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metal dielectric
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[deal specular reflection

* Smooth surfaces of pure materials have ideal specular
reflection

— Metals (conductors) and dielectrics (insulators) behave differently

Reflectance (fraction of light reflected) depends on angle

l@

metal dielectric
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Refraction at boundary of media

Snell’s law

PBR book

n;sin @, = n,81n 6,

sin@; = nsin O,
Wi = NW
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Specular reflection from metal

e Reflectance does
depend on angle

— but not much

— reflectance is
wavelength-
dependent, strongly
so In metals like
copper or gold
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Specular reflection from glass/water

* Dependence on
angle is dramatic!

— about 4% at
normal incidence

— always 100% at
orazing
— remaining light
s transmitted
* This is important
for proper
appearance
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Fresnel’'s formulas

* They predict how much light reflects from a smooth interface
between two materials

I — 112 COS 01 — 711 COS 0 where
v 12 cos 61 4+ 11 cos O N1 sin @1 = 19 sin O
I 111 COS 91 — T]2 COS 92

B N1 cos 61 + 1o cos O

1

— R is the fraction that is reflected
— (1 = R) is the fraction that Is transmitted

— for conductors, same equations, but compex-valued i
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Fresnel reflection

[100T uonnadwod gi¢sd> paojuelg | uemy| uree 3 ||IH ]
|y

1 ..
~ W




ffuse

Origins of specular and ¢

specular

diffuse
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Microfacet scattering models

Rough dielectric surface
e smooth at wavelength scale
e rough at microscale
e flat at macroscale

microsurface macrosurface
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Microfacet scattering models

N/
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Incident irradiance E; illuminates
macrosurface area dA from direction i. 1\\

dA



Microfacet scattering models

N/
A

Incident irradiance E; illuminates dw,
macrosurface area dA from direction i. 1\\

Scattered radiance L, or L measured in
direction o in solid angle dwso.
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Microfacet scattering models

N/
/NN

Incident irradiance E; illuminates
macrosurface area dA from direction i. 1\\

Scattered radiance L, or L measured in
direction o in solid angle dwso.

fs(i,O) — ’_

Bidirectional Scattering Distribution Function



“half-vector” function normal distribution shadowing-masking attenuation

h(i, o) D(m) G(i, 0, m) o(i, 0)

i\/o
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4 )

“half-vector” function normal distribution shadowing-masking attenuation
h(i, o) D(m) GGi,o,m)  p(i,0)
[ Y
Gives the one microsurface normal m that h(i, o)

(] m —
will scatter light fromi to o. : \L" o
o



4 )

“half-vector” function normal distribution shadowing-masking attenuation
h(i, o) D(m) GGi,o,m)  p(i,0)
[ Y
: : dw,,
Gives the one microsurface normal m that S

will scatter light fromi to o. ' \L’Adw()

The size of the set of relevant normals dwn,
relative to the receiving solid angle dwy is
determined by h.
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p
“half-vector” function

h(i, o)

o

N
normal distribution shadowing-masking attenuation

D(m) G(i,0, m) p(i, o)

)

Measures density of

microsurface area with

respect to microsurface normal. 1 \ﬁnr

\

/\ﬁ/\/\/\/\/\/\/\—\/\/\

dA -




“half-vector” function

h(i, o)

Measures density of microsurface area with

-

o

normal distribution

D(m)

\

)

respect to microsurface normal.

dA

shadowing—-masking

G(i,0, m)

attenuation

p(i, 0)

-




s R
“half-vector” function normal distribution shadowing-masking attenuation

h(i, o) D(m) G(i,0, m) p(i, o)

"l )

Measures density of microsurface area with

S
respect to microsurface normal. 1 \ﬁnr

The ratio of relevant microsurface area dAm \
to macrosurface area dA is D(m)dwm.

L4 K ///ff Loty £y Lppg 1

dA™

dA™ = D(m) dw,, dA



s a
“half-vector” function normal distribution shadowing-masking attenuation

h(i, o) D(m) G(i,0, m) p(i, o)

(& J

Measures the fraction of points with .
1

microsurface normal m that are visible \/ o
in directions i and o. \
O

ty Ay Attty by tegg A :

dA™ = D(m) dw,, dA
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“half-vector” function normal distribution shadowing-masking attenuation

h(i, o) D(m) G(i,0, m) p(i, o)

(& J

Measures the fraction of points with .
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microsurface normal m that are visible \/ o
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“half-vector” function

h(i, o)

p
normal distribution

D(m)

(&

shadowing-masking

G(i,o,m)

\

)

Measures the fraction of points with
microsurface normal m that are visible
in directions i and o.

L !

Loty £y

dA™ = D(m) G(i, o,

o 144

m) dw,, dA

attenuation

p(i, o)



p
“half-vector” function normal distribution

h(i, o) D(m)

(&

N
shadowing-masking

G(i,o,m)

)

Measures the fraction of points with
microsurface normal m that are visible
in directions i and o.

i

attenuation

p(i, o)

> °

We now know the size of the scattering area,

which determines how much light reflec

ts.



C )
“half-vector” function normal distribution shadowing-masking attenuation
h(i, o) D(m) GGi,o,m) | pli,0)
(S %
Gives the fraction of the power incident on b,
the scattering area dAm that is scattered. \ > o,
d,
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i-m

dP™ =

“fion

dA™ = D(m) G(i,o,m) dw,, dA
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C )
“half-vector” function normal distribution shadowing-masking attenuation
h(i, o) D(m) GGi,o,m) | pli,0)

(S %
Gives the fraction of the power incident on ¥
the scattering area dA™ that is scattered. \ o O,
This scattered power is related to the
incident irradiance by the attenuation and \
the scattering area, projected in the b

0

incident direction.

-
— ~

i-m

dP™ =

“fion

dA™ = D(m) G(i,o,m) dw,, dA
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“half-vector” function normal distribution shadowing-masking

h(i, o) D(m) G(i,o,m)

The BSDF is the ratio of scattered radiance to
incident irradiance:

dL, d®7'/(dAo-n|dw,)

f3(170): dEZ dEZ
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i-m

dP™ =

~ Jirn

dA™ = D(m) G(i,o,m) dw,, dA

attenuation

p(i, o)



“half-vector” function normal distribution shadowing-masking attenuation

h(i, o) D(m) G(i, 0, m) o(i, 0)

The BSDF is the ratio of scattered radiance to
incident irradiance:

: i-m : , dw.,,
AGS — = : D & s U,
F(i.0) = oot (i, 0) D(m) G(i,0,m)

dP™ — ||‘i '. ‘i‘” o(i,0) dA™dE,

dA™ = D(m) G(i,o,m) dw,, dA



“half-vector” function normal distribution shadowing-masking attenuation

h(i, o) D(m) G(i, 0, m) o(i, 0)

: i-m : , dw.,,
s\ 1, — ‘ D G y U
foli0) = Bl 0) Dlm) Gl 0.m)



“half-vector” function

h(i, o)

fs(i,0) =

normal distribution shadowing-masking attenuation
D(m) GGi,o,m)  pli,0)
Fresnel reflection

i-m dwm,

p(i,0) D(m) G(i,o, m)

i-n||o-n] dw,



“half-vector” function normal distribution shadowing-masking attenuation

hi, o) D(m) GGi,o,m)  pli,o0)
Fresnel reflection surface roughness
: i-m : : dw,,
fs(i,0) = oo o] p(i,o) D(m) G(i,o0, m) -



“half-vector” function

h(i, o)

fs(i,0) =

normal distribution shadowing-masking attenuation
D(m) GGi,o,m)  pli,o0)
Fresnel reflection surface roughness
LML o) D) G, 0,m)
1,0 m 1,0.1m
i-nllo-n| " O,

determined by geometry



Construction of half-vector

reflection refraction

m
W

i + o parallel to m




Construction of half-vector

reflection refraction

h, = normalize(i + o)

m
W

i + o parallel to m
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Construction of half-vector

reflection refraction

h, = normalize(i + o)

m
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Construction of half-vector

reflection refraction

h, = normalize(i + o) h; = —normalize(i + no)

m
W

i + o parallel to m

1 + no parallelto m




Construction of half-vector solid angle

reflection refraction

h, = normalize(i + o) h; = —normalize(i + no)

dw,




Construction of half-vector solid angle

reflection refraction

h, = normalize(i + o) h; = —normalize(i + no)




Construction of half-vector solid angle

reflection refraction
h, = normalize(i + o) h; = —normalize(i + no)

dw,

dw,




Construction of half-vector solid angle

reflection refraction

h, = normalize(i + o) h; = —normalize(i + no)




Construction of half-vector solid angle

reflection refraction
h, = normalize(i + o) h; = —normalize(i + no)

dw,

o-h,]|

dw,

dwm — ic
i+ of|7




Construction of half-vector solid angle

reflection refraction
h, = normalize(i + o) h; = —normalize(i + no)

dw,

dw,

o-h,]|

dw,

dwm — ic
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Construction of half-vector solid angle

reflection refraction
h, = normalize(i + o) h; = —normalize(i + no)

dw,




Construction of half-vector solid angle

reflection refraction
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Construction of half-vector solid angle

reflection refraction
h, = normalize(i + o) h; = —normalize(i + no)

dw,




Construction of half-vector solid angle

reflection refraction
h, = normalize(i + o) h; = —normalize(i + no)

dwO o, m

dw, no

n?dw,
dw,
.h, - h
dw,, ‘O ‘ dw, dw,,, = ,‘O ‘ n?dw,
i+ o |i + nol|?




Result: scattering functions

reflection

i-m, dw,

fs(i,0) = p(i,o) D(m) G(i,o, m)

B i-n||o-n]

dw,

transmission
- dw,
f.(i, 0) = i-m| o(i,0) D(m) G(i,0, m) —

~ [i-nfo-n]

dw,




Result: scattering functions

reflection

116.0) = oo gy o) DOm) Gl o, m) (270
transmission

fo(i,0) = i ‘:1‘ |I:| n p(i,0) D(m) G(i, 0, m) C;L:T



Result: scattering functions

reflection

fr(i,0) = \IE\E‘N F(i,m) D(m)G(i,o, m) HI‘Z_T“ﬁ
transmission

i) = B (1 FG,m)) DOm) G0, m) 1O



Result: scattering functions

reflection
£ (i.0) = i-m||o-m| F(i,m) D(m) G(i,o, m)
i i-n||o-n] i+ o||?
transmission
i-m] n‘lo-m]|

ft(iao) .

(1— F(i,m)) D(m) G(i,o, m)

i-nf|o-n| |i + nol|?



Result: scattering functions

reflection
£ (i.0) = i-m||jo-m| F(i,m) D(m) G(i,o, m)
i i-n||o-n] i+ o||?
transmission

f,(i.0) = i-m||jo-m| n“(1 — F(i,m)) D(m) G(i,o,m)

i-n||o-n |i + no||?



Result: scattering functions

reflection
: 1 F(i,m)D(m)G(i,o, m)
e (i, m) D(m) G
i-n||o-n] 4
transmission
: i-m||o-m| n?(1 — F(i,m)) D(m) G(i,o0, m)
ft(l,O) S " . 9
i-n||o-n] |i + no|




Result: scattering functions

reflection
: F(i,m) D(m) G(i,o, m)
(o) Flim) D(m) G
4li-n| |o-n]
transmission
: i-m||o-m| n?(1 — F(i,m)) D(m) G(i,o0, m)
ft(l,O) S " . 9
i-n||o-n] |i + no|




Fresnel reflectance

Reflectance, p

i | |
30° 40° 50°
Angle of incidence, 1

FIGURE 15.8
The Fresnel reflectance for an air-glass boundary with index of refraction 1.5. We show the two
polarized components and the term for unpolarized light. Redrawn from Judd and Wyszecki, Color

-2
S
g
x
QU
=)
S
E
e
=
=y
Q
S—
S
(%)
S
=
)
S
o
Q.
=
(<5}
c
[%2)
(%2)
e
(&)

in Business, Science and Industry, fig. 3.2, p. 400.




Fresnel reflectance

Reflectance, p

1.2
| | 1.1
407 50° 60°
Angle of incidence, i

FIGURE 15.9

The Fresnel reflection for unpolarized light for different indices of refraction. Redrawn from Judd
and Wyszecki, Color in Business, Science and Industry, fig. 3.3, p. 401.

Glassner, Principles of Digital Image Synthesis




Normal distributions

Choice of distribution is determined by surface
e Phong, Beckman are popular choices
e “GGX" distribution is another option
e [Smith 67] gives a way to produce smooth Gs
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Normal distributions

Choice of distribution is determined by surface
e Phong, Beckman are popular choices
e “GGX" distribution is another option
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Normal distributions

Choice of distribution is determined by surface
e Phong, Beckman are popular choices
e “GGX" distribution is another option
e [Smith 67] gives a way to produce smooth Gs

8 7\ —— Phong
\ Beckman
GGX (new)
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Result (transmission)

[Walter et al. EGSR 2007]



Gaussian
(Beckmann)
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GGX
(Trowbridge-Reitz)
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