Computer Graphics

Rasterization 3
(Clipping, Hidden Removal)




Last Lecture

* Raster Display (Jt it 2.7~ 25)
* Rasterization pipeline

e Rasterization (Line and Triangle)

e Antialiasing (¢ &)

T




What Is screene

® What is ascreen?
- An array of pixels
- Size of the array: resolution

- A typical kind of rasterdisplay

® Raster == screen in German

- Rasterize ==drawing onto the screen

® Pixel (FYI, short for “picture element”)
- For now: Apixel is a little square with uniform color

- Color is a mixture of (red, green, blue)
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°3
°1

°4 |nput:verticesin 3D space
' .
Operations on ‘ VErTeXFI0Cessing ’
vertices Vertex stream E“"""““‘;-“"““E . . . . .
Pe . : Verticesin positioned in normalized
Operations on Primitive Processing . . coordinate space
primitives o
(triangles' Iines’ et(.) Prlmltlm stmam .E-. --------------------- i
Fragment Generation Triangles positioned on screen
(Rasterization) ; ’
Operations on Fragment stream 0 R-
fragments ' - Fragments (one fragment per covered sample)
[ FragmentErocessing \ ===
Shaded f tst :
eetagmens mml ' ?- Shaded fragments
Operations on Screen sample operations m=

(depth and color)

screen samples

> | ‘ Output: image (pixels)




Sampling Artifacts
(Errors / Mistakes / Inaccuracies)in

Computer Graphics



Rasterization: Antialiased Sampling

® O

® ¢ O

e & @ 0
® & @& @ 0

Pre-Filter Sample

(remove frequencies above Nyquist) (?)

Note antialiased edges in rasterized triangle
where pixel values take intermediate values



Fourier Transform Decomposes A Signal Into Frequencies

f(z)

spatial
domain

F(w) = /_OO fx)e 2™ dy

ﬁ>[ Fourier transform )ﬁ>

<b[ Inverse transform )<b

fw = [ P

— OO

Recall e'* — cos + 81N x

F(w)

/

frequency
domain

\




Convolution Theorem

Convolution in the spatial domain is equal to multiplication
In the frequency domain, and vice versa

Option 1.

* Filter by convolution in the spatial domain

Option 2:
* Transform to frequency domain (Fourier transform)
* Multiply by Fourier transform of convolution kernel

* Transform back to spatial domain (inverse Fourier)



Convolution Theorem

Spatial
Domain
Fourier Inv. Fourier
Transform l Transform
Frequency

Domain
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Multisample Anti-Aliasing
2 KM DL A
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Supersampling: Step 2

Average the NxN samples “inside” each pixel.

Averaging down
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Vertex Processing
Primitive Processing
Fragment Generation

Fragment Processing
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NSRRI AE?

Filter then sample
Sample then filter
Increase sampling rate

MSAA
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Today

Clipping (%5Y)
Scan Conversion of Line Segments

. FLLR BRI AL " e

Operations on VETEXFIOLESSINg

Scan Line Polygon Filling =

. | Verticesin positioned in normalized

Operations on é coordinate space

e FL LT .
Hidden Removal (JEF&) oo

i Triangles positioned on screen

Fragments (one fragment per covered sample)

Shaded fragments

Operations on
screen samples

Output: image (pixels)

ydern OpenGL pipeline are omitted

15



Clipping



Clipping

» Some objects may go out of the frustum
* These objects (or part of objects) are invisible from the camera
* Clipping: eliminate regions that aren’t visible from the camera

reject

requires detailed

/ clipping

17



Clipping in normalized device coordinates (NDC)

 Accept primitives inside the view frustum
* Reject primitives outside the view frustum
* Clip primitives that extend beyond the view frustum

X7
(1,11

xlﬁ.

X7
11,
z
(1) t Xs
2 ]

Triangles before clipping Triangles after dipping

*Figures are correct: NDC for OpenGL (a popular graphics API) is left-handed coordinate space



Clipping in normalized device coordinates (NDC)

 Accept primitives inside the view frustum
* Reject primitives outside the view frustum
* Clip primitives that extend beyond the view frustum

A La

https://paroj.github.io/gltut/




Clipping algorithms

 There are many different primitives: segments, triangles, polygons

* Line segments:
 Sutherland-cohen algorithm: consider 4 cases

- BiEEARE: [0 H#7, Coarse2Fine

< - EusmnemwEs
/ \
/ 738 JFFIREIRIRRFOISKAZ AR




Sutherland-Cohen Algorithm

Step 1: Intersecion test

e Divide the window into 9 regions with binary codes

1000

[ 0000

0100

C.Cp C, C



Sutherland-Cohen Algorithm

C.C, C, C,
1001 1000 1010
Step 1: Interseciontest t |
* Divide the window into 9 regions with binary codes 0001 1 0000 0010
* Query the code for each endpoint b |
(1) Two codes are 0000 and 0000: inside
0101 0100 0110

(2) “AND” operation and not obtain 0000: outside
(3) Otherwise

T 9\- i //‘( \g\\ /i _____

(1) (2) other

Whether both two endpoints are on
top, bottom, left, right of the
window



Sutherland-Cohen Algorithm

1001
0001
Step 1: Intersecion test
Step 2: Find the part of segment inside the viewing region
0101

(4) Query the horizontal/vertical line (“or” operation)
(5) Compute the intersection point
(6) Remove the part outside window, repeat step1 for the other part

Simple to implement!

1010
e
0000 0010
b |
0100 0110




L1

PR EIFEIE

Step 1: Same to Sutherland-Cohen Algorithm

Step 2: Find the part of segment inside the viewing region
Another option: looking for A from P, and looking for B from P,
* Midpoing partition: Compute midpoint P_, if P P, visible, replace P,P, by P,P_,

Only addition and division by 2, easy to
implement in the hardware!

BT AR RTT A
BRI TR



Clipping algorithms

 There are many different primitives: segments, triangles, polygons

* Line segments:
 Sutherland-cohen algorithm: consider 4 cases

\ « ENEEARREAE: 0jfisof#, Coarse2Fine
AN - BIHAEITIC B
///// N . B8 EHIEIERFIRAN AR
/ REREEHA? ASRIE—1E?

/



Clipping algorithms

 There are many different primitives: segments, triangles, polygons

* Line segments:
 Sutherland-cohen algorithm: consider 4 cases

\ - BEEAREE: QRS HE
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Liang-baskey algorithm

RREREAENET19354FETH, MmEMmEMA. 1956-1960
T 52 B REE AT R AT NI 5 F o4 2 5] U FE,
19604EMF 70 A EE NV G AR T v R 22 &R, 1984

1990 FEAFEE R FAF. SOFERVIR A ERTE TES
fJLiang-Barsky# BY 5%, it LS B ER R
Pk B, A5 TENEEEPHRERNELRZ —.

I K2 A R 0B ) Brian A, Barsky (Mt
7F) B T EHLE R AT, fhik)E
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Liang-baskey algorithm

* Which part of the line segment is visible?
* How do we present a segment? Hinsegmenti{a]ZF=X? &2t !

X2,
Ax =x; —x1, Ay =Y, — Y1 (23’2)

(x1; yl) T U(Ax, Ay) P

(xl; yl)



Liang-baskey algorithm

* Which part of the line segment is visible?

xX; < xq +ulx < x,

Yp <y, tuly <y,
Ax =x, —x1, Ay =y, —y4

29



Liang-baskey algorithm

e Which pgrt of the line segment is visible?
(2

X < xq; +ulx < x,
Ax =%, — x4, Ay =y, — ¥4

* Rewriteas up;. < g1

p1 = —Azx

o—uUlAx <x;—x; © {
qr = 1 — I

© ulAx < x, — x4 Q{PZZA@“
q2 — Ly — L1

30



Liang-baskey algorithm

7

X1 Xy

e Which pgrt of the line segment is visible?
(2

X < xq; +ulx < x,
Ax =X, — X1, Ay =Y, — Y1

* Rewriteas up;. < g1

1. ANRAx=0, LLERFATTX
1. g < 0,outside
2. qr = 0,inside

2. WNRAx #0, ZHEEAFAT

(2) qu <X.,.— X P2 = Ax * Compute all r,=q,/p,
-7 1 © * u,ismax(0,r;,)

° u,ismin(1,r,,)

. * Ifu>u,, outside the window
WSRp, <0: Aila « else, the partis fromu, -> u,

S
|
|
>
&

o—uUlAx <x;—x; © {

!
[—y

|
8
[

|
B

WNRp, > 0: thidd u, and u, defines the part of segment that is inside the window



Liang-baskey algorithm

e Which pgrt of the line segment is visible?
(2
x; < x; +ulx < x,
o o
Yp S Y1 tudy <=y,
Ax =X, — X1, Ay =y, — V1
* Rewrite as UDr = qr
— — — — _A
o{pl Az e{pz Az e{p3 y

qgi — 1 — I q2 = Tp — I g3 — Y1 — Yo

l

p4=Ay
d4 — Yt — Y1

32



Liang-baskey algorithm

x; < xq +ulx < x, upr < q
Yo = Y1t Uuby =y, {plz—Ae‘c {pzzA:c {pg——Ay {m—Ay
Ax =X, — X1, Ay =y, — ¥4 qn =1 — X g2 — T — I q3 = Y1 — Yp e = Yt — N1

* u, and u, defines the part of segment that is inside the window
* Compute all r,=q,/p,

u, is max(0, r,;, ¥;.0)

u, is min(1, Fout1? rout2)

If u,>u,, the segment is completely outside the window

else, the part is from u, -> u,



Liang-baskey algorithm

P A B . .
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Liang-baskey algorithm
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Liang-baskey algorithm

) E
ﬂu;%J j u1 y uzﬁj\%u%% ' (x.. 5, ‘)‘:"U;
é&-ﬁﬁ (U1\<\U2) E,I-JI_IL,%B ) F(58) " _ !
ﬁj\EI‘J &ﬁﬂangg - (x,, )H/ur
E(NiB) S £ (k)
V oy remeeee j:’:}l;‘.‘b ‘:M : rannereesannesee
u, = max( O,u,,u,) ' TN
up = min( Lu,u,) xniin xnia

A

FTTERMEXRLI!

X Hh 2
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lang-baskey algorithm

{

float dx,dy.ul,u2;

t1=0;tu=1;

dx =x2—xl; .

o =yeyD PRI A B

H(ClipT(—dxs x1—=X1, &ul, &u2). 100 S e
if(ClipT(dx.XR—xl, &ul,&u2) M AT

if(ClipT(—dy,yl—YB, &ul,&u2)
if(ClipT(dy, YT—y1, &-nL&uZ)
displayline(x1+ul »

}
bool ClipT(p,q,ul ,u2)
float pyq, * ul, » u2;
{
float r;
if(p<0)

37



FRFRELZRILLER

 There are many different primitives: segments, triangles, polygons
* Line segments:

 Sutherland-cohen algorithm: consider 4 cases CeCp Cr Gy
1001 1000 1010
_______ :
¢ T‘)b% TOP2Down, }A“E-IIEE MKIIZHE 0001 1, 0000 r| 0010
* Motivation problem: FeWUHITERAYKRIITEL? |
0101 0100 0110
* Liang-baskey algorithm: faster!
o el
« A Bottom2Up, M KFRHIRIHA

* Motivation pmblem jz%’FEh‘r_ 129”1—.[;5 l])ﬁ? | o Ae{’ Be el Av ofm



Clipping algorithms

 There are many different primitives: segments, triangles, polygons

* Line segments:
 Sutherland-cohen algorithm: consider 4 cases
* Liang-baskey algorithm: faster!

* Polygons:

 The above line segment clipping can be used for wireframe polygons, not solid polygons
* What if? An example?

 Sutherland-hodgman algorithm

Original polygon

39



Sutherland-hodgman algorithm

* ldea: clipping with each line of the convex clip polygon in turn

Original polygon Left clipped Right clipped

= =

Top clipped Bottom clipped

40



Sutherland-hodgman algorithm

* Let’s consider one step

* The boundary divides the space into two parts: inside and outside

» Consider a segment SP of the polygon, their relationship has 4 cases

inside outside
S —]
--""""'—'
p
p output

inside

.--"""""—

S

i output

outside

-—-"'""'—-

* |t outputs the points for the next steps.

inside

]

no output

outside

P

inside

pP
&

I output
p output

outside

S
p—




Sutherland-hodgman algorithm

To clip an area against an individual boundary:

« Consider each vertex in turn against the boundary (J[[1/7)

« Vertices inside the boundary are saved for clipping against the next boundary (AZR)
« Vertices outside the boundary are clipped (5PZB)

* If we proceed from a point inside the boundary to one outside, the intersection of the line with

the boundary is saved (MAEIM)

« If we cross from the outside to the inside, intersection point and the vertex are saved (M45ME]

A)

BE . SEEBEREETAXRER? BERER A




* Line Clipping (E(E)

e Sutherland-cohen algorithm

Last Lectures

* Liang-baskey algorithm

* Polygon Clipping (F{EZ)

e Sutherland-hodgman algorithm

outside inside
S
i output

outside inside
p [
no output

p output

i

outside
S

43

1.

2.

CeCp Cr G
1001 1000 1010
______ t el
0001 1y 0000 r| 0010
______ b .
0101 0100 0110

ANERAx=0, ZEFATTX
1. gqx < 0,outside
2. qx = 0,inside
ANERAx #0, ZRER AT
* Compute all r,=q,/p,
u, is max(0, min(ry, r,))
U, is min(1, max(ry, 1, ))
If u,>u,, outside the window
else, the partis fromu, -> u,




Clipping in normalized device coordinates (NDC)

 Accept primitives inside the view frustum
* Reject primitives outside the view frustum
* Clip primitives that extend beyond the view frustum

X7
(1,11

xlﬁ.

X7
11,
z
(1) t Xs
2 ]

Triangles before clipping Triangles after dipping

*Figures are correct: NDC for OpenGL (a popular graphics API) is left-handed coordinate space



Sutherland-Cohen Algorithm

C.C, C, C,
1001 1000 1010
Step 1: Interseciontest t |
* Divide the window into 9 regions with binary codes 0001 1 0000 0010
* Query the code for each endpoint b |
(1) Two codes are 0000 and 0000: inside
0101 0100 0110

(2) “AND” operation and not obtain 0000: outside
(3) Otherwise

T 9\- i //‘( \g\\ /i _____

(1) (2) other

Whether both two endpoints are on
top, bottom, left, right of the
window



Liang-baskey algorithm

7

X1 Xy

e Which pgrt of the line segment is visible?
(2

X < xq; +ulx < x,
Ax =%, — x4, Ay =y, — ¥4

* Rewriteas up;. < g1

1. ANRAx=0, LLERFATTX
1. g < 0,outside
2. qr = 0,inside

2. WNRAx #0, ZHEEAFAT

o UAx < x.. — x P2 = Az * Compute all r,=q,/p,
-7 1 © * u, is max(0, min(ry, r,))

° u,is min(1, max(r;, r,))
* Ifu>u,, outside the window
* else, the partis fromu, -> u,

S
|
|
>
&

o—uUlAx <x;—x; © {

!
[—y

|
8
[

|
B

u, and u, defines the part of segment that is inside the window
46



Sutherland-hodgman algorithm

* Let’s consider one step

* The boundary divides the space into two parts: inside and outside

» Consider a segment SP of the polygon, their relationship has 4 cases

inside outside
S —]
--""""'—'
p
p output

inside

.--"""""—

S

i output

outside

-—-"'""'—-

* |t outputs the points for the next steps.

inside

]

no output

outside

P

inside

pP
&

I output
p output

outside

S
p—




HAR

Today

Liang-baskey algorithm

Scan Conversion of Line Segments

» BRI
Scan Line Polygon Filling

» IR ZIAET
Hidden Removal (;Ef2)

°3
°1 . .
ﬁ °4  |nput:verticesin 3D space
02
Operations on IErtEXErocessing|
vertices

. | Verticesin positioned in normalized

Operations on é coordinate space

primitives
(triangles, lines, etc.) gl

i Triangles positioned on screen

Operations on
fragments

Fragments (one fragment per covered sample)

Shaded fragments

Operations on
screen samples

Output: image (pixels)

ydern OpenGL pipeline are omitted

48



2D primitives to rasterized screen

Rasterization: a continuous object to a discrete representation on a raster grid

How to draw the 2D primitives on the screen?
2D Primitives: a set of projected vertices and edges
 Screen: a grid of pixels




How to draw a line segment?

Light up all pixels intersected by the line

50



HOW to draw a Iine segment? DDA (Digital Differential Analyzer)

Light up all pixels intersected by the line
- Digital Differential Analyzer (DDA, Z{{E17:{93)%): find the pixels along x or y axis

(Xer Ve) X =x;+ Ax - At
y =y, + Ay - At

|',.- D
)
>
- /
L

(X5, ¥s)

Move along x axis

At = 1/Ax



How to draw a line segment?

Light up all pixels intersected by the line

* DDA algorithm: find the pixels alongxoryaxis , _ , . A, .A;

y=vys+ Ay - At

(xe, Ye)
(Xe, Ve)
(X5, ¥Vs) (x5, ¥s)

Move along x axis Move alongy axis

At = 1/Ax At = 1/Ay



How to draw a line segment?

Light up all pixels intersected by the line

DDA algorithm: find the pixels along x or y axis
* select x axis if Ax = Ay = 0; select y axis otherwise

* high computation cost:
* Requires division operation, e.g. At = 1/Ax
e Two sum and round every time

x+=xine;

y+=yinc;

drawPoint(round(x),round(y));

X =xg+ Ax - At
y =ys+ Ay At



How to draw a line segment?

Light up all pixels intersected by the line
DDA algorithm: find the pixels along x or y axis
* Incremental Bresenham algorithm: integer arithmetric (P RREZEE)

(2.52)  mamm.

O IR (i)
FERE T
ch

(x1,¥1)

54



2 AL S 35
E_gféﬁl‘g_ﬁﬁitH*E

F (x,y)=20
Ax + By + C = 0

[l
In

LFH: 4=-(Ay), B =(Ax); C =-B(Ax)



F(x,y)=0

/ N
F(x,y)<0

) RT'

) R‘{'

) RT'

_Jr éiJ:HI‘]:If—i: F(xay)=0
TEZ EHS: F(x,y)>0
TELZTHA: F(x,y)<0




5 R EEH

A HELEE—Z,

k|1, Eitk, &

mA— 1R E=EE

T By
R ESEERT AR EIRAHIK

Exﬁrﬂiﬂm y yjira-l

P h__\(xl-l_ljyi_'_l)

()

£\

JP (xi?yi)

\:\
F/pd(x,- +1,9,)



P )\(xf_l_l!yi-l_l)

v @ midpoint
(x.+1,y.+0.5)

C) )
p (X)) Tpd(xﬁlayf)

UMEQHIT A, NP BEHZIL, NAT—ITMRER
SMAEQRY LA, NMEWP, AT—R




P )\(xf_l_l!yf_l_l)

v @ midpoint
(x, +1,y,+0.5)

N

) '
P(xfnyf) \TPd (x, +1,y,)

()

N{ATHIETQEMM E AT 2 T A ?
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Pu )\('xi + 1y, +1)

v @ midpoint
(x,+1,y.+0.5)

H\P (xfr-yf) T
1 TP, G+ 1w




g.= Flx_ ,¥ ) =+&i{x+1,p» +0.35)
= A(x, + 1)+ B(y,+0.5)+ C

pu
M d<OR: %M M#ZEQT 7, MEIP,
P

Pu
L d>0Ht: }%y M#ZEQL7A, RZELP,
pd

2L =0 MEEEZ E, #p P, 1T,




d =F(x, ,y,6)=F(x,+1,y,+0.5)
= A(x, + 1)+ B(y,+0.5)+C
y + 1 (d < 0)
=d < y:{y (d=20)
X PRI ZR AR Z 2 R T

4d > 0 B 4)‘* MZEQL7, RZERP,
21d = OBJ: MIEE J’ZJ: i%p,2p AT




TERSH— T

y:

d,

y + 1 (d < 0)
Y (d > 0)

B A

o

A(x, + 1)+ B(y,+0.5)+ C

7YKL

Hd{E, FEMPEE,

JL

NINE
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How to draw a line segment?

Light up all pixels intersected by the line
DDA algorithm: find the pixels along x or y axis
* Incremental Bresenham algorithm: integer arithmetric (P RREZEE)

Do the math...
*d=FM)=F(xp,+1, y, +0.5)
*d <0, select top-right pixel
*Next:d; =F(x, +2,y,+15)=d+a+b
*d = 0, select right pixel
*Next:d, =F(x, +2,y,+05)=d+a
*a=Yo— Y, b=X1-Xo €= XoY1-X1 Yo

Y, F(M)=ax+by+c

M

/
P=(x Yp) TP' T
M22 hEBKESSERY

g EMP R ERE
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new

] _{dm,d+A+B
du + 4

ik, PREZAZEDAAFDDAR Z—HE4F!

AL 2d X B d3RIBF =
EREE.

X, FREMRBLZNEERSZERINZE, -

DDAK J£.

W= =i

o

5, Hi

o
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DDATEE ARSI BL R M —1M A
PRFEERHE—SHRYURRESEEBSRM— 1T EREINE

Bresenhamigfit T —PMNE—RNE L. 1Z2F/EN X
BIFHINE, MBABE ZHEASEE




E.Jack Bresenham

Biography [edit

He retired from 27 years of service at IEM as a Senior Technical Staff Member in 1987. He taught for 16 years at Winthrop University and has nine
patents-*-, He has three children: Janet, Linda, and Dawvid.

Bresenham’ ¢ line algorithm, developed in 1962, is his most well-known irmovation. It determines which pointe on a 2-dimensional raster should be plotte
in order to form a straight line between two given points, and iz commonly used to draw lines on a computer screen. It iz one of the earliest algorithm

discovered in the field of computer graphics. The Midpoint circle algorithm shares some similarities to his line algorithm and is known as Bresenhan’s
eirele algoriths

o Ph.D,, Stanford University, 1964
o MSIE, Stanford University, 1960
o BSEE, University of New Mexico, 1950
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Bresenhamgiﬁﬁﬂﬁiiﬂiﬁq

o ul +

° *

ZEANBEZEERIT. SINEFEFOE—HEMME
%, RBESERIZSHINF, TEEXSSEEMKRLE
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SRR

TR E



fﬂ{ -------------- jd/ ¢ * .

(xis ;)

FRigERXx+1, yRIEE Cf) EA0E1, ERURTSEFRELZLS
BT EMMAB SRR, XM EEN&EKXIXZENO. 5.




1=z daY¥]1Ed,=0
d=d+k

—HBd=1, smiBerx1, RuEdByfEx S, B#E0. 1228,

& = ©

.




< i+__{yf+1 (d>0.5)
- (d<<0.5)

REEERXNEANMR BRI BEIE, SN
XM RS EIERINE?



_ {yf + 1 (d>0.5)
- (d<0.5)

WX PN REIAR R IR S R NE?
KiH1: & e = d-0.5

X
Y ois

i+ 1

x, + 1
_ {y1+l (e>0)
Y (e<<0)

1



v - {yf L (e>0)
~ Y i (e<<0)

> 0, yAOHEIE1; <0, yHEAEHlE
= 0 B, A[{EEN L. MR R

e%ﬂ - _0. 5

BE—FTHe = etk

if (e>0) then e=e-1
0.5?




dy

Ca = -0.5 k —
dx
Wu2: ATEEP R ARRERIF
FHe*2* A xE e,
.e?“ﬂ - _AX,

"BE—LH: e = et2Ayo

“if (e>0) then e = e-2/\x

Frl LA



BZEPEA:
1. I B 2RI im 5P, (X, vo) FAP, (x4, v,)
2. WEREAX. Ay, e==AX\ X=X, Y=Y,o
3. 451l = (x, v)
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How to draw a curve segment?

Again we can use the Bresenham algorithm
e Circle function: D(P) = (x> +y?) —R* =0
* We only need to select P, or P,

-\ * Incremental computation:

*d; <0, select P,
* Next: d;j,; =d; +4x; + 6
P, *d >0, select P,
*Next:d;,; =d; +4(x; —y;) + 10



A short break



What about the other shapes?

* Lines and curves are basic 2D primitives

* The triangle’s 3D edges project to line segments in the image (thanks to planar
perspective)

Now we can draw the boundary of any shape!

~__ /O

JYte

Wk ESV LESubiZ min (BRIR) S




How to draw the filled shapes?



Simple filling algorithms

* Brute force rasterizer
* Exhaustively test all the pixels
* |s each pixel inside or outside the shape?

* Flood/Seed fill algorithm

* Four-neighbors and eight-neighbors
* Initialize a seed and fill the neighbors

Four-neighbors Eight-neighbors

Flood-fill algorithm



Brute force test

* Odd-even Rule
* Line segment intersects with the shape boundary

e Count the number of intersections (Crossing Number)
* 0dd number, P is interior point
* Even number, P is outside point




Scanline fill algorithm (FiH&ELE)L)

 Basic idea:
« Compute the intersection of the polygon boundary and the scanlines
 Sort the orders of intersections for each scanline
* Fill up the pixels along the scanline
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Scanline fill algorithm

 Scanline: scan along horizontal or vertical directions

For each scanline:
Yi (1) Intersection. Compute the intersection between the
scanline and polygon boundaries

(2) Sorting. Sort the intersections based on their x values.

Scan line 1 (3) Matching. Build points between <1st, 2nd>, <3rd,
Scan line 2
Scan line 3

4th>, ... intersections.

(4) Filling. Set the color for the pixels inside the paired

- X interval.

Easy to think, but low efficiency (intersection and sorting)
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7z N

Flood fill algorithm (XIFIEFE%)

* Suppose we already know one pixel inside the region

Four-neighbors

Eight-neighbors

void boundaryfill(int x,int y,int fill color,int
boundary color)
{

if(getpixel(x,y)!=boundary color &&
getpixel(x,y)!=fill color)

{
putpixel(x,y,fill color);
boundaryfill(x+1,y,fill color,boundary color);
boundaryfill(x-1,y, fill color,boundary color);
boundaryfill(x,y+1, fill color,boundary_ color);
boundaryfill(x,y-1, fill color,boundary color);
¥



If we only have triangles

Triangle Testing
 The triangle’s 3D edges project to line segments in the image (thanks to planar perspective)

 The interior of the triangle is the set of points that is inside all three halfspaces defined by
these lines

“Negative side” of line: L(x,y) < O

“Positive” side of line: L(x,y) > O



If we only have triangles

Point-in-triangle test

Step 1. Triangle setup (compute E1, E2 , E3 coefficients from projected vertices)
Step 2. Evaluate edge functions at pixel center

PZ . ] 3 . ] . .Pz (] . . L L] L] L] (] L] .Pz [} ] .p‘
2EAN . A\ AOK A\
. R R . \

o ol ofele \:\\. . o e lefe o0 \:\\. . o« oo o -/. . \:\\. . el e|o|e ./. . .\- .
cle o f ool el e slelele flelel el elefel e[ fialel ol e le|eo|e ,/ oo e \ .
e e ./,.r ”.o .- ": o\ . e | o | @ ./’. e o e .\ ° e e @ o/{o e | o e o\ . . . ° o/ e | e | 0| @ o\ .

o S o “inside” || o N olo|o|fo]e] o]

o‘o__)hoo .o.oo‘o__)Pl o | ooooo;_)h

.;—)P1

Y, L b . .I/. e o _ _s—TF o | e o . '//‘ o _s—T e e o ° o/o o |8l s—F o oo
b f{. * LN |~ tside” o | FroTe|e|le|le|e]e]e o e o] e|e|e]ele — .
Py outside P, Po Ps
Sample points inside triangle are highlighted red.
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Speed up the rasterizer

* Axis-aligned bounding box
 Scan over only the pixels that overlap the screen bounding box of the triangle




Speed up the rasterizer

* Axis-aligned bounding box

« Incremental Edge Functions (FiEZELE)

For every triangle
ComputeProjection
Compute bbox, clip bbox to screen limits
For all scanlines vy in bbox
Evaluate all E;’'s at (x0,y): E; = aix0 + biy + c;
For all pixels x in bbox
If all E;>0
Framebuffer[x,y ] = triangleColor
Increment line equations: E; += a;:

o | o | o o | o '(o °

o | o] o] o oy

o | o] eo|e /43 s t\ .

e o | o ri 'o NS

o | o | o AFTETETEIN
o | o e e e e %

. T T
o (o —::— ST e | o

-2 CIEIIIKIE

P,
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Speed up the rasterizer

* Axis-aligned bounding box
* Incremental Edge Functions

 Hierarchical Rasterization
 Conservatively test blocks before going to per-pixel level (can skip large blocks at once)
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What if there are many triangles in the scene?
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= XEFHEIFE ( Warnock&EJE)

John E. Warnock {1, Adobef
IwAZ—, SIEHEEESERFE

In his 1969 doctoral thesis,

Warnock invented the Warnock

algorithm for hidden surface
determination in computer
graphics
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Thank you!
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