Computer Graphics

Rasterization 1
(Line Segment, Triangles)




Last Lecture

® Curves

- Bezier curves
- De Casteljau’s algorithm ({5 s FE B 50300

- Bernstein polynomial
B-Spline (BF£4%)
Bézier Surfaces
® Mesh Operations: Geometry Processing
* Mesh subdivision (448 47)
* Mesh simplification (PI#&faj1k)

* Mesh regularization (& 1EN4K)
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Bézier Curve — General Algebraic Formula

Bernstein form of a Bézier curve of order n:
n
n — hn — . RN
b™(2) = bj(8) = 3~ tiJBf(t)
j=0

T T

Bézier curve order n Bernstein polynomial
(vector polynomial of degree n) (scalar polynomial of degree n)

Bézier control points
(vector in RN)

Bernstein polynomials:

B (t) = <?> t(1 — )"t ('Z) __n

3



Bézier Curve — General Algebraic Formula

e JEf11t (Non-negative)
e it/ (End point)
e 54— (Unity)

o XIFRME (Symmetry)

e iH91% (Recursive) 0



Higher-Order Bezier Curves?

Very hard to control!

Uncommon




Piecewise Bézier Curves

Instead, chain many low-order Bézier curve

Piecewise cubic Bézier (7B =X N1 #/K) the most common

Widely used (fonts, paths, lllustrator, Keynote, ...)



Piecewise Beéezier Curve — Continuity

. 1
C1 continuity: a, = by = 5 (a,_1 + by)




Loop Subdivision — Update

For new vertices:

New 1/8

vertex: D

Update to:
3/8*(A+B)+ 1/8 *(C + D)




Loop Subdivision — Update
For old vertices (e.g. degree 6 vertices here):

Old

vertex: Update to:

(1 - n*u) * original_position +
u * neighbor_position_sum

n: vertex degree
u: 3/16 if n=3, 3/(8n) otherwise
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FYI. Catmull-Clark Vertex Update Rules (Quad Mesh)

Face point Fo VIT V2T V3T V4 Edge point
Vig 04 4 o lo o0
f vi+va+ fi+ Z
, Vit w ' fi+ 1 f f
1, @ o), ® V7,9 o
¢ ® Vertex point
1
/i /> V:f1—|—f2-|-f3-|-f4-i-2(m1-|-m2-|-m3-|-m4)-|—4p
Py © 16
ny VvV N
f3 3 f4 M midpoint of edge

- ® p old “vertex point”
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Collapsing An Edge

* Suppose we simplify a mesh using edge collapsing

collapse
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Quadric Error Metrics

(TIRREE=)

- How much geometric error is introduced by simplification?

* Not a good idea to perform local averaging of vertices

* Quadric error: new vertex should minimize its sum of square
distance (L2 distance) to previously related triangle planes!

average 7 error quadric

http://graphics.stanford.edu/courses/cs468-10-fall/LectureSlides/08_Simplification.pdf
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http://graphics.stanford.edu/courses/cs468-10-fall/LectureSlides/08_Simplification.pdf

Quadric Error Mesh Simplification
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5% — T~ Half-edge data structure?

end(e)

S

twin(e)

https://jerryyin.info/geometry-processing-algorithms/half-

14

ediei




I

—#EPEN, wECHESR2BR=/RNZE/RHZ, ZH/IR
REIEHREHRSIIA?

O 1o
O 12
O 14
O 6

15



BRX MBI Catmull-Clarkflio B —RES, 8
/\\\*QEZE?

Non-quad fac

Extraordinary
vertex EFER)
(degree = 4)

Each subdivision step:
Add vertex in each face
Add midpoint on each edge
Connect all new vertices
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Today

® Fill the gap between geometry to screen

® Raster Displays
® Rasterization pipeline
® Rasterization (Line and Triangle)

® Antialiasing and Z-Buffering

® Next week: Clipping
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What Is screen?
—Different Raster Displays



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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Oscilloscope 7~ %

https://www.bilibili.com/video/BV1K44y147LK/?spm_id_from=333.337.search-card.all.click&vd_source=c9ca290d3dbf1895ala4e9e33b4c524a
21
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B. Laposky

“Electronic Abstractions”
1953
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Oscilloscope Art &t

"How To Draw Mushrooms On An Oscilloscope With Sound”

https://www.youtube.com/watch?v=rtR63-ecUNo



http://www.youtube.com/watch?v=rtR63-ecUNo

Cathode Ray Tube (JHAZSHT£E)

Vacuur Tuge

Flecraw Beant

s 5% 5 37)

PsiibR- (oaTen Scwesw
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Television - Raster Display CRT  sino car
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Raster Scan

Cathode Ray Tube (modulate intensity)
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Frame Buffer: Memory for a Raster Display
MIZE I X G 2s B N AF

DAC =

SCORE<1> HI-SCORE SCORE<2)> Digital to Analog Convertors

2000 4440 Analog
/

P R EEEEEEEYEY R T
A A b A b A b A b A A >

A A A A A A A G —
OO D®

Seoeeeeeeeee B S

CREDIT o090

Image = 2D array of colors
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Flat Panel Displays

HITELHHOPERS TUU,

Low-Res LCD Display
RERTEag

ﬁ;;i ';?Eat;:;-{ﬁ::}i?inFquc:

Walkman Album

\
Color LCD, OLED, ...
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LCD (Liquid Crystal Display) Pixel

JRIE: B mIREEEES T
SOt (an¥ KT s LED)

On State

188 0o H B SR BN A o 7K

Off State
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LED Array Display

® 0 ¢

(<
©
e ¢ olie o

¢ © ¢ ¢ ¢ ¢

® ¢ ¢ & 0 0 0 ¢ o
[

e oilfle ©o o 0000 0
e ¢ ¢ 6 06 00 @
(&

R N
®'e @
(3

e o coc oo ¢l@e
z .

c oo o@oille cie oo © ¢ o clille © ¢ ¢ o

® © © 0 ® & © 66 0 0 o
® © 0 © 0 ¢ 0 ¢ 0,0 ¢

® © © & © 0 &6 0 06 0 06 0
$ . 6 &6 © 0 0 ¢

® ¢ ¢ ¢ ol

()
ol
<

® ® & © © &6 0 0 0 0 © 0 o

6066 0o o 0o eece e o0
© e 0 0o 0 0 06 0 ¢ olllle © o ¢ ¢

sl e e o ci@e|@eo © ollle o ool e e o

e oo oo olle o0 ¢ ¢ o

€
e e o
oc'o ollflle o 0o © ¢ 0 0 0 0
[
CHC
e

oille o ¢ ¢ 0 ¢ @
CAC
(=

(9]

©
® o oo o
[

C
® 90 0o 00

L]
L4
o
L d

<

cei@e o
e®e oo elPe ¢l e

[¢
<

e o o ol

¢ 8 o e
€
000 00N cBBEe c@e o 0 0 O

e o ol e @BNSSS o @ ol ou‘ou.lo ¢

el ¢ o @
e ®oie ¢ele oo e o

(4

e®e o @ e ol@NB

o'@® o

€

00 0 c 99 c o oo e e ecec e o000 000
©

cifeoie ¢

ol e ¢ @® o

® o
® o

18

®
©
©

oo oM@ oi@e o ¢

® clNe

e e 0 o
c
[
e 9 0 cllle o ol e
¢
€
o e
<~.cc‘.-..ac.@c—ccreoh’oeccceccce

r.v!
c®® o o @e

s

e BP9 e oPolBe ¢c/e o/le © 0 @ ou.c ¢ ¢ ¢ ol
cee®e c@o@o ol@e oo © o ciiie ¢ ¢ oBINBIBS ¢ o

-
© 900000 ccille ©c cl@e o clfe ¢ ¢ ¢ 0 o oo ¢ oo o

® 00
9 00 0 0 0 c
L ] ® o

L ]

[ ]
c® 0 c 0 0 ¢
[ 3 I BN BN BN BN I

[
[+

C
[S
C
¢

«
§
&

Light emitting diode arra
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Electrophoretic (El

amazonkindle
p—

Greenland or right-whale, he is the best existing authority.
But Scoresby knew nothing and says nothing of the great
sperm whale, compared with which the Greenland whale
is almost unworthy mentioning. And here be it said, that
the Greenland whale is an usurper upon the throne of the
seas. He is not even by any means the largest of the
whales. Yet, owing to the long priority of his claims, and
the profound ignorance which, till some seventy years
back, invested the then fabulous or utterly unknown
sperm-whale, and which ignorance to this present day still
reigns in all but some few scientific retreats and
whale-ports; this usurpation has been every way complete.
Reference to nearly all the leviathanic allusions in the
great poets of past days, will satisfy you that the Greenland
whale, without one rival, was to them the monarch of the
seas. But the time has at last come for a new proclamation.
This is Charing Cross; hear ye! good people all,—the
Greenland whale is deposed,—the great sperm whale now
reigneth!

There are only two books in being which at all pretend
to put the living sperm whale before you, and at the same
time, in the remotest degree succeed in the attempt. Those
books are Beale's and Bennett's; both in their time
surgeons to English South-Sea whale-ships, and both exact
and reliable men. The original matter touching the sperm
whale to be found in their volumes is necessarily small;
but so far as it goes, it is of excellent quality, though

25% L i 9444
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M2
p>
=

31

[Wikimedia Commons
—Senarclens]
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® Defining the screen space

- Slightly different from the “tiger book”

Y

Screen space formulation

0.0)

array of pixels

32

Pixels’ indices are
in the form of (x, y), where
both x and y areintegers

Pixels’ indices are from
(0, 0) to (width - 1, height - 1)

Pixel (x, y)is centered at
(x+ 0.5,y +0.5)

The screen covers range
0, 0) to (width, height)
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End-to-end rasterization pipeline
“real-time graphics pipeline”



OpenGL/Direct3D graphics pipeline

°3
o °4  |nput:verticesin 3D space
' .
Operations on JETeXErocessing
‘-’ErtiCES Vertexstreaml E-““"""-n-"""""i
P ° o i Vertices in positioned in normalized
Operations on Primitive Processing ' coordinate space

primitives [ Tt
lines Et() Primitive stream

(triangles,
Fragment Generation Triangles positioned on screen
(Rasterization)

Operations on Fragment stream 2 RB-
fragments ' - Fragments (one fragment per covered sample)
‘ FragmentErocessing ’ H ©C
Shaded f ;
ediragment Stmml ' ?- Shaded fragments
Operations on Screen sample operations m=

(depth and color)

screen samples

> ' ‘ Output: image (pixels)




Step 1 (Vertex Processing): model-view
transformation and camera transformation

Input: object-to-camera-space transform T
Goal: transform triangle vertices into camera space

Y




Step 1 (Vertex Processing): model-view
transformation and camera transformation

Input: perspective projection transform P
Goal: transform triangle vertices into normalized coordinate space

Camera-space positions: 3D Normalized space positions



Step 3 (Primitive Processing): clipping

* Discard triangles outside the unit cube (culling)
* Clip triangles that extend beyond the unit cube to the cube

y
Xg

X
/
(Il It I)

[ X5

X9 X6

Triangles before clipping Triangles after clipping



Step 4 (Primitive Processing): transform to
screen coordinates

® |rrelevant to z
® Transform in xy plane: [-1, 1]2to [0, width] x [0, height]

Y

array of pixels

(0, 0) X
39



Step 4 (Primitive Processing): transform to
screen coordinates

® |rrelevant to z
® Transform in xy plane: [-1, 1]2to [0, width] x [0, height]

® Viewport transform matrix:

width width
2 heghl‘ ) hnghf
M’Ufiew ort — g 2 U 2 -
o 0 0 1 0
\ 0 o 0 1 /
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Step 5 (Primitive Processing): setup triangle

* Preprocess the triangles
e Compute triangle edge equations
* Compute triangle attribute interpolation equations

EOl(QCay) U(ZC,y)
En(@y) V()
Eoo(z, )

%(ax y)



Step 6 (Fragment Processing): sample coverage
and attributes

 Evaluate attributes z,u,v at all covered samples
e Sample texture map

@
u(x,y), v(x,y)
® © o o o vV




Step 7 (Screen sample operations): depth test

* Update the depth value at covered samples

PASS

o o
PASS PASS
FA.IL PA.SS PASS

e o o o
FAIL PASS PASS PASS

® o ® °

FAIL FAIL PASS PASS PASS
® ®

FAIL FAIL PASS PASS PASS



Step 7 (Screen sample operations): update color
buffer
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Graphics pipeline implementation: GPUs

Specialized processors for executing graphics pipeline computations

Discrete GPU card
(NVIDIA GeForce Titan X)

-IZP“

:I- s
i‘ﬁ‘ﬂ Sytm?

* Core Ag t& :
T e i o

Processor
Graphics i
RN ¢

8| = Shared L3 Cache ;
d E I'"l E""”i = =

Memory Controller 1/0

Integrated GPU part of modern Intel CPU chlp



GPU: heterogeneous, multi-core processor

T-OP’s of fixed-function
Modern GPUs offer ~2-4 TFLOPs of performance for compute capability over here
]

executing vertex and fragment shader programs

--

‘ Tessellate | Tessellate
‘ Tessellate | | Tessellate ‘
=
GPU
Clip/Cull Clip/Cull —
Rasterize Rasterize Memory
)
Clip/Cull Clip/Cull
Rasterize Rasterize

Scheduler / Work Distributor




Rasterization:
Drawing to Raster Displays

°3
°1 °4 |nput:verticesin 3D space
| -
Operations on Jertexibrocessing
vertices vmmtmml o o i
P o . | Verticesin positioned in normalized

. coordinate space

Operations on Primitive Processing

primitives
(triangles, lines, e

Q Triangles positioned on screen

Fragment Generation
(Rasterization)

Operations on —H
fragments "- %:. Fragments (one fragment per covered sample)
‘ FragmentErocessing ‘ o
Shaded i -
adedTragment “mmv . ?- Shaded fragments
Operations on Screen sample operations HH

(depth and color) SRR
screen samples ! ; :

> B Output: image (pixels)

.......................
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Output for a raster display

 Common abstraction of a raster display
* Image represented as a 2D grid of “pixels”
 Each pixel can take a unique color value




Which pixels should we color?

* Light up all pixels intersected by a line




Which pixels should we color?

* Light up all pixels intersected by a line
* Diamond rule (used by modern GPUs)




Which pixels should we color?

* Light up all pixels intersected by a line
* Diamond rule (used by modern GPUs)

* A simple solution: check every single pixel in the image (on the screen) to see if it
meeds the condition
 0(n?) pixels in image vs. at most O(n) “lit up” pixels
* How to do better?



Incremental line rasterization

* Suppose two endpoints (ul,v1), (u2,v2)
* Slope of line: s = (v2-vl) / (u2-ul)
* From left to right...

Assume integer coordinates
are at pixel centers

v = vl; // *
for( usul; u<=uzj ut+)  y) & s
{ // //r‘/
M x’(/-’/
draw( u, round(v) ) v] (i)
}
ul u2

Bresenham algorithm later in this course



Triangle Meshes
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riangle Meshes
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Triangles - Fundamental Shape Primitives

Why triangles?
* Most basic polygon

* Break up other polygons

* Unique properties

* Guaranteed to be planar

* Well-defined interior

* Well-defined method for interpolating values at
vertices over triangle (barycentric interpolation)
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What Pixel Values Approximate a Triangle?

Input: position of triangle Output: set of pixel values
vertices projected on screen approximating triangle

57



A Simple Approach: Sampling



Sampling a Function

Evaluating a function at a point is sampling.

We can discretize a function by sampling.

< Xmax,; ++x)

for (int x = 0; x
= £(x);

output [x]

Sampling is a core idea in graphics.

We sample time (1D), area (2D), direction (2D), volume (3D) ...
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Rasterization As 2D Sampling
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Sample If Each Pixel Center Is Inside Triangle

O
O
O
O
O
O
A
\
O O G © o o o @) @) A
O
O
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Sample If Each Pixel Center Is Inside Triangle
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Edge Cases (Literally)

Is this sample point covered by triangle 1, triangle 2, or
both?
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Checking All Pixels on the Screen?

Use a BoundingBox!
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Incremental Triangle Traversal (Faster?)

Po

suitable for thin and rotated triangles
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What's Wrong With This Picture?

Jaggies!

66



Thank you!
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