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. Introduction

« We started to integrate the Sony Pictures Imageworks lighting model.
— Reuvisiting Physically Based Shading at Imageworks [Kulla 2017].

© Pros

« Perfect conservation of specular energy.
« Perfect conservation of specular and diffuse energy for dielectrics.

® Cons

« Energy is not conserved for semiconductor materials.
« No information on how to implement environment lighting.
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I Goals

« Energy conservation for semiconductors.

« Real-time rendering of environment lighting.
— Based on Split Sum Integral [Karis 2013].

« Approximate the LUTs (Look Up Table) with some basis functions to
reduce their size.
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Sony Pictures Imageworks

ENERGY CONSERVATION
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I Energy Conservation - Imageworks

« Specular Term

— Normal distribution is GGX and height-correlated masking & shadowing.

— The specular assume single-scattering, becoming darker for higher roughness
values.

« Matte Term
— Kelemen et al model is used to conserve energy [Kelemen 2001].
— Specular is rendered with energy loss.
— That energy loss is compensated for with Lambertian diffuse models.

« Diffuse Term
— Kelemen et al model is also used for the diffuse term.

— Diffuse lighting is rendered with the absorbed energy of specular and matte.
— Energy conservation can only be guaranteed for dielectric materials.
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l Energy - Specular Term

2TC 1
E(u,) = f f (o, Ui, @) uidu;de .
0 0

Microfacet Specular BRDF
 E(u,) is referred to as the directional albedo.

« Greek letter u is cos6 term.
« Furnace test was used to visualize lost energy.

Furnace test
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. Energy - Matte Term

(1 _E(.uo))(l _E(Ml))
(1 7 avg)

« As introduced by Kelemen et al.
« By adding the new BRDF lobe f,, ., energy is perfectly conserved.

1
f'n,'lS(l’lO) Ml) o avg o Zf E(H)Mdﬂ.
0

Furnace test
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. Fresnel

For dielectric materials, some energy is absorbed.

Multi-scattering lights absorption needs to be considered.
— Can be roughly modeled by averaging Fresnel with a cosine weight [Jakob 2014].

1
— Fayg = Zfo F(wudu.

(Fangavg)
1 _Favg(1 _Eavg) .

E,. is multiplied by the matte term.

Our integration used Artist Friendly Fresnel [Gulbrandsen 2014] as F.
— Artists can tweak the edge color with fresnel specular (f0) and edgetint.

_Fms—
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I Energy - Diffuse Term

« Simply adding the diffuse term will not conserve energy.
« Kelemen et al’s approach is also used for the diffuse term.

« The amount of energy depends on the specular and matte terms.
— Some energy is absorbed by the specular and matte terms.

« Diffuse term is only considered for dielectric materials.
— Edgetint is fixed at O.

« So if the material is a semiconductor, the energy will not be conserved.
Roughness =0 f0 =0.5, edgetint =1, albedo =1 Roughness =1

Rendering
Furnace Test

Energy Visualization
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I Dependency

E: directional albedo of specular.
— Dependency: u,,roughness.

E.,4: averaged directional albedo of specular.

— Dependency: roughness.

E': absorbed energy by specular and matte terms (edgetint=0).
— Dependency: u,,roughness, fresnel specular.

E;,4: Specular and matte terms absorbed energy average.
— Dependency: roughness, fresnel specular
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Sony Pictures Imageworks
Ours

ENERGY CONSERVATION
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I Edgetint

« Diffuse term is only considered for dielectric materials.
— Edgetint is fixed at O.

« If the material is close to a semiconductor, the energy will not be
conserved.

« Edgetint is close to 1 for real world conductors.
« Edgetint is close to 0 for real world dielectrics.

» We conserve energy by scaling the diffuse term for dielectrics.
» The scale will determine edgetint value.
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. Scaling Parameter

« We determine the scale required to conserve energy for
semiconductors.

1. Calculate the absorbed energy E” of specular and matte terms.
— Edgetint isn’t fixed.
— Dependency: u,,roughness, fresnel specular,edgetint.

2. Calculate the parameter k that is the ratio of E”and E’.

EII
A,

El
— The dimension of k is 4 (u,, roughness, fresnel specular, edgetint).

W

4. Finally k end up as a 1D LUT depending on edgetint.

. Minimize k into a dimension of 3 (u,, roughness, fresnel specular).
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. Scaling Parameter

« Energy is conserved by multiplying the diffuse term by k.
* k is the only condition to preserve energy conservation.

« We tried to fit the 1D LUT at first but the calculation costs seemed
excessive so we decided to approximate k as 1-edgetint.

1

1

nar
nar

08 r
08 r
07 e
07 r
06 F

06 -
nsE

0hF nal
04r B nalb
03r B nar

n2r 01r

1 1 1 1 I I I I I 0 L L L L L 1 L 1 1
0 0.1 02 0.3 04 05 0.6 0.7 04 04 1 0 01 n2 03 04 0.5. 0. 0z [IE:] 04 1
edaetint edeetint

01

The visualization of k Approximated k (blue) as 1 — edgetint (red)
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I Energy Conservation

« Sony Pictures Imageworks: Energy is not conserved when roughness
is close to O.

« Qurs: Energy is conserved for any roughness values.

Roughness = 0 Energy visualization (fO = 0.5, edgetint = 1, albedo = 1) Roughness = 1
Rendering

Furnace Test

Sony Pictures Imageworks

— ) - — \;;')
Rendering 8 88 2 &8 & & & € € :
meTt @) @ 8 8 8 0 8 0 2 88
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Importance Sampling
Split Integral

ENVIRONMENT LIGHTING
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I Importance Sampling

« Importance sampling is used for offline rendering.
— Can sample the radiance from a cube map against a BRDF lobe.

© Pros

« Integration is very simple.
« Can do the fast rendering with filtered importance sampling [Krivanek 2008].

@ Cons

« Calculation cost is very expensive.
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. Split Integral (Unreal)

« This is often used for environment lighting in games.
— Real Shading in Unreal Engine 4 [Karis 2014].

* JoLiDfA,v,n) n-1|dl =

Jo LiDfQv,n)|n-1|dl
Jo, fAv,n)[n-1|dl

Jo fA,v,n)[n -1dl.

e Z BRDF w/o Fresnel

l: incident light direction
V: view direction

n: normal

Q: hemisphere

” F(ln ; Vl) fQLi(l)f(l,V, n)ln ; lldl
F(ln-v]) fﬂf(l,v,n)ln -1]d1

Pre-filtered cube map Directional albedo

ff(l,v,n)ln-lldl.
Q

« Schlick Fresnel [Schlick 1994] is used as the fresnel term F.
« This isn’t directly applicable to our lighting model.

@ADVANCED
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Our Directional Albedo

SPLIT INTEGRAL
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I Directional Albedo

f f(l: v,n)|n-1|dl = Especular Ematte
)

Especutar - Specular term’s directional albedo.

7 : Matte term’s directional albedo.
* Egirruse - Diffuse term’s directional albedo.

albedo * Egirryse-
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I Especular

Especular 7 fQ fA,v,n)n-1jdl
~ F(v,d) f f'(,v,n)n - 1|dl
Q

~ F(v,d)E ().

« d: Dominant direction of the reflection lobe.
« We extract from the integral F to reduce the dimension of the LUT.
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. Ematte

Ematte 7 Fmsfﬁ?’ls(l;v: n)ln . lldl
Q)
=07 (1 —ff’(l,v, n)n-: l|dl>
Q)
= Fms(1 7 Es(ﬂo))-

« E baked as 2D LUT (roughness, u,).
* E,,, approximated using LMS (Least Mean Squares).
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I Ediffuse

Ediffuse o jfdiffuse(l; v,n)|n - 1jdl
Q

= f (F(v,d)f'(,v,n) + Epsfins(,v,m))|n - 1|d1
Q
~ (1 — edgetint) (1 — j (F f'"+E,¢ fms)n - l|dl)
Q

~ (1 —edgetint)(1 — E'(u,)).
* faifruse IS @ lobe based on Kelemen et al.
« E' baked as 3D LUT (roughness, v -n, specular).
» Eg,, baked as 2D LUT (roughness , specular).
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. Fresnel Term (F (v, d))

« We tested F(v,d) with the dominant directions for further improvements.
— Moving Frostbite to Physically Based Rendering 3.0 [Lagarde 2014].
— Unity Scriptable Render Pipeline [Lagarde 2018].

« We decided to use the approach of Unity Scriptable Render Pipeline.

Reference Unity HlDRp Frostbite
(For a light probe w/o fitting curve)

Especutar + Ematte + Ediffuse (Roughness = 0.6, Specular = 0.27, Edgetint = 0.0)

SEUARE ENIX 887bber ©2020 SQUARE ENIX CO., LTD. All Rights Reserved. 25



I LUT Data Size

« £ :R8_UNORM, Resolution = 32*32, Data Size = 1 Kbytes.
« E' :R8_UNORM, Resolution = 32*32*32, Data Size = 32 Kbytes.

* Ej,y: RB_UNORM, Resolution = 32*32, Data Size = 1 Kbytes.
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I Result: Directional Albedo

« Material: Gold (Au).
— Fresnel specular: 245, 197, 94.
— Edgetint: 254, 250, 186.
— Albedo: 0, 0, O.

0009

Importance Sampling Split Integral Importance Sampling Split Integral Importance Sampling Split Integral
Roughness =0 Roughness = 0.5 Roughness =1
o8 NGB BGY ©2020 SQUARE ENIX CO., LTD. All Rights Reserved 27
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. Result: Directional Albedo

« Material: Silicon Carbide.
— Fresnel specular: 75, 78, 81.
— Edgetint: 1, 4, 9.
— Albedo: 0, 0, O.

Importance Sampling Split Integral Importance Sampling Split Integral Importance Sampling Split Integral
Roughness =0 Roughness = 0.5 Roughness =1
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I Result: Directional Albedo

 Material: Glass.

— Fresnel specular: 13, 13, 13.
— Edgetint: 0, O, 0.
— Albedo: 29, 29, 29.

Importance Sampling Split Integral Importance Sampling Split Integral Importance Sampling Split Integral
Roughness =0 Roughness = 0.5 Roughness =1
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Our Directional Albedo
Our Pre-filtered Cube Map

SPLIT INTEGRAL

@ ADVANCED .
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I Pre-filtered Cube Map

« Our pre-filtering is based on the Split Sum Integral [Karis 2013].
« Qutput is pre-filtered cube maps per lighting term.

— Specular: created using f'(l,v,n) weight.

— Matte: created using f,,,.(1,v,n) weight.

— Diffuse: created using fg;rruse Weight.
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I Data Structure (Specular)

« Specular 7
— Mip level represents roughness.

— Mip level = \/roughness * mipCount.
— The resolution is higher because of high frequency.

 Matte

— 1D Array index is based on roughness.
— The resolution is lower because of the low frequency.

e Diffuse

— 2D Array index is based on roughness, specular. ooo
— The resolution is lower because of the low frequency.

Cube map with mip

Cube map array

Cube map array
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OPTIMIZATION
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I First Implementation of The Pre-filtered Cube Map

« Specular Term, Cube map with mipmaps.
— Format = BC6H_UF16.
— Resolution = 512*512*6 (faces) with mipmaps.
« Matte Term, Cube map array.

— Format = BC6H_UF16.
— Resolution = 64*64*6 (faces).

— Index = \/roughness*& (- 8 = The number of arrays)

« Diffuse Term, Cube map array.
— Format = BC6H_UF16.
— Resolution = 64*64*6 (faces).

— Index = (\/roughness, specular)*(4, 4). (- (4,4) = The number of 2D arrays)
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I Data Compression

There are a lot of pre-filtered cube maps.

— Even compressed as BC6H, it is too much data for real-time games.

Matte term and diffuse term can be approximated with basis functions.
— Because the cube maps are low frequency.

We saved on data size by approximating using various basis functions.
— Spherical Harmonics (SH): SH3, SH4, SH5.

— Ambient Dice (AD): RGB, YCoCg, SRBF.

Final data size.

— Matte term: 864bytes ~ 2.4Kbytes.

— Diffuse term: 432bytes ~ 1.2Kbytes.

Limitation

— Depending on cube maps, there might be negative values.
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Environment map

Experimentl
Experiment2

PRE-FILTERED CUBE MAP (MATTE)
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I Approximation (Reference Format = Cube Map Array)

Jroughness

Reference

SH3 SH4 SH5 AD RGB AD YCoCg AD SRBF

0.002

» -

RMSE=0"85589

_ v v
RMSE =0.589393 QMSE =0 RMSE = 0.51245 RMSE = 0.514244 RMSE = 0.
_ vv“'
RMSE ="0:599039 RMSE = 0.307722 " RMSE = 0.308981 RMSE = 0.245168 RMSE = 0.248077 RMSE = 0.369855
0.42 'vvvv-
RMSE = 0.269136 RMSE = 0.18193 RMSE = 0.155399 RMSE = 0.126081 RMSE = 0.128845 RMSE = 0.240854
SADVANCED . 37
- - . - . . .
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. Approximation (Reference Format = Cube Map Array)

\/roughness Reference SH3 SH4 SH5 AD RGB AD YCoCg AD SRBF
0.57
RMSE = 0.160488 RMSE = 0.142726 RMSE = 0.0700764  RMSE = 0.0714268  RMSE = 0.0739038 | RMSE = 0.15923
0.71 v v
RMSE = 0.107185 RMSE = 0.105453 RMSE = 0.05013 RMSE = 0.0480013  RMSE = 0.0505198 ' RMSE = 0.117047
0.85 v v
RMSE = 0.102771 RMSE = 0.0850398 RMSE = 0.0464396  RMSE = 0.040925 RMSE = 0.0438738 [ RMSE = 0.110515
1
RMSE = 0.103322 RMSE = 0.0803252  RMSE = 0.0454747  RMSE = 0.0396365  RMSE = 0.042605  RMSE = 0.110338
@/ i 38
- - . . . .
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Environment map

Experiment 1
Experiment 2

PRE-FILTERED CUBE MAP (DIFFUSE)
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Approximation (Reference Format = Cube Map Array)

specular \/roughness Reference SH3 SH4 SH5 AD RGB AD YCoCg AD SRBF

RMSE = 0.105515 RMSE = 0.0990511 RMSE = 0.0498573 RMSE = 0.045356 RMSE = 0.0480222 RMSE =0.115141

0 0.33
RMSE = 0.091852 RMSE = 0.0870423 RMSE = 0.0395638 RMSE = 0.0395877 RMSE =0.042237 ' RMSE = 0.102124
0 0.66
RMSE = 0.0852468 RMSE = 0.0848289 RMSE = 0.0408226 RMSE = 0.0442375 RMSE = 0.0461098 RMSE = 0.0959853
0 1
RMSE = 0.0867629 RMSE = 0.0866793 RMSE = 0.0428686 RMSE = 0.0460251 RMSE = 0.0478834 RMSE = 0.0967098
@AD i 40
- - . . . .
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I Approximation (Reference Format = Cube Map Array)

specular \/roughness Reference SH3 SH4 SH5 AD RGB AD YCoCg AD SRBF

0.33 0

RMSE = 0.0954032 RMSE = 0.0953287 RMSE = 0.0479248 RMSE = 0.0504581 RMSE = 0.0524027 "RMSE =0.105107

T I

RMSE = 0.0901046 RMSE = 0.0899666 RMSE = 0.0446922 RMSE =0.0476246 RMSE =0.0494089 RMSE = 0.0997573

T D 4

RMSE = 0.0895111 RMSE = 0.0893604 RMSE = 0.0435516 RMSE = 0.0466836 RMSE = 0.0485574 RMSE = 0.0992356

RMSE = 0.084903 RMSE = 0.0842644 RMSE = 0.0410208 RMSE = 0.044369 RMSE = 0.0462362 RMSE = 0.0957477
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I Approximation (Reference Format = Cube Map Array)

specular \/roughness Reference SH3 SH4 SH5 AD RGB AD YCoCg AD SRBF

0.66 0

RMSE = 0.10529 RMSE = 0.0968659 RMSE = 0.0697763 RMSE =0.063791 RMSE =0.064946 'RMSE =0.106696

RMSE = 0.106057 RMSE =0.0978462 RMSE = 0.0660651 RMSE =0.0615903 RMSE =0.063006 'RMSE =0.108287

T I 4

RMSE = 0.0947128 RMSE = 0.0935872 RMSE = 0.0463616 RMSE =0.0491796 RMSE =0.0509797 RMSE = 0.102929

RMSE = 0.0848036 RMSE = 0.0815832 RMSE = 0.039418 RMSE =0.0421838 RMSE =0.0442431 'RMSE = 0.0956423
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Approximation (Reference Format = Cube Map Array)

specular \/roughness Reference SH3 SH4 SH5 AD RGB AD YCoCg AD SRBF

RMSE =0.167869 RMSE =0.145584 RMSE =0.145624 ' RMSE =0.122226 RMSE =0.12306 RMSE = 0.158254

RMSE =0.147246 RMSE =0.120542 RMSE =0.111485 RMSE =0.0889171 RMSE =0.0899217 RMSE = 0.13751

T D

RMSE = 0.0971064 RMSE = 0.0930915 RMSE = 0.0516532 RMSE = 0.0523366 RMSE = 0.0537137 RMSE =0.102814

T dh o2 A 4

RMSE = 0.0830927 RMSE = 0.0817969 RMSE = 0.0397769 RMSE =0.0431069 RMSE = 0.0450536 RMSE = 0.094071
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Environment map

Experiment 2

PRE-FILTERED CUBE MAP (MATTE)
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. Approximation (Reference Format = Cube Map Array)

Jroughness

Reference

SH3

SH4

SH5

AD RGB

AD YCoCg

AD SRBF

0.002

A "zp
(A
- . A RMSE = 0.571352

RMSE = 0.540196

RMSE 0.484989

RMSE 0.457583

RMSE 0.463601

RMSE =0.571733

0.14

bl  RMSE = 0.414258 ‘ RMSE = 0.355549 t\/ISE 0.32926 tMSE 0290568bMSE 0.298982 ‘ RMSE = 0.400638

0.28

RIVISE = 0.266122

=0.1787

=0.177

=0.1413§

=0.15418

SE = 0.233206 ‘

@ADVANCED

SQUARE ENIX 85
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I Approximation (Reference Format = Cube Map Array)

Jroughness

Reference

0.57

SH3

SH4

SH5

AD RGB

AD YCoCg

AD SRBF

—

0.71

0.85

SOUARLCENIX @95

ADVANGED
..T L0

©2020 SQUARE ENIX CO., LTD. All Rights Reserved.
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Environment map

Experiment 2

PRE-FILTERED CUBE MAP (DIFFUSE)
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I Approximation (Reference Format = Cube Map Array)

specular | [roughness| Input SH3 SH4 SH5 ADRGB | ADYCoCg | AD SRBF

; o YT

0 0.33
0 0.66
0 1
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I Approximation (Reference Format = Cube Map Array)

specular | [roughness| Input SH3 SH4 SH5 ADRGB | ADYCoCg | AD SRBF

0.33 o T - . . |

0.33 0.33
0.33 0.66
0.33 1
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I Approximation (Reference Format = Cube Map Array)

specular |[roughness| Input SH3 SH4 SH5 ADRGB | ADYCoCg | AD SRBF
0.66 o . - » >
0.66 0.33
0.66 0.66
0.66 1
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. Approximation (Reference Format = Cube Map Array)

specular | [roughness| Input SH3 SH4 SH5 ADRGB | ADYCoCg | AD SRBF

1 0.33
1 0.66
1 1
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l Conclusion

« Ambient Dice - RGB, YCoC(Cg.

© The quality is the same as SH4 or SH5 according to RMSE (Root Mean Square
Deviation).

© High frequency cube map approximation is better than SH4 and SH5.
® Artifacts appear around lower values areas.

L kb ind @

Reference AD RGB Pre-filtered cube map (AD RGB) Rendered with sphere

Pre-filtered Cube Map Approximation Specific Artifacts

SEUARE ENIX 887bber ©2020 SQUARE ENIX CO., LTD. All Rights Reserved. 52



. Conclusion

« Ambient Dice — SRBF.

© The quality is the same as SH3 according to RMSE.
® Depending on the input cube map, negative values might appear.

« We chose to use AD SRBF because of overall quality and stability.

OOV |

Pre-filtered cube map AD SRBF Pre-filtered cube map 3 AD SRBF
(reference) (reference)

Visualization of Negative Value (Red term is negative)

SQUARE ENIX  28tteibiey ©2020 SQUARE ENIX CO., LTD. All Rights Reserved. 53

. DIVISION



RESULTS
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. Conductor (Fresnel fO and edgetint from [Gulbrandsen 2014])

SQUARE ENIX ggﬁ%@%ﬁ?gﬂ ©2020 SQUARE ENIX CO., LTD. All Rights Reserved.
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. Conductor — roughness

Roughness = Roughness =

2222 e e

Gold

[ A8 m m

8| 8 =2

Unobtanium
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Dielectric

@ADVANGED :
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Semiconductor (Fresnel f0 and edgetint from Refractivelndex.Info

Silicon-germanium Vanadium

SQEUARE ENIX  887iNoitor ©2020 SQUARE ENIX CO., LTD. All Rights Reserved.
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. Future Work

« Add support for anisotropy.
« Resolve the negative value artifacts of AD SRBF.
« Measure the performance on consoles.

SQEUARE ENIX  887iNoitor ©2020 SQUARE ENIX CO., LTD. All Rights Reserved.
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Image:
p.7: Revisiting Physically Based Shading at Imageworks, 2017, pp12, https://blog.selfshadow.com/publications/s2017-shading-

course/imageworks/s2017 pbs imageworks slides v2.pdf.
p.8: Revisiting Physically Based Shading at Imageworks, 2017, pp13, https://blog.selfshadow.com/publications/s2017-shading-

course/imageworks/s2017 pbs imageworks slides v2.pdf.

p.10: Mori Knob, Yasutoshi Mori, https://casual-effects.com/data/, CC by 3.0.
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