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Multi-layered materials

- Smooth interfaces : I
= Analytical solution (Matrix transfer) [YehO5]

- Rough interfaces :

= Numerical simulation :

- Monte Carlo path-tracing [GHZ18] [JcIM14]
LayerLab representation [JdJM14, ZJ18]

v Accuracy

X Time & memory consumption




Multi-layered models - Weidlich and Wilkie [WWO7]

Recursive composition of BRDFs
Rely on Microfacets theory [CT82]
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Multi-layered models - Weidlich and Wilkie [WWO7]

- Recursive composition of BRDFs
- Rely on Microfacets theory [CT82]

fr = frolo,v0) +To1- fry(l1,v1) -a-t

Cat

Beer-Lambert absorption I

Total internal reflection

A no inter-reflections




Multi-layered models - Weidlich and Wilkie [WWO7]

Implementations : ho 2% n
2 variants [WWO09] and [Ele10] I o |

f?” = f’l“()(l()av()) +T01 ) f?“l(llavl) ‘a-t

. vl
Variant |To1 | (1, v1) || fn I
WWOST T hg | hg || (o, Vo)
\v/\\//\\

[Ele10] hg n (11 : V1)




Multi-layered models - Weidlich and Wilkie [WWO7]

Implementations : ho 2% n
2 variants [WWO09] and [Ele10] I o |

fT‘ — f’r'()(lO7v0> _I_T()l ) f?“l(llavl) ‘a-t

: il
Variant |To; | (1, v1) || fn I
(WWOS] hg | hg || (y,vg) | «bug/feature? \

[Ele10]: roughness1 — MAX(roughnesso, roughness1)




Multi-layered models - Belcour [Bel18]

- Tracing of (Gaussian) light
beam through layers

central direction

A
variance
™ .
- \ —
energy

Impact of reflection, transmission,

absorption & scattering
with inter-reflections & multiple scattering

/2

[Bel18] [Bel18]

A only forward

propagation for scattering

[Bel18] u




Multi-layered models - Belcour [Bel18]

- Resulting BRDF = weighted sum of GGX lobes

FPov0) = D enllo)GGX (Lo, vo; (1)
layer k ‘

energy variance

[Bel18]
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Multi-layered models - Belcour [Bel18]

- Resulting BRDF = weighted sum of GGX lobes

FPov0) = D enllo)GGX (Lo, vo; (1)
layer k

- Forward and symmetric variants

[Bel18]

v Reciprocal

X No obvious interpretation, no BTDF

1




How accurate are these models ?



Numerical evaluation _

- Virtual goniospectrophotometer / . 7|
Particles tracing through layers: Monte-Carlo f “" |
Interactions with ‘ ‘ ‘ 4

- interfaces: Microfacet theory ~
media: Beer-Lambert law \%

BRDF / BTDF obtained with density estimation
- discretized hemisphere

- Compared to
Numerical Integration of models on same discretized hemisphere
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Numerical evaluation

- 3 layered material categories with 2 interfaces = 60 configurations

Coating

1.0 -

No, T

= .

‘Lambertian Conductor Dielectric
4 4 4
Plastics Metals Slabs
#configurations = 12 36 12
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Plastic Configuration

- Roughness:

W o =0
o 0.1
Dielectric =15 7 = (02
T L j
0.1 |
Lambertian = (0.8)
: 0.8
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Plastic Satviarad

0, Reference [WW09] [Ele10]

19°

84°




Plastic

0, Reference [WW09] [Ele10]
: ‘
. .

17



Metallic paint

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

-
Smooth |
dielectric
Rough . (10
conductor m +ik1 = 1.45+ ¢ {0.01
* 0.01
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Metallic paint e

no = 1.5

1.0
T +iky =145+4 (0,01)
0.0L

0, Reference [(WWO09] [Ele10] [Bel18] (fwd) [Bel18](sym)

19°

71°




Metallic paint

1.0
T +iky =145+4 (0.01)

N =15 7 =0.1 o =02

0.01,

0 Reference [(WWO09] [Ele10] [Bel18] (fwd) [Bel18](sym)
: O‘ ‘ . |
: O‘ ‘ . |




Metallic paint

N =15 7 =0.1 o =02

1.0
T +iky =145+4 (0.01)
0.01,

0, Reference [(WWO09] [Ele10] [Bel18] (fwd) [Bel18](sym)
) ‘ . ‘
) ‘ . .




Metallic paint e

no = 1.5

1.0
T +iky =145+4 (0.01)
0.01,

0, Reference [(WWO09] [Ele10] [Bel18] (fwd) [Bel18](sym)

19°

71°




Frosted metal

Rough
dielectric

1.0

Mo =18 T =20l

Smooth
conductor

m+iky =1454+1 (0.0l

1.0

0.01

)
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Frosted metal T

1.0
m +ikg = 1.45+1 (0.01)
0.01

0, Reference [(WWO09] [Ele10)] [Bel18] (fwd) [Bel18](sym)

19°

58°




Frosted metal gt NI
-
M+ ik =145+ (31:)?})
0 Reference [(WWO09] [Ele10] [Bel18] (fwd) [Bel18](sym)

19°

580 0

| I I




Frosted metal

0 Reference [(WWO09]
) ‘
: ‘

[Ele10]

[Bel18] (fwd)

mo=15 7 =01 ;= 0.001
ysl

1.0
m +ikg = 1.45+1 (0.01)
0.01

[Bel18](sym)




Frosted metal gt NI
o=,
L+ ik = 145+ (31:)?})
0, Reference [(WWO09] [Ele10)] [Bel18] (fwd) [Bel18](sym)

19°

58°




Frosted metal

—
|

1

|

1.0 ap = 0.2

=15 7 =01 ay = 0.001

1.0
m +ikg = 1.45+1 (().01)
0.01

Reference

[Bel18] (fwd) [Bel18] (sym)
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Slab (transmission)

Smooth
dielectric

Rough
interface
with AIR
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Slab (transmission)
0

Reference

[Bel18] (fwd)

19°

84°

1.0
L

1.0

ap = 0.001

oy = 0.2
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Slab (transmission)
0

Reference

[Bel18] (fwd)

19°

84°
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1.0 ap = 0.001

Slab (transmission =
AN AN

1.0

oy = 0.2




What can easily be fixed ?



(Slightly) Improved models

WW’:
Apply Snell’s law to solid angles [HK93]

> 7 (U0,v0) = Fro(lo,V0) + Tor fr (11, v1)|%|Tio
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(Slightly) Improved models

WW’:
- Apply Snell’s law to solid angles [HK93]

> fr" (lp,vo) = fro(107V0)+T01fr1(llaV1)T%TIO

- Transmission based on geometric normal

Variant | 7p; (11 , Vl) fr
(WWO9] | hg | hy || (o, Vo)
[Ele10] |hy| n (11,v1)
WW | n n |[(1,vy)

- [Ele10]'s max roughness
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(Slightly) Improved models

wWWwW:: Bel, (de):
- Use exact model
for 1° reflection

- Apply Snell’s law to solid angles [HK93]
> 1™ (4o, v0) = fro(lo,¥0) +Tor fr, (11, 1) w10

- Transmission based on geometric normal

Variant | 7p; (11 , Vl) fr
(WWO9] | hg | hy || (o, Vo)
[Ele10] |hy| n (11,v1)
WW | n n |[(1,vy)

- [Ele10]'s max roughness
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Improved models - Plastic e




Improved models - Plastic e




Improved models - Metallic paint

Ref. | [Elel0]
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Improved models - Metallic paint

Ret. WW’
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Improved models - Frosted metal
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Improved models - Frosted metal
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Improved models - Frosted metal
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Improved models - Frosted metal
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Conclusions - Supported layers

Scattering in media

ww’ Bel’

Slabs / BTDF X v

Lambertian / Plastics v X
X

only forward
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Conclusions - Approximations assessment

WW’

Smooth transmission

Rough transmission

Multiple bounces

X 0 G

i ©:E

Ref.

Bel’
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Future Work

- Combine [WWO7] and [Bel18] into a new layered material model

- Handle more complex materials / physical phenomena
- Anisotropy & inter-reflections at interfaces
- Back scattering in media
- Spectral shift, polarisation, fluorescence
- Thin films, interference, diffraction
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Top Layer Configuration:
Choose Base Layer Type

Base Layer Configuration

Mozilla Firefox

Numerical Analysis of Layered Materials Models : Supplemental
Material f incidences: M=

Mozilla Firefox

Layer configurations

Conductor v

a = 02 v m=

B Whtion parameters

le parametrization: Halfslice

7>

f particles simulated per incidence: N=_ 160 milions v

This page presents the simulation results for the paper
"Numerical Analysis of Layered Material Models".

Use the different widgets below to select the configurations of the different layers

S

04 v m=15

145 v k1= (10001001) v
BRDF Plots

Show Model Comparisons
Show Plots

Display Iso-values

‘The following webpages provide additional comparisons for the technical report “Numerical Analysis of Layered.
Materials Models” available here

DF diid BSOF Pl

1 _C++code 4 1

1.1 Original Weidlich and Wilkie BRDF Model [WW09|WW11]

You can find code samples page 8, slide 46 in the first article [WWO9] >

float Weidlichuilkie: sevaluate(Vec3f const & Light, Vec3f const & view) const
«

/7 Resulting layered brdf |-

tern (includes Fresnel)
7/ doun-arsente

o
77 we want v up-oriented

cident Plane. See above for
legend.

Mozilla Firefox

e Suppplemental Material: "Numerical Analysis
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¢ evaluate BTOF" << std:iendl;

ik of Layered Material Models"
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for (uint 1= 0; 1 < this-anlayers(); f++) {
Vecat h - -1+ v,
honormatize(); Use the different widgets below to select the configurations of the different layers

7/ 1. Evaluate current brdf
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Top Layer Configuration: ag = 0001 v

(010209 M=15

» (©.10808) v

Qualitative Rendsering comparisons

Simulation Wilkie and Weidlich 2009 Elek 2010

RGB Slice (Simulation, Wilkie and Weidlich 2009, Elek
2010, Belcour 2018 Forward and Symetric)

Supplemental materials

Code samples, BSDF comparisons & renderings
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