Computer Graphics

Shading 1 (Illumination, Shading and
Graphics Pipeline)




Last Lectures

Clipping (%5Y)
Scan Conversion of Line Segments

. FLRB L " e

Operations on VETEXFIOLESSINg

Scan Line Polygon Filling =

. | Verticesin positioned in normalized

Operations on é coordinate space

e FL LT Cangis nes, tc) B
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
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Liang-baskey algorithm

Which part of the line segment is visible?

(1) (2)
X < xq; +ulx < x,

Ax =%, — X1, Ay =Yy, — ¥4

7

Rewrite as
X1 Xy
upr < g
1. WHRAx=0, BT TX
o—UMx < x+ — X P p1 = —Acx 1. qi < 0,outside
=~ A1 l q = T — T 2. qr = 0,inside
2. WHRAx #0, ZEATAT
o UAY < x.. — X Py = Ar  Compute all r,=q,/p,
— T 1 © g = T, — T * u, is max(0,r,,)

° u,ismin(1,r,,)
* Ifu>u,, outside the window
* else, the partis fromu, -> u,

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

P

p output

outside

-—l""'"—-

inside

.--"""""—

i output

outside

-—-"'""'—-

It outputs the points for the next steps.

inside

]

no output

outside

P

inside

pP
&

I output

p output

outside

S
p—




HOW tO draW a Ilne Segmento DDA (Digital Differential Analyzer)

Light up all pixels intersected by the line
Digital Differential Analyzer (DDA, £ {H 1 77Z%): find the pixels along x or y axis

=
Il

X¢ + Ax - At
ye + Ay - At

(Xe, Ve)

o y
(_ /

(X5, ¥s)

Move along x axis

At = 1/Ax
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Scanline fill algorithm

Scanline: scan along horizontal or vertical directions

Y4

Scan line 1
Scan line 2
Scan line 3

For each scanline:

(1) Intersection. Compute the intersection between the
scanline and polygon boundaries

(2) Sorting. Sort the intersections based on their x values.
(3) Matching. Build points between <1st, 2nd>, <3rd,
4th>, ... intersections.

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

interval.

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



Flood fill algorithm (X #IE 78 &%)

N

Suppose we already know one pixel inside the region

BEE

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);
¥



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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Sutherland-Cohen&,E%Y

B2 [aht

ROZIEEHIRIDE?

1010

0101

0100

1010
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B 14

Sutherland-Hodgman &ZH

2,314

1 141213

3,214

4.1,3,2

)t

7 & XINAINRAR =SE?

inside outside

outside inside
P
8

1, i output g

2, i and p output " #2

3, ho output T p«

4, p output [j L j
#3 H4
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Today

Visibility / occlusion

Z-buffering

Shading

Blinn-Phong reflectance model
At a specific shading point
Shading frequencies

Graphics pipeline

Texture mapping

Barycentric coordinates
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Painter's Algorithm

Inspired by how painters paint

Paint from back to front, overwrite in the framebuffer

L

[Wikipedia]
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Painter’'s Algorithm

Requires sorting in depth (O(n log n) for n triangles)

Can have unresolvable depth order

y

o

[Foley et al.]
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Z-Buffer Example

Rendering

19

Depth / Zbuffer
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Z-Buffer Algorithm

R[(R|R[R[R|R
R[{R|R[R|R|R|R
R[(R|R|R|R|R|R|R
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Z-Buffer Complexity

Complexity
* O(n) for n triangles (assuming constant coverage)

* How is it possible to sort n triangles in linear time?

Drawing triangles in different orders?

Most important visibility algorithm

* Implemented in hardware for all GPUs
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Questions?



Today

® Visibility /occlusion

- Z-buffering

® Shading
- Illumination & Shading

_ Graphics Pipeline
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What We’ve Covered So Far

e 1
C (i )
Position objects and the Compute position of objects
camera in the world relative to the camera

(W, h) e © o o ‘8 e e o
ﬁ L] ° [ ] © “ o L :
(0’ 0) ] * « © * A 3 B
Project objects onto O R NS T T
the screen Sample triangle coverage
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Rotating Cubes (Now You Can Do)

Position objects and the Compute position of objects

camera in the world relative to the camera
M N ........
R 333 ceeaaaa

the screen Sample triangle coverage



TH/NGPT

What Else Are We Missing?

Credit: Bertrand Benoit. “Sweet Feast,” 2009. [Blender /VRay]
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Shading



Shading: Definifion

* |n Merriam-Webster Dictionary

shading, ['[ferdip], noun
The darkening or coloring of an illustration or

diagram with parallel lines or a block of color.
fe FH T AT 3 0 e 754 o ) 2 A 5

* |n this course

The process of applying a material to an object.

28



A Simple Shading Model
(Blinn-Phong Reflectance Model)



Perceptual Observations

highlights

,)
)/

Q

| lection

_ e

s
L]

Photo credit: Jessica Andrews, flickr



Shading is Local

Compute light reflected toward camera
at a specific shading point

N\
Inputs: N
| | | \ V1] 7
* Viewer direction, v | D
ST I ¢

* Surface normal, n S

* Light direction, |

(for each of many lights) shading

point
* Surface parameters
(color, shininess, ...)

FE (note) : #HF&HALIN =
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Shading is Local Why?

No shadows will be generated! (shading # shadow)




Diffuse Reflection — #=

® |ightis scattered uniformly in all directions

- Surface color is the same for all viewing directions
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® But how much light (energy) is received?

Diffuse Reflection

- Lambert’s cosine law

f

\

A

Top face of cube
receives a certain
amount of light

YYY

Top face of
60° rotated cube
intercepts half the light

34
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In general, light per unit
area is proportional to
cosO=1len

N

il



SUARER

~

intensity
r here: I/fr‘2

Light Falloff

intensity
here: |
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Lambertian (Diffuse) Shading

Shading independent of view direction

energy arrived
N\ at the shading point

P

/\ 7
\ | 4D / Li=ky (I/\fr'z) max(0,n - 1)
9 v “
| |

diffuse energy received
coefficient by the shading point
(color)
diffusely

reflected light
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Lambertian (Diffuse) Shading

Produces diffuse appearance

37

[Foley et al.]



Specular Term (=785  (Blinn-Phong)

Intensity depends on view direction

* Bright near mirror reflection direction

N\
//'\\

A

Vv
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Specular Term (Blinn-Phong)

V close to mirror direction < half vector near normal

* Measure “near” by dot product of unitvectors

S h = bisector(v,1)

\ “7 (ilé%%r:ﬂ? V—I—l
| oyl / ~ v+

N EO‘ ¥V
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Specular Term (Blinn-Phong)

V close to mirror direction < half vector near normal

* Measure “near” by dot product of unitvectors

>/\,\/< h = bisector(v,1)
\ ~7 FIEES) v 41
h p—
R ]
” \%

L, =k, (I/7%) max(0, cos )P
‘ =k, (I/r*) max(0,n - h)?

specularly ‘
reflected

light specular
coefficient

40



Cosine Power Plots

Increasing p narrows the reflection lobe

CoS o Ccos? o
1

cos® o

cosb4 o

[Foley et al.]

90°

HHE . 100-200
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Specular Term (Blinn-Phong)

Blinn-Phong

L. =ke(I/r*)max(0,n-h)?

Note: showing
Ld + Ls together

[Foley et al.]



Ambient Term

Shading that does not depend on anything

* Add constant color to account for disregarded
Illumination and fill in black shadows

* This is approximate / fake!

La — ka, Ia

ambient
coefficient

reflected
ambient light

43



Blinn-Phong Reflection Model

Blinn-Phong
Reflection

Ambient  + Diffuse + Specular =

L=L,+Ls+ L,
= ko Iy + kg (I/r%) max(0,n-1) + k, (I/7%) max(0,n - h)?
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Shading Freguencies

45



Shading Frequencies

What caused the shading difference?




Shade eachtriangle (flat shading)

Flat shading

* Triangle face Is
flat — one normal
vector

* Not good for
smooth surfaces

47



Shade each vertex (Gouraud shading)

Gouraud shading

* |nterpolate colors

from vertices across
triangle

* Eachvertex has a
normal vector (how?)

48



Shade eachpixel (Phong shading)

Phong shading

* Interpolate normal
vectors across each
triangle

* Compute full shading
model at each pixel

°* Not the Blinn-Phong
Reflectance Model

49



Shading Freqguency: Face, Vertex or Pixel

Num

Vertices
Shading freq.: Face Vertex Pixel
Shading type :  Flat Gouraud Phong

50 Image credit: Happyman, http://cg2010studio.com/



http://cg2010studio.com/

Defining Per-Vertex Normal Vectors

Best to get vertex normals from
the underlying geometry

* e.g. consider a sphere

Otherwise have to infer vertex
normals from triangle faces

* Simple scheme: average
surrounding face normals

. Zz N;
A DA
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Defining Per-Pixel Normal Vectors

Barycentric interpolation (introducing soon)

of vertex normals
\\ | //

Don’t forget to normalize the interpolated directions
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Graphics Pipeline

. °3
. 191 i : .
I { Application °4 ¢ Input: vertices in 3D space
2
[ Vertex Processing ] S A
‘ Vertex Stream ° Vertices positioned in screen space
[ Triangle Processing ] S ————
‘ Triangle Stream Triangles positioned in screen space
[ Rasterization ] f_'_::::'_'_'_'_'_::'_'_'_'_'_::'_'_'_'_'_':_'_'_'_'_'i
Fragment Stream | - Fragments (one per covered sample)
[ Fragment Processing ] E‘_::::::'.‘.::::'.T‘.:::::'.::‘.'.'.'.'.'.'.'?
o B
Shaded Fragments §=' . Shaded fragments
i H 85
[ Framebuffer Operations ] e ———
I » Display Output: image (pixels)

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



Graphics Pipeline

{ Application

| VertexProcessing | Model, View, Projection transforms

Vertex Stream

Triangle Processing HY

Triangle Stream

Rasterization - ::Q E
4 .........................................

Fragment Stream

Fragment Processing s

Shaded Fragments

Framebuffer Operations

» Display
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Graphics Pipeline

{ Application

Vertex Processing Sampling triangle coverage

Vertex Stream

Triangle Processing S R e i - L I I I
. O O O O O O ] O O @]
Triangle Stream \
@] o O @] O @ \ O O
[ Rasterization ] ol ololao o//. . .\ ol s
Fragment Stream e / ®| e @ °
ol o | o o// e o o | o o\ o
Fragment Processing \Q
O O O ® @ @ e ® @
Shaded Fragments o | o @ e | o | @ o o )
/
: o| o /o @ e | &a—T o 0 ]|oO
Framebuffer Operations /
o é{ olo|o|lo|o| oo

» Display
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Rasterization Pipeline

I { Application

[ ] Z-Buffer Visibility Tests

‘ Vertex Stream

[ J

‘ Triangle Stream

[ ]

Fragment Stream

[ ]

‘ Shaded Fragments

[ Framebuffer Operations ]

¥» Display
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Graphics Pipeline

I { Application

[ Vertex Processing ]

‘ Vertex Stream

[ J

‘ Triangle Stream

[ ]

Fragment Stream

[ Fragment Processing ]

‘ Shaded Fragments

[ J

» Display

57

Shading

Ambient + Diffuse

Blinn-Phong
Reflectance Model

+ Specular =



Graphics Pipeline

< Application Texture mapplng
] (introducing soon)

[ Vertex Processing

Vertex Stream

Triangle Processing

Triangle Stream
Rasterization

Fragment Stream

[ Fragment Processing ]

Shaded Fragments

Framebuffer Operations

» Display

58



Shader Programs

* Program vertex and fragment processing stages
* Describe operation on a single vertex (or fragment)

Example GLSL fragment shader program

uniform sampler2D myTexture; « Shader function executes
uniform vec3 lightDir; once per fragment.

varying vec2 uv;
« QOutputs color of surface

at the current fragment’s
screen sample position.

varying vec3 norm;

void diffuseShader()
{
vec3 kd;

kd = texture2d(myTexture, uv);
kd *= clamp(dot(-lightDir, norm), 0.0, 1.0);
gl_FragColor = vec4(kd, 1.0);

}

« This shader performs a
texture lookup to obtain
the surface’s material
color at this point, then
performs a diffuse
lighting calculation.

59



Shader Programs

* Program vertex and fragment processing stages
* Describe operation on a single vertex (or fragment)

Example GLSL fragment shader program

uniform sampler2D myTexture; /| program parameter
uniform vec3 lightDir; /] program parameter
varying vec2 uv; /I per fragment value (interp. byrasterizer)
varying vec3 norm,; /I per fragment value (interp. byrasterizer)

void diffuseShader()

{
vec3 kd;
kd = texture2d(myTexture, uv); /I material color fromtexture
kd *= clamp(dot(-lightDir, norm), 0.0, 1.0); /| Lambertian shading model
gl_FragColor = vec4(kd, 1.0); // output fragmentcolor

}
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Tags: procedural, 3d, raymarching, distancefield

<

Procedural modeling and procedural lighting. Shading is @ mix of procedural and textures. Raymarched. You'll need a fast
machine for this one.

K Il 4251 12.2 fps 0 o I3 26
Snail @ 17509 $126 Mo 30
Uploaded by iq in 2015-Dec-23

o

4 Shader Inputs

// Created by ini

// License Creative Commons Attribution-NonCommercial-ShareAlike 3.0

$define AA 1

float sdSphere( in vec3 p, in vecéd s

return length

float sdEllipsoid

{

return (lengt

go quilez - 2015

(P-85.XyzZ) - S.W;

( in vec3 p, in vec3 c,

h( (p-¢)/r ) - 1.0) * min(min(r.x,r.y),r.z);

in vec3 r )

float sdBllipsoid( in vec2 p, in vec2 ¢, in vec2 r )

return (lengt

float sdTorus( ve

return length( vec2(length(p.xz)-t.x,p.y

h( (p-¢)/r ) - 1.0) * min(r.x,r.y);

c3 p, vec2 t )

)=t.y;

float sdCapsule( vec3 p, vec3 a, vec3d b, float r )

vec3 pa = p-a,
float h = clamp( dot(pa,ba)/dot(ba,ba),

return length

vec2 udSegment( vec3 p, vec3 a, vec3 b )

vec3 pa = p-a

float h = clamp( dot(pa,ba)/dot(ba,ba),
length( pa - ba*h ),

return vec2

ba = b-a;

( pa - ba*h - r;

, ba = b-a;

h

0.0,

0.0

1.

1.

0

0);

nigo Quilez

Procedurally modeled, 800 line shader.
http://shadertoy.com/view/Id3Gz2
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http://shadertoy.com/view/ld3Gz2

Snail Shader Program

https://www.alanzucconi.com/2016/07/01/signed-distance-functions/#google vignette
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Goal: Highly Complex 3D Scenes in Realtime

* 100’s of thousands to millions of trian,
o O ..4 e X« 3

[
)

46

REZL] 52 Unreal Engine Kite Demo (Epic Games 2015)



Graphics Pipeline Implementation: GPUs

Specialized processors for executing graphics pipeline
computations

Processor
Graphics i 3
4 Al

Discrete GPU Card Integrated GPU:
(NVIDIA GeForce Titan X) (Part of Intel CPU die)
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GPU: Heterogeneous, Multi-Core Procesor
[ (=T

Tessellate | | Tessellate
BN —

‘ GPU
Clip/Cull

Rastorze  Rasierize ~ | Memory

Clip/Cull
Rasterize

M‘

Scheduler / Work Distributor I

Modern GPUs offer ~2-4 Tera-FLOPs of performance for
executing vertex and fragment shaderprograms

L [ ]

] I | |

Tera-Op’s of fixed-function
compute capability over here
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Texture Mapping
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Different Colors at Different Places?

*(1/rA\2) * (ndot 1)

Pattern on ball Wood grain on floor




Surfaces are 2D

Surface lives in 3D world space

Every 3D surface point also has a place
where it goes in the 2D image (texture).

Screen space World space Texture space

68



Zoom

Texture Applied to Surface

Rendering without texture Rendering with texture

Each triangle “copies” a piece of
the texture image to the surface.
69

Texture




Visualization of Texture Coordinates

Each triangle vertex is assigned a texture coordinate (u,v)

Triangle vertices in texture space
Visualization of texture coordinates V S—

e Dot
—— == (55
—— 7 (‘) i

VAT
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led to Surface

Texture Appl

Triangle vertices in texture space

Rendered result
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Textures applied to surfaces

72



Visualization of texture coordinates
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Textures can be used multiple times!

L G

Lo
{

|
| |
f——r

example textures
used / tiled
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Interpolation Across Triangles:
Barycentric Coordinates

(/044 PT)



Interpolation Across Triangles

Why do we want to interpolate?
* Specify values at vertices

* Obtain smoothly varying values across triangles

What do we want to interpolate?

* Texture coordinates, colors, normal vectors, ...

How do we interpolate?

* Barycentric coordinates



Barycentric Coordinates

A coordinate system for triangles («, 5,7)
C

(,y) =aA+BB+~C
a+pf+v=1
Inside the triangle if

B all three coordinates
are non-negative



Barycentric Coordinates

What's the barycentric coordinate of A?
C

<a7/877) — (17070)
(z,y) =aA+B8B+~C
= A

(z,y)



Barycentric Coordinates

Geometric viewpoint — proportional areas

C
Aa
O =
Aa+Ap+ Ac
P
- As+Ap + Ac
7 Aa+Ap + Ac



Barycentric Coordinates

What's the barycentric coordinate of the centroid?

C

(a, B,7) =
(3779):

mlr—L
W

wl— Wl

)

Wl



Barycentric Coordinates: Formulas

C

(#,y) =aA+8B+~C
a+p4+v=1

- )( ) + (
—(ra —2B)(yc —yB) + (Ya —ys)(rc — *B)
_ —@—ae)ya—yo) + (Y —yo)(@a — xc)
—(xB —xc)(ya —yc) + (Y —yc)(xa — 2c)



Using Barycentric Coordinates

Linearly interpolate values at vertices

Ve

V=aVu+8Vp+yVe

Va, VB, Vccan be
positions, texture
coordinates, color,

normal, depth,
VB

Va

However, barycentric coordinates are not invariant under projection!

material attributes...



Thank you!
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