Lecture 21: Shading
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Logistics

PA3 due 12/5, 11:30 AM.

Final project due 12/20, 11:30 AM.



The Roadmap

Modeling and Rendering
Shading & Texture



Graphics

Lighting, Camera,
and Material

V

Visibility Shading

N

Rasterization  Ray tracing

https://docs.blender.org/manual/en/dev/render/introduction.htm|  http://www.cgarena.com/freestuff/tutorials/max/thomas_highway/sergeant.html 4
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https://helpx.adobe.com/cy_en/dimension/using/apply-materials-images-to-models.html 7



Shading == Calculate Pixel Color

Approaches range from:
* pure hack (e.g., interpolation from vertices)
* empirical models (e.g., Blinn-Phong model)
e physically-based simulation of light-matter interaction (e.g., rendering equation)

* texture mapping (a form of pre-computation)

Photorealistic (visually pleasing) vs. physically real

Local vs. global illumination

* Do we consider lights only from light sources or also mutual, indirect illumination
between objects?



Interpolation

Cp=0aC,+ pCg+ yC,
If you know the colors of the three

vertices of a triangle and nothing else,
how would you calculate the color of a
point P inside the triangle?

a+pf+y=1

A

Interpolate the color from the vertex
colors (using barycentric coordinates).

 There is absolutely no reason why this has
to be true.

e But perhaps the best best it you have no
other information.




Interpolation

Interpolation is very useful in
rendering. We interpolate many things:
color, normal, texel coordinates, etc.

Interpolation assumes smooth
changes, which will miss high-
frequency signals, but it's the best bet
when no other information is available.

Cp=0aC,+ pCg+ yC,

a+p+y=1

A
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Phong Model

1942-1975

11



Phong Model

Physics-inspired but doesn’t simulate actual light matter interaction; still,
very widely used in practice.

* A local method that accounts for some degree of global illumination: a pixel’s color is
calculated based on the light source and an empirical term for indirect illumination.

 Has “fudge factors” (e.g., n below) that can be tuned for pleasing visual appearance.

-

n=2 n=10 n=50 n=250 n=1250

https://medium.com/shader-coding-in-unity-from-a-to-z/light-in-computer-graphics-2-3b2a5b04acéd 12



A Local Model

Being a local method, when shading
a point it doesn’t need information
from other points. Inputs are:

e Camera ray direction (v)
e Surface normal of the point (n)
* |ncident light direction (l)

e Surface parameter (empirically modeled)

But we will see how it “hacks it way”
to account for indirect illumination.
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A Local Model

Can be easily plugged into either a rasterization or a ray-tracing pipeline.

foreach triangle 1n mesh

foreach pixel 1n image

perspective project triangle to canvas;

1f (pixel 1s 1n the projected triangle)
pixel.color = PhongShade (..);

As part of a
rasterization pipeline

As part of ray tracing. No
recursion; a hint that Phong
model isn’t physically real!

foreach pixel 1n image
ray = buildRay (camera, pixel)
1f (P = 1ntersect (ray, mesh))
pixel.color = PhongShade (...)
else
pixel.color = backgroundColor

14



Basic Observation: Color Depends on Surface

Mirror/Glass (Specular ossy (Specular Diffuse (Not Specular
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Phong Model

Model surtace as a combination of specular and diffuse components.
* Assign/tune weights to adjust the proportion.

Add an ambient shading term to emulate indirect illumination.

e Again, that term is tunable.

Ambient Diffuse Specular = Phong Reflection

16



Diffuse Shading

A pertfectly diffuse surface distributes energy uniformly across all directions.

e The energy the surface receives from the incident light is weakened by the incident light
angle (w.r.t. surface normal).

The color of a point thus doesn’t depend on viewing angle.

17



Diffuse Shading

A N2 Light intensity (falls off
A N <7 Diffuse quadratically w.r.t. distance)
\ [ m / component /

> 35

rx 0 v \ I
W L,=k;,—cosO
0 / re

A, A, Tunable diffuse coefficient
(e.g., simulate how much energy is

. . bsorbed by th f
Recall the Lambertian cosine absorbed by the surface)

law (from the emission/display lecture) = dot product of the light
angle and normal vector

[-n
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Diffuse Shading

L; = ky— cos 0
r




Specular Shading

Color of a point is dependent on viewing angle.

* For a perfect mirror, only when the viewing angle = incident angle will we see color.

* For a general specular surface, reduce the light intensity when the viewing angle moves
away from the reflection angle.

20



Specular Shading

Specular lobe

\

Another tunable
coefficient controlling the
Specular side of the specular lobe
component

Tunable specular coefficient

(e.g., simulate how much energy is
absorbed by the surtface and
distributed to viewing direction)

21



Specular Shading

Another tunable
coefficient controlling the
Specular side of the specular lobe
component

Tunable specular coefficient

(e.g., simulate how much energy is
absorbed by the surface)

22



Specular Shading

Same ks, Are these rendering results physically plausible?

Another tunable
coefficient controlling the
Specular side of the specular lobe
component

Tunable specular coefficient

(e.g., simulate how much energy is
absorbed by the surface)

23



Does not receive direct lights
but shouldn’t be black.
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Ambient Shading

Add a constant term to model the effect of ambient |IghtS (read: indirect illumination)
just so that points in shadow are not completely black.

Accurately modeling ambient lights requires recursive ray tracing.

Ambient Tunable ambient light intensity
Ambient component
lights \ /
=Y
La o kala

/

Tunable ambient coefficient
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Phong Model Summary

Ambient Diffuse Specular = Phong Reflection

A mix of hack + empirical models + physics:

e Diffuse is physics-based; specular component is a physics-inspired empirical model;
ambient component is purely a hack.

* A local method that accounts for global illumination through the (rather hacky) ambient
component.
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Where/When to Apply Phong Model?

For every triangle (flat shading):

* Apply Phong model to each triangle on the mesh; each triangle has a
normal vector; all points on the triangle share the same color.

For every vertex (Gouraud shading):

* Apply Phong model to each vertex on the mesh; each vertex has a
normal vector; other points on the triangle are interpolated from vertices.

For every point (“Phong” shading):

* Each point on the triangle has a normal; point normal is interpolated
from vertex normal; apply Phone model to each point.

28



Rendering Equation



Revisiting Phong Model

Ambient Diffuse Specular = Phong Reflection

These terms are

/ pure hacks
I/

L, =kl Ld=k—c086’ L, —k

. e

Diffuse and specular coefficients
are physics-inspired

30



Reflection at a Point

dL (x,m )

Differential irradiance incoming: dF(w;) = L(w;) cos 6; dw;

Differential radiance exiting (due to dF/(w;)) dL,(w;)

Slide credit: Ren Ng 31



Reflectance of a Point
Bidirectional Reflectance Distribution Function (BRDF)

VN

N
dL (x,m ) A

Informally, BRDF quantifies the energy f(a) S o ) B dLr(a)r)
AN r/

transfer from an incident ray to an existing ray dE(a))
I\

Slide credit: Ren Ng 32



Measuring BRDF Using Gonio Spectrophotometer

Normal
aspecular angle

45° 250 ' Photometer

75° |5°

light source
G

) specular

~ o angle (0°
1 10° \ &1 aauk

%
)

Color in Business, Science, and Industry 3ed, Judd and Wyszecki https://www.avianrochester.com/gonioapparent.php 33
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Material == BRDF (So Far)




The Rendering Equation

The incident light can be from a
light source, or could be indirect
illumination from other objects.

|ldea: the energy of an exiting ray
is contributed by that of all the
incident rays, each modulated by
the corresponding BRDF.

L(p,w,) = J f(p,w;, = w,)L(p, w;)cos O.dw,
e {2

The total exiting radiance \ Integrate over
at p toward the hemisphere

Slide credit: Ren Ng 36



Solving the Rendering Equation Needs Recursion

L(p,w,) = J f(p,w;, = w,)L{p, w;)cos O.dw,
Q

Radiance appears on both sides of the equation: recursive ray tracing!

-

Exiting radiance depends on incident %
radiances. To calculate an incident
radiance, we need to recursively
solve the rendering equation! y

37



How to Integrate?

L(p,w,) = J f(p,w;, = w,)L(p, w;)cos O.dw,

9

The integrand has no analytical form

We don’t know the analytical form of the integrand. How do we integrate?

* We know the ana
whole point of so

ytical form of BRDF, but most likely not the incident radiance term (the
ving the rendering equation is to calculate each incident radiance!)

38



Integrate Over an Unknown Function

F = f(X)( —a)




Integrate Over an Unknown Function

1
F =

= E(f(Xl)(b —a) + f(Xy)(b — a))

40



Integrate Over an Unknown Function

1 N
f(x) / b () d NI izzlf(xi)(b @

Uniformly at random take
N samples, evaluate at

each sample point, and
take the average.

41



Integration Through Sampling

f(x) /a b f(z)da N

b—a The probability distribution
function (PDF) of sampling /

42



Generalize to Arbitrary Sampling Function

f(z) /a b f(z)dx

Monte Carlo Estimator

43



Solving the Rendering Equation

L(p,w,) = J f(p,w;, = w,)L(p,w;)cos Odw,
Q

Monte Carlo Estimator

V

Zf(p,a) — w,)L.(p, w;)cos 0.

p(a)z) —__ Probability distribution used

to sample incident rays

44



Impact of Amount of Samples

)

Iy

45



Impact of Amount of Samples
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Impact of Amount of Samples

45



Impact of Amount of Samples
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Impact of Amount of Samples
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Impact of Amount of Samples
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Impact of Amount of Samples
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Impact of Amount of Samples

I 2048

45



Impact of Amount of Samples
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Impact of Amount of Samples
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Impact of Amount of Samples
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Impact of Amount of Samples




Impact of Amount of Samples

I 2048
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Impact of Amount of Samples

I 2048
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Impact of Amount of Samples

I 2048

Neither has systematic
bias, but F4 has larger
variance than Fo4s;
larger variance leads to
more noise.
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Impact of Amount of Samples

I 2048

Neither has systematic
bias, but F4 has larger
variance than Fo4s;
larger variance leads to
more noise.

Calculating one pixel value
requires one application of
the estimator (one
application == “taking N
samples and averaging
them"”). Nearby pixels are
supposed to have similar
colors but are estimated to
be different because of
large variance in F4.
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Bias vs. Variance

Low Bias

High Bias

High Variance

®®
0®

Low Variance

46



Fixed Sampling (Not Random Enough)

CS348B Lecture 14 Pat Hanrahan, Spring 2010

Fixed, rather than
random, sampling leads
to a biased estimator.

Why? A fixed pattern
will systematically miss
certain information.

rses/cs348b-10/lectures/path/path.pdf

47



Importance Sampling

() /bf(a;) . Issue: reducing variance requires taking
q Inefficient to sample heavily here!

(small contribution to integral) more samples, but we can only afford to
take certain amount of samples at

— rendering time.

Importance sampling: sample more
often where the contribution to the
integration is high.

Note: p(x) must be non-zero where f(x) is non-zero

48



Importance Sampling

Inefficient to sample heavily here! This is a biased estimator

N

(small contribution to integral) . . 1

given a non-uniform Foo— X\(h

sampling PDF; it would N N Zf( l)( )
=1

over-estimate.

- X
p(x)
The correct (unbiased) N
J\/\ Monte Carlo estimator Fo— i f(Xl)
| X counts more frequently N N - 1 p(Xi)
]=

samples less.
Note: p(x) must be non-zero where f(x) is non-zero



What PDF to Use for Importance Sample?

b
O [ e y |
q Inefficient to sample heavily here!

(small contribution to integral)
— X

p(x)

DAYN

Note: p(x) must be non-zero where f(x) is non-zero

X

J f(p,w;, = w,)L(p,w;)cos Odw,
Q

The perfect PDF has the same shape as
the integrand, which we don’t know.

e Otherwise no need to samplel!

Heuristics that help us determine the
general shape of the integrand:

e |Light sources
e BRDF

* Train a deep learning model to predict?

50



Consider only direct lighting here

Hemispherical Solid Angle

Sampling 100 rays
(random directions drawn

uniformly from hemisphere)




Consider only direct lighting here

The MC estimator uses different random

directions at each pixel. Only some
directions point towards the light.

(Estimator is a random variable)




Consider only direct lighting here

Sampling Light Source Area ———=——=———
100 rays ha b




Importance Sampling Examples

Uniform PDF PDF proportional to BRDF

https://pbr-book.org/3ed-2018/Monte_Carlo_Integration/Importance_Sampling 54



Nasty Case: Caustics

Caustics: light bounces off a surface in specular manner and then hits a
diffuse surface as it illuminates it

 Sample based on surtface BRDF will lead to unitorm sampling, but incident lights actually
come from only a small region

Camera/Eye/Primary Ray

e Diffuse Ray

- Light Ray

e Transmission Ray
e Specular Ray

Powered by RayGraph

www.scratchapixel.com

https://www.chaosgroup.com/blog/what-are-caustics-and-how-to-render-them-the-right-way 55



Still, It Requires Recursion

-

iL( ) 1 zN f,,(p, w; — a),,)l,l-(p, a)l-)cos ‘91'
N 1 p(a)]-)

The moment we sample more than one ray at each point, the total number
of rays grows exponentially, which is clearly intractable.

But it's necessary for global illumination (to account for indirect illumination).

56



1-Bounce Paths Connecting Ray to Light

Camera Light

CS184/284A Ren Ng

57



2-Bounce Paths Connecting Ray to Light

Camera Light

CS184/284A Ren Ng
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2-Bounce Paths Connecting Ray to Light

Camera Light

CS184/284A Ren Ng
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3-Bounce Paths Connecting Ray to Light

CS184/284A Ren Ng



3-Bounce Path Connecting Ray to Light

Camera Light

CS184/284A Ren Ng

61



Integrating Over All Paths (Uncountably Infinite Set)

Energy of camera ray = energy of all one-bounce paths +
energy of all two-bounce paths +
energy of all three-bounce paths + Infinitely many groups

energy of all four-bounce paths +

/

Infinitely many rays in each group

62



Path Tracing

Probabilistic termination of recursion.

e Need to change the estimator slightly to get it to be unbiased (not discussed here).

At each point, randomly cast two rays:

* One toward light source, not recursive, can importance sample the light source area

* One toward other area, recursive (with probabilistic termination), can importance sample
based on BRDF

* Add the two up

63
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Integration in Rendering

5D Integral: Real Camera Pixel Exposure

Lens aperture

Sensor plane

Pixel area

1 [t
Qpixel = 5 / / / L(p’ = p,t)cos* Odpdp’ dt
tO flknms A

pixel

CS184/284A Ren Ng

4D for

the light field (2D for

pixel + 2D for aperture) + 1D for
exposure time

L(u,v,s,1)

\/

T

67



Lens Sampling

That's why when generating rays we need to sample both pixel and lens.

* More samples reduce noise (lower variance).

2048 samples/point 4 samples/point

http://www.pbr-book.org/3ed-2018/Camera_Models/Projective_Camera_Models.htm| 68



Alias vs. Noise

Both are because of low sampling rate, but effects are ditferent.

Aliasing: high-frequency signals (e.g., edge) Noise: low-frequency signals (e.g., similar
masquerading as low-frequency signals (e.g., adjacent pixels) showing up as high-frequency
patterned jaggies) signals (e.g., very different adjacent pixels)
l

http://www.pbr-book.org/3ed-2018/Camera_Models/Projective_Camera_Models.htm| 69



Integration in Rendering

5D Integral: Real Camera Pixel Exposure

Lens aperture

Sensor plane

Pixel area

1 [t
Qpixel = ) / / / L(p’ — P, t) cos™ 0dpdp’ dt
tO flknms A

pixel

CS184/284A Ren Ng

Once a ray is in the scene and
hits a point: 2D integration over
hemisphere for each point

-[@(F%Cdi)

70



Translucency
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Translucency == Subsurface Scattering

So far we consider only surface
reflection, but not how photons
interact with particles under surface.

Particles of translucent materials under
the material surtace scatter lights like
crazy and some scattered photons
make their way out of the surtace.

e Recall we have studied translucency before
extensively in the color module.

74



Modeling Translucency

The Kubelka-Munk model was used in
model translucency given diffuse lights
and diffuse material, which is too
restricted.

Instead, graphics people model
subsurface scattering as “light exiting
at different points than it enters”.

75



Modeling Translucency Using BSSDF

Bidirectional Subsurface Scattering Distribution Function (BSSDF).

Models how the irradiance of an incident ray affects
/ radiance of other rays at other spatial points.

/\
Y%

_—

“/\

Integrate over all points on the / A
surface and from all directions

BRDF BSSRDF

/6



[Jensen et al. 2001]



-

[Jensen et al. 2001]



Texture Mapping



Chocolate Wrappers

Texture image

Slide credit: Ren Ng 80



Rendering Using Texture

Visualization of texture coordinates V Triangle vertices in texture space

RS o~

K

/ \,

CS184/284A Ren Ng



Rendering Using Texture

result

Rendered
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Triangle vertices in texture space

Ren Ng
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Step 1: pre-compute color
information of each point of

the scene/mesh.

Step 2: map the 3D scene to a

2D image (a.k.a., texture
map); record the vertex to

texel mapping (e.g., in mesh).

Step 3: during rendering, for
each triangle, find the vertices,

and then find the triangle in
the texture map and copy it!

Main lIdea (Ideal Scenario)

Rendered result
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Triangle vertices in texture space

83



Main Idea

Screen space

World space

Texture space
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Texture Mapping is (Re-sampling)

Step 2

Vs

L

Screen space World space Texture space

Step 1 necessarily has to sample the mesh, since we can’t possible calculate
color (or any other information) for infinitely many points.



Texture Mapping is (Re-sampling)

Step 2

Vs

| 5

Screen space World space Texture space

Step 3 again has to sample, because a screen space point most likely won't
be a point whose information is calculated in Step 1.



Screen Pixel Footprint in Texture

4

[ @

® @

o o o o o

o o o o o
Upsampling Downsampling
(Magnification) (Minification)
CS184/284A Ren Ng
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Bilinear Filtering

}IIIIIIIIIIIIIIIIIIIIIIIIII?IIIIIIIIIIIIIIIIIIIIIIIIII!IIIIIIIIIIIIIIIIIIIIIIIIII!IIIllllllllllllllllllllllc

o o o o
@ o o o
CS184/284A

Want to sample
texture value f(u,v) at
red point

Black points indicate

texture sample
locations

Ren Ng
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Bilinear Filtering
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--------------------------------------------------------------------------------------------------------------

CS184/284A

And fractional
offsets, (s,t) as shown

Ren Ng

89



UV Unwrapping

Some complicated meshes can’t be unwrapped to one continuous area in the
UV map; instead, many “UV islands” are created.

lect Cut/Sew Modi ools View Image Textures UV Sets Help

0 d s BE @/e

A trade-off between minimizing
the total texture map area
(compactness) vs. minimizing
distortion within each face.

(O/58) UV shells, (0/0) overlapping UVs, (0/0) reversed UVs

http://chandaniparekh.blogspot.com/2018/02/uv-unwrapping.html

90



Guess what this unwrapped
UV map is for?
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A room in the digitally reconstructed Elmina Castle; joint with Prof. Mike Jarvis in History
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UV Wrapping by Blender

UV Wrapping by Meshlab




Another room in Elmina Castle




