 7 |3 0 h)
e 4 6 |15/4 |3/2 /
3 . L~
e
e, 3 6 |6 0 =~ 1
7/6
11/5/2002 5155 - Subject 173

build et
scanLine=-1
ael=¢
while scanLine < h
scanLine ++
for each edge in ael: x;,; += 1/m
ael += et[scanLine]
ael -= {edges with y,,, < scanLine + 7 }
sort edges in ael by x;;
compute “on" pixels by odd-even rule
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scan line algorithm

build et
scanLine=-1
ael=¢
while scanLine < h
scanlLine ++
for each edge in ael: x;, += 1/m
ael += et[scanLine]
ael -= {edges with y,,, < scanlLine + 1)
sort edges in ael by x;,,
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scan line algorithm

//compute "on" pixels by odd-even rule
for k=0 ... aelNumEdges/2
for j+ % > aelEdges[2k].x;,; and
J + % < aelEdges[2k+1].x;,,

turn on pixels (j, scanLine)
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initialize edge records

initialize edge table

edge | Yorum | Yeop | Xiw | 1/
e |1 7 |76 |13

/ e
e |1 EEZRER €2 /)

o €4
e, |4 7 |3 0 A0
e |4 |6 |14 |32 /
3 / /
e, |3 6 |6 |o —T €4
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ael = ¢ /

/ 61 -
scanLine
=-1
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scan line | Edges
6 -
5 - g
2 / Z) ')
€2.3 e, L €4
3 €4
2 - / ] .
1 ey.ey —T €1
0 -
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example
l e /’
ael = (]) / e, L )
e / €4
Y
-
/ ]
—T €1 -
scanLine
> = O
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example

example
ael sorted by X;,;
edge | Xt
7/6 / e
€ e? /)
e 9/4
e, 2
4/
2 scanlLine
=1
[ 1
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example
ael sorted by x;,;
edge | X,
e | 11/6 e
/ e? }
e, 6 "
o e,
AJ0) i N
/
/ 1// scanLine
L~ ,61 =3
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example
ael sorted by x;,, ]
prreen scanLine
=5
e | 15/6 / e.
/ E>
e, 3 ~ e
€5 4
e, |21/4
. |6
e, / //
T €1
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ael sorted by X,
edge | Xt
e |96 |- / e
° e? /)
19/4
e es e,
/ .
scanlLine
el =2
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example
ael sorted by X,
edge | X,
e e scanLine
© / e? ) = 4
e, |3 f 2 »]
=) 4
e, |15/4 |.
6 .
: AR
T €1
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example
ael sorted by X, scanLine
de - 6
edge | X, >
f e
17/6 .
® / e, |
e, 3 . I~ o
€5 4
/ 61
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example

scanLine
ael sorted by x;,, =7
edge | X, /
/ e
e, | S
7

4

OO T
T €1
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tesselation: center claims
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tie breaker 1: left owns
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tie breaker 2: above owns
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exercise

* where in the algorithm are these tie-

breaking rules specified?
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horizontal edges

A
what is in
aet when / \
scanlLine =
2 S e S
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Exercise

scan conversion

* input: vertex coordinates

- output: pixels to turn on for filled
polygon + pixel color
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74
[T B J
3 /
yame
f/
\ 2
L1 i
v 4
/||
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shading models
What is
the color
here?
Color is defined at vertices!li!
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flat shading

Color
entire
polygon
the color
of first
vertex.
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smooth shading

1. Interpolate
along edges.
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smooth shading

1. Interpolate
along edges.

2. Interpolate
along scan line
between edges.
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what happens here?

A\
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edge record at scan line i

* Ybottom

: YTop
« 1/m

* Xint
* Cint color on edge at (X;y, i)

color increment
AC/ Ay ——
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scan conversion

* points

* lines segments the frame and z

. buffers and hidden
pol?/gons surface removal
- filled
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pixel
i

display coordinates vs. frame buffer

display coordinates frame buffer

0,0
5 fb(i h-j-1)
0,0
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scan conversion

* points

* lines segments the frame & z

. buffers and hidden
polygons surface removal
- filled
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hidden surface removal

M M| M

which is right?
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hidden surface removal

Y

AN

A

compare z-depth of corresponding
points on 3d surfaces

11/5/2002

€S155 - Subject
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z-depth

What is
the z-
depth
here?

so interpolate
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z-depth

11/5/2002

€S155 - Subject

1. Interpolate
along edges.

2. Interpolate
along scan line.

207

edge record at scan line i

) Y'rop
. x'

« 1/m
* C.

. Ai
depth on edge at (i,x;)
.z P . 9

depth increment: to
* 5 compute z; incrementally
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z-buffering

Z-Buffer

Frame
Buffer
Color of
surfacea
point p

Depth of
surface at

point p

11/5/2002

5155 - Subject
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initialize the z-buffer

-1 -1 -1
-1 -1 -1
-1 -1 -1
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scan conversion

+ Without z-buffering:

fb(i,h-j)=currcolor:

+ With z-buffering

// z val is the normalized depth of the point on the polygon

//that projects to point (i,j)
Compute zval
If zval > zb(i,h-j) {
fb(i,h-j) = currcolor
zb(i,h-j) = zval
}
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graphics pipeline

i 4. Scan
LBuld | o g 3. Project
scene convert
Done
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graphics pipeline

1. Build

scene

—x 2. Clip 3. Project

4. Scan

convert

Done
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