Rasterization

UucCsDh CSE 167
Tzu-Mao Li
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We will focus on triangles

we will talk about other shapes next time




Why triangles?

o after perspective projection, a triangle is still a triangle

e 5o they are easier to render




Why triangles?

e after perspective projection, a triangle is still a triangle

e 5o they are easier to render

e triangles can represent very complex shapes!
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We use “triangle meshes” to store triangles

usually more efficient than storing individual triangles (why?)

(O 1 O) vertices:
(1,0,0)

)
(_17070) ( )
2:(0, 2, 3)

0.0.1
(0,0, 1) 3: ( )



Let’s start with a single triangle

plan: project the 3 vertices of the triangle to the screen,
render the 2D triangle using Homework 1




Projecting one vertex to the screen

we covered it last time!

o P=xY2)

(0,0,0)

we will generalize to arbitrary camera poses this Friday



Rendering a single triangle

1. take the three vertices, divide their coordinates by -z
2. render the 2D triangle using Homework 1




Rendering a single triangle

1. take the three vertices, divide their coordinates by -z
2. render the 2D triangle using Homework 1

are we done?




What if one or more vertices are
behind the camera?

the perspective projection would be wrong in this case!



We need to “clip” the triangle

near clipping plane (e.g., z = -0.00001)

reading: Sutherland-Hodgman algorithm
https: / /en.wikipedia.org /wiki /Sutherland % E2%80%93Hodgman_algorithm



https://en.wikipedia.org/wiki/Sutherland%E2%80%93Hodgman_algorithm

We need to “clip” the triangle

near clipping plane (e.g., z =-0.00001) near clipping plane

reading: Sutherland-Hodgman algorithm
https: / /en.wikipedia.org /wiki /Sutherland % E2%80%93Hodgman_algorithm



https://en.wikipedia.org/wiki/Sutherland%E2%80%93Hodgman_algorithm

Rendering a single triangle

1. clip the triangle against near clipping plane
2. take the three (or four) vertices, divide their coordinates by -z
3. render the 2D triangle(s) using Homework 1




What about multiple triangles?

2d_triangles = []

for each triangle:
clip the triangle
take the 3-4 vertices and divide them by -z
2d_triangles.push(triangles)

render 2d_triangles using Homework 1

are we done?




What about multiple triangles?

2d_triangles = []

for each triangle:
clip the triangle
take the 3-4 vertices and divide them by -z
2d_triangles.push(triangles

render Zd_triangles using Homework 1

triangles can block each other!




Attempt 1: painter’s algorithm

2d_triangles = []
for each triangle:
clip the triangle
take the 3-4 vertices and divide them by -z
2d_triangles.push(triangles)
sort 2d_triangles by their mean z coordinates
render 2d_triangles using Homework 1

will this work?




Painter’s algorithm can often fail

cyclic order interpenetration



Instead, we need to figure out
the depth correspond to the pixel sample




We need barycentric coordinates

each point p inside the triangle can be written as P
0

P = bypy + b1P; + DyP;
by, by, b, > 0

b0+b1+b2=1

if we have the barycentric coordinates,
we get the depth value
5 P P>




We need barycentric coordinates

each point p inside the triangle can be written as P
0

P = bypy + b1P; + DyP;
by, by, b, > 0

b0+b1+b2=1

_ area(pa pla p2)
° area(py, p;» Po)
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We need barycentric coordinates

each point p inside the triangle can be written as P
0

P = bypy + b1P; + DyP;
by, by, b, > 0

b0+b1+b2=1

area(py, p, P»)
area(pg, P1» P2)

area(pa pla p2)

~area(py, Py Po)

P>



by = b, =

We need barycentric coordinates

each point p inside the triangle can be written as P
0

P = bypy + b1P; + DyP;
by, by, b, > 0

b()'l‘bl"‘bz:l

area(py, p, P»)
area(pg, P1» P2)

area(pa pla p2)

~area(py, Py Po)

P>

b — area(pg, p;» pP)
’ area(pg, P1, P2)



We need barycentric coordinates

proof for 2D: given p, Py, Pi, P>, we can solve for by, b, b,

Po

P = bypy + b1P; + Dyp,




We need barycentric coordinates

proof for 2D: given p, Py, Pi, P>, we can solve for by, b, b,

Po

P = bypy + b1P; + Dyp,

po.x pl.x pz.x bO p.x
Po-Y P1-Y P2-Y| |by| = |P-Y
1

11 1] |a




proof for 2D: given p, Py, Pi, P>, we can solve for by, b, b,

det

We need barycentric coordinates

Po-X P{-X Pr.X
Po-Y P1-Y P2.Yy

1 1

p.X p;.-X Pr-X
P-Y P1-y Py
1 1 1

det

Po-X Pi-X Py.X|
Po-Y P1-Y P2y

11 1]

det

by pP.x
Pp.y
b, 1

bl —

Po-X P.-X Pp-X
Po-Yy P-Y Py.)Y
1 1

det

_po.x pl.x pz.x_
Po-Y P1-Y P2.Y

11 1]

det

Cramer’s rule

Po-X P;-X P-X
Po-Yy P1-y P.Y
11 1

det

Po-X Pi-X Py.X|
Po-Y P1-Yy P2y

Po

check out the 3BluelBrown video for Cramer’s rule

htt;

ps: / [ www.youtube.com / watch?v=jBsC34PxzoM



https://www.youtube.com/watch?v=jBsC34PxzoM

We need barycentric coordinates

proof for 2D: given p, Py, Pi, P>, we can solve for by, b, b,

Po Po

Po-X Pi-X Ppox
X X X X
det| |Po-Y P1-Y Py.Y =d€:t<[p1 b2 ])—det([po b2

11 1

2D determinant = area of the parallelogram

check out the 3BluelBrown video for determinant
https:/ /www.youtube.com / watch?v=Ip3X9LOh2dk



https://www.youtube.com/watch?v=Ip3X9LOh2dk

Barycentric coordinates can be
used for inside-outside tests as well!

probably faster than the ray casting we used

Po

P = bypy + b1P; + Dyp,

p is inside the triangle if and only if
0<5bH,<1
0<bH <1
0<b,<1




Given a pixel sample and a screen triangle,
we can figure out its barycentric coordinates

area(p’, p1, p»)

~ area(p), p}. py)

0

area(po, P’ Py)

' area(p), p!, pb)

area(p, i, P’)

> area(pj, p;, pb)




Our goal is to figure out the barycentric
coordinates of the 3D triangle

B area(p, P1s Pz) (PP, P))
S area(p, pi, P>
area(po, P1> Po) 0~ area(pg, P1, P>)
area(p,, p, P P:
by = (Po, P- P>) . 2realPo P, po)
area(po, P1» P2)

' area(p), p!, pb)
- area(p, pj, p)

> area(pj, p;, pb)

_ area(p()a pla p)
> area(py, p;, P2)

are they the same?



We solve for the 3D barycentric coordinates
using the projection relation




We solve for the 3D barycentric coordinates
using the projection relation

by + bip; + by,
bOpO‘Z_l_blpl .Z+b2p2.z




We solve for the 3D barycentric coordinates
using the projection relation

bo (Po-2) Po+ by (P1-2) Pl + b, (P2-2) PA

bOpO°Z+b1pl'Z+b2p2°Z

P’ = bypy + 1Py + D3P,




We solve for the 3D barycentric coordinates
using the projection relation

_ boPy - 2
bOpO‘Z_l_blpl .Z+b2p2.Z

bo

_ bip;-2
bOpO‘Z_l_blpl .Z+b2p2.Z

_ bp, -2
bOpO‘Z_l_blpl .Z+b2p2.Z




We solve for the 3D barycentric coordinates
using the projection relation

_ boPo - 2
/

by

_ bp, -2

b/
2 7

Z=b0pOZ+b1plz+b2p22



We solve for the 3D barycentric coordinates
using the projection relation

Z=b0pOZ+b1plz+b2p22



We solve for the 3D barycentric coordinates
using the projection relation

Zb}

Po-<
Zb1
p1°Z by | b 1 b;
Po-< P -< P>.Z
Zb;
bz — 2
P>-<

Z=b0pOZ+b1plz+b2p22



We solve for the 3D barycentric coordinates
using the projection relation

bo

p() e <
b() — , , ,
by b b;
+
Po-< P;-Z P22

by

Pi.<
b1 — , , ,
by b b,
+
Po-< P;.-< P> .2

by b b,
Po-< P;-< P22




The 3D barycentric coordinates are
the 2D ones weighted by inverse depth




We can now interpolate any values on the
3D triangle

this is called the “perspective-corrected interpolation” e.g., color

Z=byPpy.-2+bp;.-2+bp5.2

v = byvy + byv, + by,




Speedup trick:
For each triangle, only tests pixels within the bounding box

(pminx’ pminy) (Pmaxxa pminy)

(Pminx’ Pmaxy) (Pmaxxa Pmaxy)

Q: this will be more helpful when
there are many small or large triangles?




The rasterization algorithm

Z_buffer = inf(w, h)
1mg = zeros(w, h)
for each clipped 3D triangle:
get the 2D triangle by dividing -z
compute 1mage space bounding box
for each pixel (x, y) 1n the bounding box:
1t the pixel center hits the triangle
1nterpolate Z
1t (|z| < z_buffer[x, y]):
Z_buffer[x, y] = |Z]

img[x, y] = ..




This is basically the rasterization algorithm

used in Unreal Engine 5!

Micropoly software rasterizer

u UNREAL ENGINE

advances.realtimerendering.com /s2021 /Karis Nanite SIGGRAPH Advances 2021 final.pdf



https://advances.realtimerendering.com/s2021/Karis_Nanite_SIGGRAPH_Advances_2021_final.pdf

Speeding up rasterization

we can often skip triangles by
1. frustum culling, and 2. occlusion culling

compute 1mage space bounding box
for each pixel (x, y) 1n the bounding box:
1t the pixel center hits the triangle
1nterpolate Z
1T (Z < Z_buffer[x, y]):
Z_buffer[x, y] = Z

img[x, y] = ..



Frustum culling

triangles outside of the “view frustum” can be discarded

v

v

»
Z

Z view frustum




Frustum culling

triangles outside of the “view frustum” can be discarded

many rasterizers also have a “far clipping plane” to discard triangles that are too far away

v
v

»
Z

Z view frustum




Occlusion culling

don’t need to draw a triangle if it’s fully blocked by others




Occlusion culling

/. buftfter

e for each triangle, test with the current
Z buftter

e find the minimum |Z| among the three

vertices (e.g., min | Z | = 6)




Occlusion culling

/. buftfter

e for each triangle, test with the current
Z buftter

e find the minimum |Z| among the three

vertices (e.g., min | Z | = 6)

e next, form the screen space bounding box 8 | o | 1| 2] 3




Occlusion culling

/. buftfter

e for each triangle, test with the current
Z buftter

e find the minimum |Z| among the three

vertices (e.g., min | Z | = 6)

e next, form the screen space bounding box 8 | o | 1| 2] 3

e find the maximum |Z | within the box
(e.g., max |Z| =5) > 3| 4|5 ] 4




Occlusion culling

/. buftfter

e for each triangle, test with the current
Z buftter

e find the minimum |Z| among the three

vertices (e.g., min | Z | = 6)

e next, form the screen space bounding box 8 | o | 1| 2] 3

e find the maximum |Z | within the box
(e.g., max |Z| =5) > 3| 4|5 ] 4

e skip the triangle if min |Z| > max | Z|



Occlusion culling

/. buftfter

slow if done naively!

1 21410 o0
¢ | find the maximum | Z| within the box
(e.g., max |Z| =5) > 3| 4|5 ] 4




Hierarchical Z-buffer for occlusion culling

14 3 4 9
5 5 4 9
max
———
38 4 4 6
6 5 4 38

7131210114153
/710131021391
1111314121710
015|514 134|219
(011123454
1121410[0]14]|5]|6
2131415141343
565141 ]10]|8]8

|Greene et al. 1993

build a “pyramid” from the Z buffer

max

Hierarchical Z-Buffer Visibility

Ned Greene™

Michael Kass'

Gavin Miller'



Hierarchical Z-buffer for occlusion culling
|Greene et al. 1993

min/Z =6

e test the top level of the
pyramid




Hierarchical Z-buffer for occlusion culling
|Greene et al. 1993

min/Z =6

e test the top level of the ! )
pyramid

e if not skipped, test the
second level
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Hierarchical Z-buffer for occlusion culling
|Greene et al. 1993

min/Z =6

e test the top level of the 9
pyramid .

e if not skipped, test the
second level

e recurse into each cell

e stop recursing when
max Z. < min Z (or no overlap with the bounding box)



Hierarchical Z-buffer for occlusion culling
|Greene et al. 1993

min/Z =6

e test the top level of the
pyramid 5 1

e if not skipped, test the
second level

e recurse into each cell

e stop recursing when
max Z. < min Z (or no overlap with the bounding box)



Hierarchical Z-buffer for occlusion culling
|Greene et al. 1993

min Z =6
3 4
e test the top level of the
pyramid 5 1
e if not skipped, test the
second level 4

e recurse into each cell

e stop recursing when
max Z. < min Z (or no overlap with the bounding box)



Hierarchical Z-buffer for occlusion culling
|Greene et al. 1993

min Z =6
3 4
e test the top level of the
pyramid 5 1
e if not skipped, test the
second level 4 4

e recurse into each cell

e stop recursing when
max Z. < min Z (or no overlap with the bounding box)



In practice: usually cull many triangles together

https:/ /advances.realtimerendering.com /52021 /Karis_Nanite SIGGRAPH_Advances 2021 final.pdf



https://advances.realtimerendering.com/s2021/Karis_Nanite_SIGGRAPH_Advances_2021_final.pdf

Hierarchical Z-Buffer is still used today!

Occlusion culling

 Occlusion cull against Hierarchical Z-Buffer (HZB)

https:/ /advances.realtimerendering.com /52021 /Karis_Nanite SIGGRAPH_Advances 2021 final.pdf



https://advances.realtimerendering.com/s2021/Karis_Nanite_SIGGRAPH_Advances_2021_final.pdf

Next: ray tracing vs rasterization

V.S.




