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exception. As a resident of Montreal, | should also say welcome, | hope those of you
visiting the city really enjoy your time here.
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graphics programmer is to take the research presented at conferences like this, and
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today will give you a few more insights into how that works and the difficulties we
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improving our lighting and materials througtultiscatteringdiffuse and specular
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that journey. My goal is that | give researchers insight into how to make papers more
useable and accessible for those of us in industry, but there should be a few tips in

there for industry professionals of how to make the best use of research too.
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worked on to give some background to the challenge.




About Me

* In games industry since 2006

* Started at Bizarre Creations:

* Racing games a major focus
(Blur, Project Gotham Racing)

* Also third-person character games
(James Bond: Blood Stone,The Club)

* Moved to Ubisoft Montreal in 201 |:

* Far Cry series
* Open world first-person shooter
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finished university where | studied mathematics. | started in the UK at a company in
Liverpool called Bizarre Creations, whose major focus was on racing games, such as
Project Gotham Racing and Blur, but they also did some third person character

games, which culminated in James Bond 007: Blood Stone. This was a really great

place to start in games because | had some mentors who were very focused on visual
quality, physically based shading and providing solid tools for artists.

These were all things | took tdbisoftMontreal in 2011, where | started work on Far
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open world first person shooters, and this was a big new challenge to me. Working on
racing games was fun and you could do some stunning visuals, but in the grand
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going to happen. In an open world game, everything is much more complex and this
poses a great deal more challenges for computer graphics.
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Obviously in an open world game you have huge outdoor environmgrigs. A ¥ € 2 dzQ N
implementing a global illumination system, you need to figure out a way to store the
data so it fits on disk and in memory for a world around 10km x 10km in size.




Indoors

But we alsdhave indoor environments, and here we want really detailed lighting and

I YdzOK KAIKSNI NBaztdziazy 3F3ft206Ft AffdzYAyl
going to favour adaptive, scalable solutions that adapt to our environments. Of

course, interiors also open up more room for bugs like light leaks.
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X | yit#s gives our lighting artists placing lights into the scene, like you can see here,
a huge challenge as they have to make things work and look realistic in a huge variety
of conditions. Plus, you have to ensure that the lighting conditions change smoothly,
which is really difficult at dawn and dusk where the light changes rapidly. Plus, we
have to deal with contrast between interiors and exteriors at all times of day, which
causes exposure problems and visibility issues for gameplay.




Long distances

We also have huge distancescover, with approximately 10km plus view distances.
This means that we need a variety of different shadowing solutions that will work at
all distances, and we also need different fog solutions to ensure that we get detail
close to the player but also the beautiful atmospheric scattering you want at long
distances.




Long distances

Andwe have aeroplanes, so everything has to look good from up high too.




Cinematics

FarCry is also a very stedriven game, so we have cinematics, where we need
things to look really good close up. This is where we struggle with things like depth
precision, and seeing all those wonderful shadow mapping artefacts we know and
love.

But this baptism scene from Far Cry 5 also reminds us of the challenges we have in
our natural environment.
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Above water
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mthipIg layers of transparency, if we have transparent obiects both abovg and A
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Underwater
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face new challenges. For example, do we want to take our volumetric fog solution for
above water and use it for some cool underwater fogging? Do we run both and pay
an extra performance cost? Do we turn one off and the other on? How do the
transitions look when we do that? These are all things we have to ask ourselves.
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A variety of materials

Then wherit comes to shading, we have many different material types, from skin,

hair and cloth on characters, to translucent leaves and rtaytered car paint. These

Fff KIFI@gS (2 62N)] FyR €221 322R | a (GKSe&QN
at certain points.
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UNDO/REDO/PLAY | |[LOCK CAMERA

Dynamic geometry

The final complexity is our Editor. We have an Editor thatoatent creators use
themselves to build the game, but many of our Far Cry games have also featured an
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necessarily even rely on geometry being stqtic S OF dza S (G KSNB Qa |
players and our own developers can move things around at will. So if we cache our
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about it as it hinders the artist making the world.
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in a Far Cry game, and the vast complexity that we face. To go back to that example of
shadows, | might need a number of different shadowing solutmius close to

camera, from very far away from the camera, for sun light, for moon light, for local
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fast moving time of day too. There are of course some permissible compromises to all
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Case Study:

Multiscattering BRDFs & Area Lights
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time to focus on a case study of what happens when we take some research and try
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right now, which is omultiscattering. w5 C& 'y R | NBF fA3IKGad L
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what insights we learn from that along the way.
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Atthe end of Far Cry Bwas feeling our material system was getting a little out of
date. Sure, it used to be pretty good, but we were still pretty much based on the
Disney BRDF model from 2012, but wittmbertiandiffuse rather than the Disney
diffuse model A lot of research had been coming out and | thought it was about time
| did an upgrade and saw what was tlere, and what benefit it could bring us.

There were some problems mentioned by artists too. Generally people still wanted
more specular being visible, and another wish was a slightly softer falloff for diffuse.
Plus, of course everyone wants the game to look more realistic, and better materials
and lighting are a key route to that.
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Multiple-Scattering Microfacet BSDFs with the Smith Model
nes Hanika, Eugene d’Eon and Carsten Dachsbacher

ACM SIGGRAPH 2016
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[Heitzl 6a]

The paper that had interested me most in the last few years, was this excellent paper
from EricHeitzet. al. It was the first paper to reaIIy bring multiple scattering to my
FGGSyuAaz2ys FyR YIRS YS NBltA S K2ég YdzOK
specular models. This was a revelationtoqie QR a LISy d | 24 2F GA
SYSNHe O2yaSNBI G§A2yX zyfé G2 FAYR GKFG |
| had absolutely no idea what to do about the problem though. The paper did some
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time approximation.
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REVISITING PHYSICALLY BASED SHADING AT IMAGEWORKS

Christopher Kulla & Alejandro Conty
SIGGRAPH 2017

[Kullal7]

¢ KSNBE Qa &K&lldaNdAlejarkimbriayfrom Sonyimageworkscome in. They
presented their approximation tonultiscatteringspecular at SIGGRAPH 2017, by a
simple trick designed to preserve energy. It reduced to some simple formulae and
easily calculable LUTSs, so this very much seemed like a winner.
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If the energy reflected for a given BRDF fand a
viewing direction is:

27 1
E(po) = A A I (1o, pis @) pidpide

Then find a multiscattering BRDF f, . such that energy
is preserved:

2T 1
/ / (.f.(,l'l/()ﬂ ,u’lla @) ~+ ),[.I,,,'dl[,l,,'dé — 1
0 JO

LiQa | LidA. dMé ébselvi tifat e $ieed a BRDF that makes up for the
missing lost energy.
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The following BRDF fits that equation:

(1 — E(po))(1 — E(p;))

Js(to: i) = 77 Eavg)

Where:

E(po) / / fpo, piy @) pridp;dep

Eavg = / E(ﬂ)ﬂd,{l
J0

So we find a BRDF that fits, based upon the energy refléatadjiven direction by a
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In fact, that only holds for 100% reflective microfacets.
Energy is lost between each bounce.
Sum the loss and scale f,; by:

F2,eEavg

avg

1 - Favg(l - Eavg)

|
Favg =2 /) F(p)pudp
J(

Xodzi | Oldzl f f & logt&nergyzas eneryyis lost gabs&bed by the
surface) each bounce. So we sum the loss for infinite bounces and scale our
multiscatteringBRDF by the following equation. F here is of course the Fresnel, which
gives us a fraction of the average energy lost at each bounce.
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Need to Calculate:
For a given roughness

* 1-E(
5 B Wolfram Mathematica

avg
¢ |F )$

Butwhat do we need to do if we need to implement this? Well, we need to calculate
three things. One minus the energy in a given direction, for a given surface
roughness, the average energy for a given roughness, and the average Fresnel for a
given specular colour. This is going to involve some integration over the hemisphere
and some fitting, so | pulled out Visual Studio and Mathematica.
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» 1.0f - isotropicReflectedEnergy);

First I had to integrate the BRDF over the hemisphere to get one minus the reflected
energy, and we store this in a 2D LUT parameterised by the cosine of the angle and
the surface roughness (or smoothness, in our case).
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t NumBRDFSamples = 16384
float averageEnergy = @.0f;
for
i

(int i = @; i < NumBRDFSamples;

float

t ReflectedE
averageEnergy

I

gy = IsotropicReflectedEnergy(h.z
+= isotropicReflectedEnergy * h

averageEnergy *= 2.8f;
averageEnergy /= MumBRDFSamples;

return averageEnergy;

Then we needed to take that energy reflected in a given direction, and integrate that

over the hemisphere to get the average energy for a given roughness. Then | took
that data into Mathematica and found a fit.
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float AverageEnergy(float smoothness)
{
float r -0.0761947f - 0.383026f * smoothness;
r 1.04997f + smoothness * r;
r = 0.409255f + smoothness * r;
return min(0.999f, r);

float3 AverageFresnel(float3 specularColor)

{
}

return specularColor + (1.0f - specularColor) * (1.ef / 21.ef);

Throw in a simple analytiategration ofSchlick-resnel to give the average Fresnel,
and we end up with the followinfyunctions and look up tables we can use in our
shaderX

{2 AYLIX SYSyGAy3a (GKA& LI LISNI g1 ayQid LI NIAO
Mathematica and the time to write some C++ code to generate the LUTSs.

7
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Dielectrics

Multiscattering Specular Off
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Dielectrics

WY WY YYYYVeW

Multiscattering Specular On

We turnmultiscatteringd LIS Odzf + NJ 2y X | yRX ¢Sttt X R2 @&2dz
Actually, if we toggle back and forth, we *do* see a small change on the roughest
ALKSNBas odzi AGQa NBFHfft& KINR (G2 GStfo ¢
wanted.

But before we give up, we should try this on metals.
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YRS

Multiscattering Specular Off

Again, we start with some gokpheres with thenultiscatteringd LIS Odzf | NJ 2 T F X
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Multiscattering Specular On

XIFypRKSYy 6S GdzNy Al 2y> 6263 GKSNBQa | K
aLISOdz  NJ NBFf SOiGlFyOS YSEya GKI
much bigger effect.

In fact, papers aboutultiscatteringspecular do mention this helps rough metals the
most, so perhaps | should have paid more attention to those.

{2 GKAA YAIKEG y20 3IAGS GKS Kdza3S gAy 2y 2
CFNJ/NE aLRAaGOINRE aKz2d Ayg2t@Sa t26a 27
dielectrics. But we do have vehicles and weapons that are metals, and this is going to
improve their visuals a lot. In fact our lead artist in charge of them absolutely loves
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Multiscattering Diffuse

With multiscatteringspecular working successfullye decided to switch and
implement a new diffuse model.
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Goals:
Improvements to Lambertian diffuse

I. Multiscattering is taken into account

2. Diffuse reacts to surface roughness

3. Diffuse depends on the distribution of normals
4. Diffuse and specular are energy conserving

Lambertiandiffuse is pretty poor, and we wanted the following improvements:

1. Multiscatteringis taken into account ¢ S Q@S f SI Ny SR FTNRY &LISO
losing energy from singlgcattering, can we solve this for diffuse too?

2. It reacts to the surface roughness. Tsi®uld give us more interesting materials,
and also hopefully more detail preservation in the distance. For instance, we have
problems on objects such as rocks and tree trunks with strmrghals As they
go into the distance thenip maps get flat and we no longer see the strong diffuse
fAIKGAYT ¢S A& lidealylikeFodbis@mizaokt &f @ppéamerR
filtering and this might fit in nicely with our existing appearance filtering for
specular.

3. ltreacts to the distribution ohormalscA ¥ 6 SQNB dzaAy3 | DD-
specular, can we do the same for diffuse?

4. Diffuse vs specular is energy conserving. Maybe this means diffuse is too bright vs
aL)SOdztf F NE gKAOK g2dzf R RAYAYA aKchiskre I Y20
of the original things we were looking to improve.

P
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Material Advances in Call of Duty: WWII [Chan | 8]

Thankfully, someone else had come up with a model that fitted all those
requirements. Danny Chan from Sledgehammer games gave an excellent presentation
at SIGGRAPH last year which had a lot of great ideas for improving our materials in

games, but he also includedaultiscatteringdiffuse model that essentially met all
our requirements.
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Multiple-Scattering Microfacet BSDFs with the Smith Model
itz, Johannes Hanika, Eugene d’Eon and Carsten Dachsbacher

ACM SIGGRAPH 2016
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The base of the new diffuse model goes back to the same paper that inspired our
interest in multiple scattering specular BRDFs. Danny Chan used the source code

provided to generate data for a multipkrattering diffuse model, and then found a
fit.
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float MultiScatteringDiffuseBRDF(float 1lDotH, float nDotL, float nDotv,
float nDotH, float smoothness)

{

// Burley to CoD gloss reparametrization

// CoD : alpha2 = 2 / (1 + 2~(18g))

// Burley: alpha2 = (1 - g)~4

float g = saturate(@.18455f * log(2.ef / pow(l.ef - smoothness, 4.ef) - 1.ef));

float f@ = 1DotH + pow(1l.0f - 1lDotH, 5.0f);
float f1 (1.ef - ©.75f * pow(1l.0f - nDotL, 5.ef))
(1.ef - @.75f * pow(1l.ef - nDotv, 5.ef));
float t = saturate(2.2f * g - @.5f);
float fd = fo + (f1 - f@) * t;
float fb = ((34.5f * g - 59.0f) * g + 24.5f) * 1DotH
exp2(-max(73.2f * g - 21.2f, 8.9f) * sqrt(nDotH));

L ]

return fd + fb;

The fitting process as explained in the presentation is p@typlex but at the end
it results in a relatively simple function that we can use inshaders

[Thanks to William Bussiére for this code]
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float MultiScatteringDiffuseBRDF(float 1lDotH, float nDotL, float nDotv,
float nDotH, float smoothness)

{

// Burley to CoD gloss reparametrization

// CoD : alpha2 = 2 / (1 + 2~(18g))

// Burley: alpha2 = (1 - g)~4

float g = saturate(@.18455f * log(2.ef / pow(l.ef - smoothness, 4.ef) - 1.ef));

float f@ = 1DotH + pow5(1l.ef - 1DotH);
float f1 (1.ef - ©.75f * powS(1.8f - nDotL))
(1.ef - @.75f * pow5(1.8f - nDotV));
float t = saturate(2.2f * g - @.5f);
float fd = fo + (f1 - f@) * t;
float fb = ((34.5f * g - 59.0f) * g + 24.5f) * 1DotH
exp2(-max(73.2f * g - 21.2f, 8.9f) * sqrt(nDotH));

L ]

return fd + fb;

But let me highlight one line. In his paper, Danny fitted against a different
parameterisation of surface smoothness than we do. Hence we have to add some
SEGN} AyadNdzOiAazya (2 02y @SNI 06SiG6SSy (K
time running the model ourselves and doing our own fit, which would be another
significant amount of work.
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Lambert Diffuse

[ S G Qatsdm g&dults. Here are spheres increasing in smoothness from left to
right, which with Lambert diffuse has absolutely no effettey all look the same.

b2g € S0 MultistadeNoR & KBdza S 2y X
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Multiscattering Diffuse

And we see some nigetroreflectionhappening for the rough spheres, and a softer

falloff for the smoother spheres. In fact, one of our art directors always complained

about the harsh falloff for diffuse, nearly preferring gamspace rather than linear

aLl OS fAIAKGAYI 0SOlFdzaS 2F (KS az2fidysSaa 2
a2YSOGKAYy3a GKFEGQa 3J2Ay3a (G2 KSEtL 6KS 3JlLYSo

ly20KSN) 0KAY3 (KIFIGQa AYyGSNBaldAy3a (K2daAK
pictures is changing, getting darker with thriltiscatteringdiffuse. | point this out as

this is actually one of the biggest effectsnafiltiscatteringdiffuse you can see in the

game. If you think of a postcard shot, with sky and terrain, then this is changing the

N} A2 0SGeSSy (GKz2aS Gg2 YR I FFSOGa GKS
how this benefits our lighting artists.

37




“Are we there yet?”

{2 6S KI@S 2dzNJ ySé RAFFAzAS yR aLSOdz I NJ
{IRft&X y2iX 6SQNB y2i S@Sy Of 2aSX

38



Skin Pre-Integrated Subsurface Scattering GGX
(Lambert)

Hair Lambert Modified Marschner

Car Paint Lambert Two GGX lobes
(Top layer and bottom layer)

Cloth Lambert Ashikhmin Cloth

Translucent Two wrapped Lambert lobes GGX
(Front and back)

Default Lambert GGX

Far Cry actually has lots of BRDFs that we need to replace, not just GGX for specular
and Lambert for diffuse. So if we want to upgrade our diffuse lighting, then ideally
%S QR dzLJR l-integrat@ddaMduifasdSscattering too, plus we need to find a way
to mimic wrapped lighting for Lambert. For specular, if we want to be erergy
preserving in all cases then we might need to do it for hair and cloth too
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Direct Analytic Analytic

Indirect Spherical Harmonics Screen-Space Reflections
Pre-integrated cube maps
Pre-integrated BRDF

But we also have different light typelor direct lighting we have simple analytic

evaluation, this is straightforward. But we also have spherical harmonics and cube
YIFLA F2NJ AYRANBOG fAIKGAYTId CNIylfezr 6SQ
lighting obey the BRDEswve do nothing for evaluating the skin with SH right now, for
AyailulyoSeo .dzi AdG FSSta tA1S 6SQONB YAaaiy
specular lighting we have on direct lighting only, but not on the environment
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Problems:

No multiscattering indirect specular
No multiscattering specular on hair

No multiscattering indirect diffuse
No multiscattering diffuse on skin
No multiscattering wrapped diffuse

[ SGQa adzYYl NR & R 22/ @NinUKScRASIHJBRDFsPon U8 indirect
lighting, our subsurface scattering BRQF¢hich includes our wrapped diffuse and

skinctk YR FAYyLFffte 6S R2y Qi KI @S | azfdziAzy
important¢ the BRDF is a bit of a hack anyway that almost compensates for energy

f2aa Ay Oft204K YFOGSNARIfad 1 fa2 y2aS GKI G

skin currently either in our engine, sothereare8& A a i Ay 3 LINRPof Sya
already living with.

l.j
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Problems:

No multiscattering indirect specular
No multiscattering wrapped diffuse

No multiscattering diffuse on skin
No multiscattering indirect diffuse
No multiscattering specular on hair

¢tKS FTANRG LINROESY ¢SQff ( NPanmogcedahly S A &

have the biggest impact on the game, particularly on our rough metals.
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4 cos 6; cos 0,

d2

Indirect specular

{2 £SGQa AAHSIKE o6 FGOPFENRXdzf I 6 SQNBE G NEBA
lighting. In this case, the environment light comes froouaemaz I YR 6 S QNB
AYUGSAIANIYGAYy3 20SN) 6KS KSYAALIKSNB® ¢KS LINE
integration perpixel in realtime ¢ it would require too many samples of the

cubemap So we have some approximations.
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F(wj;, wo) D(wj, wo)G (wj, we
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JO JO 4 cos 0; cos 0,

Split-Sum Approximation [Karis | 3]

We approximate the result by using théplita dzY Ay G§S3INI f X FNRY
2013. We prentegrate thecubemapfor differentroughnessesgwith results for
higherroughnessestored in the lowemip levels of thecubemayp), and we integrate
the BRDF part into a LUT. This also works pretty well for scere reflections too

q they just replace the préntegratedcubemap and we still use the same LUT.

. N
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0 4 cos6; cos b,

d?

JEnvBRDF(Wo) = /

Environment Map BRDF

We call the LUT the environment BRDF, and if we{ ueK  Fke€nl @gproximation,
GSONB o6fS (2 aLXAd Ad Ayidz2 G662 O02YLRYySY
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/

JEnvBRDF(wo) = |

Environment Map BRDF

This means that theUT is just two dimensiorgghe cosine of the outgoing angle
(the view direction), and the roughness of the surface. The FO term, the specular
reflectance, is factored out.

46




FavgPave (1= Eluo))(1 = B())

fms (wo) = / e T - Y ‘ ‘
Jms,EnvBRDF\%“o, Jol— Favg(_l — Eavg ) (1l — Eavg)

Multiscattering Environment Map BRDF

At first | thought addinghe multiscattering. w5 C Ay G2 (GKA& g2dzZ R 0
preintegrating a2 S 2dzald FRR (KS a{ .w5C Ayidz2
extra cost! So this is what thaultiscatteringpart of the environment BRDF looks

like.
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(o1 + 51F0)* Pavg (1= E(po)) (1 = E(ui)) 4,
m(1 _Eavg) N

fms EnvBRDF(Wo) = / T (L 0p
ms,Env " Ja1— (& + FF)(1 - Bavg)

Multiscattering Environment Map BRDF

However,oncew& E LJF Y R i K

AAYLX S FGSNIIfftd LT 6SQNB 3F2Ay3A (2
gryid I yAOS fAYSIN RSLWSYRSyOe 2y Cn
gKe& R2Yy QG 6S R2 | LR26SNI SELIyarzy 2
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) 1 19 .
(]]_1 + QTE}..)_Ean Eavg ;)”Ea\fg‘

~

Fy+ (-)[Fu]2

1 — (g + 5LF)(1 — Eavg) 2120+ Eavg)  21(20 + Eavg)?

Multiscattering Environment Map BRDF

We get ampproximation like this, which is nice and simple and we can add to our
environment map BRDF. We could even take more power terms of FO and bake them
into our environment BRDF if we wanted, getting an environment BRDF of three or
four components instead of two.

At the time, | thoughthat two coefficients would be enough. | thought that the FO
term for dielectrics tends to be less than 0.1, so the subsequent power terms
g2dzf RyMYd G GSNX |G GKS § AmaBscatterimsiz&cdlar L F2 NH
makes the biggest difference for rough *metals*, with much higher specular
reflectanceX
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Multiscattering Environment Map BRDF

This means that when we update the environment map BRDF with the A
multiscatteringd S NI & X dzY Y X ¢ S t seezanydd#fateno®.Hnyfactpirt SNB &

oAl&d LQY y20 adsaNBS GKSNB Aa I RAFFSNBYyOS

e2dzQf f e2dzald KIFI@gS (2 GGNH¥zaG YSo
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Environment Map BRDF

If we see howthislook®y YSilFfas>xs GKAA A& 6AGK (KS
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SOV YVYYYVWWS

Multiscattering Environment Map BRDF

Xl yR (KA admuRistatteridigénkironim&nSBRDF. We see a small difference for
metals, but nowhere near the big difference we should be seeing, comparing for our
results with a direct light.

{2 L ¢6Fa LdzZlTfAy3a 20SNI I &az2ftdziazy F2N (K
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JCGT

Fdez-Agtiera, A Multiple-Scattering
Microfacet Model for Real-Time Image Based
Lighting

98 225 270909

o

[FdezAgueral 9]

X YR M8 dHFIRYS GAYS GKAA LI LISNI OFYS 2dziH
a2YS2yS 2Ny Ay3 2y SEIOilGfté (Kfthdawayd G KAY
paper solving a really relevant problem for games, so kudos to the author and JCGT.
LGQ&a |t a2 LINBkidbirg wakydBakitguliaghd/ B/

applicable to reatime image based lighting.
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The paper observes that the single-scattering energy is in fact the
sum of the and channels in our environment BRDF:

2T 1
E(po) = / / f oy i, &) pidpdo
0 JO

It also observes that E,,, can be approximated as E(p)

This papemakes the clever observation (as have others) that the sum of the red and
green channels in the environment BRDF is in fact the same as the outgoing energy in
that direction. It also observes that this term can approximate the average energy.

54




Given that F,,, can be calculated analytically, and multiply-

scattered light is diffuse, we get the following formula:

float2 FssEss envBRDF.x + F@ * envBRDF.y;

float Ess envBRDF.x + envBRDF.y;

float Ems 1.0f - Ess;

float Favg F@ + (1.ef / 21.ef) * (1.0f - FO);

float Fms FssEss * Favg / (1.ef - Favg * (1.ef - Ess));
float Lss FssEss * radiance;

float Lms Fms * Ems * irradiance;

return Lss + Lms;

Thepaper then arrives at the following simple formula for the multiptsattering

part of the lighting. It helps of course that terms like the average Fresnel are easily
calculable. But the paper notes that multiggattered light is diffuse, so it decides to
take the irradiance of the lighting rather than radiance, recommending sampling a

lower mip-level of thecubemapor storing the irradiance in spherical harmonics.

b2 GKIFIGQa Fff ¢
argsS a Yrye Ayail
irradiance part very much.

f YR 3I22R3X o6dzi LQY |

St
NHzOG A2y & LI NI AOdz | NI &
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Given that F,,, can be calculated analytically, and multiply-

scattered light is diffuse, we get the following formula:

float2 FssEss envBRDF.x + F@ * envBRDF.y;

float Ess envBRDF.x + envBRDF.y;

float Ems 1.0f - Ess;

float Favg F@ + (1.ef / 21.ef) * (1.0f - FO);

float Fms FssEss * Favg / (1.ef - Favg * (1.ef - Ess));
float Lss FssEss * radiance;

float Lms Fms * Ems * radiance;

return Lss + Lms;

2 SONF 3ISG0GAYy3a (nuBiscditdridhahSaugh matafsl dhineanBaF
aLJSOdzf F NJ f AGKGAY T gSQONB al YLIX Ay3a A& LINB
matter too much. Perhaps we could just sub in the radiance for the irradiamde

things will still look OK.

{2 tSGQa 221 +d a2YS NBadzZ Gay
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SOV YVYY VWS

Single Scattering

2 S5Qf f 2 Flookir®y dziEtas, amdsthis is with the standard environment map
. w5 CX
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S wwwww eSS

Fdez-Aglera

This is theedezAgiieraapproximation which is great, singe2 4 ¢ SQNB NBI f € &
compensating for that lost energy.
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YWY wY YW eSS

Approximation to Fdez-Aglera

l YR KSNB Q& Yeé Fiekfgie®dXE MKIAIOKXY fie2 1 & @A NI dzl f
seems like my approximation was valid, at least in my case.
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This gives a multiscattering formula for the environment BRDF as:

Favg(l — E(p))

fos(tos pi) = mfss(uo, ;)

The great thing about this is it gives us a formulaaforultiscatteringBRDF that can
just scale the single scattering BRDF, which is pretty awesome, as we might be able to
FLILJX @ Ad (2 20KSNJ GKAy3Iad ¢KS Fdzyye GKAY
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Fi(1 — E(Mo))

fms(fto, 1i) = Wf ss(4o; 14;)

[Turquin|9]

X a tech report from Emmanudlurquincame out that observed frorh S A dribjifak
paper that themultiscatteringlobe looked very much like a scaled version of the

singled OF G GSNAY IS YR (GKdza OF YS dzLJ 6AGK KA

different from what we just derived from thEdezAguera Again, this is awesome
because we have someone else researching in the same area, coming up with a very
pragmatic approximation that we can try out straight away. Another example of
building upon some very successful existing work and contributing to the discussion.

[ SGQa aSS a2YyS$S NBadz GdaH
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YWY wY YW eSS

Approximation to Fdez-Aglera

This is my approximation tedezAguera
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Sewwwww Y e

Turquin

And this is Emmanuél dzNJj d‘zﬁem are pretty different, partlcularly in terms of
colour, and Emmanuel dzNJj dz6 §wa G2 o6S | tAGGES oA
time to do a groundruth comparison, but there are two options here!

| should also mention here that Stephen Hill has recently done some work in the
same area, and in a recent blog post he advocates atéyar environment BRDF
that solves the issue ahultiscatteringfor environment lighting in a slightly different

greo ¢KIFIGiQa ¢Sttt ¢2NIK NBIRAY3I AF &2dz Of

problem.

o N
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However, when | started, there was something in EFltezAgUe[apaperthat very
YySFENI&@ RSNIYAfSR YS O2YLX SGSted [ SiQa
average Fresnel.

f

2 2
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What really threw me was the added factor of pi, which was present in this and in
20KSNJ Sljdzt GAz2yad 2 KSy Lioagewn®Sl LISMLIY SYSi ¥
been dividing these integrals by pi as a nhormalisation factor, which gave me what

seemed to be the correct results. But | already had enougkdeeibt about my
YFGKSYFGAOIE FoAfAdGe dGKIG L gla + tAGGES
equations in a published peeeviewed paper that were different than mine was
NBIffe O2yFdzaAy3dZ YR L RARYQO 1y26 6KIIQ

Well, | plugged away, and became more convinced that the factor of pi was wrong. |
wasgoingtosendan¥l Af (G2 GKS | dzi K2NJ [jdzSNEAY3IX &6
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JCGT

S

Update posted today to Fdez-Aguera, A
Multiple-Scattering Microfacet Model for
Real-Time Image Based Lighting. Primarily

fixes some|factor-of-pi errorg

|ICAt.orga/l 1S ..

009

| was so relievedlhank you for the good Samaritan who reported it before 1 dlid.
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Problems:

No multiscattering indirect specular
No multiscattering specular on hair

No multiscattering indirect diffuse
No multiscattering diffuse on skin
No multiscattering wrapped diffuse

NXBlist dflgdsblein® Th2 dektds abowultiscatteringspecular on
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Sadlythis ison our TO DO list farow. We could examine using our scaling factor on a

singled OF G GSNAYy3 . w5Cx odzi AdGQa I tAGGES Y2)
aLJSOdzZfE F NJ f20Sd {2 F2NIy2¢6 L KIFI@S G2 €SI @

return to this at a later date.

Image credits: SuBeecaof
https://www.flickr.com/photos/126344637 @N05/2601385930dlicensed under
https://creativecommons.org/licenses/by/2.0/
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https://www.flickr.com/photos/126344637@N05/26013859361
https://creativecommons.org/licenses/by/2.0/

Problems:

No multiscattering indirect specular
No multiscattering specular on hair

No multiscattering indirect diffuse
No multiscattering diffuse on skin
No multiscattering wrapped diffuse

But what abput our final three prpblemsmultiscatte[ingfor our subsurfgce A 5
A0FGUSNRY3I 2625004 FYR F2NJ AYRANBOG RAF
F2NJ GKSaS a ¢S Y20S (2 2dzNJ ySEG (2LAOX
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wewwewwewewwewwsw

Area Lights

XgKAOK A& IINBI fA3aKGaod

Thisis something that complements us improving our matergaf®w we want to
look at improving the lights themselves.

70




Goals:

Improve cinematic lighting:
*  Softer light falloffs

2. More realistic specular response:
* Broader, more visible highlights
* Artists authoring smoother materials

2 SOR IN&td dive @ur lighting artists more options in cinematics, and having area
lights should give them more control over the diffuse falloff via the size of the light.
2SQff rftaz 3ISG Y2NB aLISOdz NE 6AGK ONRFR
additional benefit where artists will start authoring smoother materials as 100%

smooth surfaces will no longer look slightly odd with their infinitesimally small

specular highlights.
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Real-Time Polygonal-Light Shading with Linearly Transformed Cosines
Eric Heitz, Jonathan Dupuy, Stephen Hill and David Neubelt

ACM SIGGRAPH 2016

[Heitz| 6b]

Whenlooking at areas lights, it was a-hoainer to investigate using Lineatly
Transformed Cosines, a paper from Eetzand others from 2016, which described
a reattime method of shading with polygonal lights, which could technically work
with any BRDF.
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Why LTCs?

Fast to implement
Full source code and demos available

l.
2.
3. Flexibility in performance and light types
4. Performant and robust

We chosd . TCs because we knew full source code was available, with demos, making
them really quick to get in the game and try out. In fact, the most difficult bit was
working out that | had to transpose matrices when converting the GLSL demo into
HLSL. The full source code would also prove really useful later on when we had to
make changes, because flexibility is important too. They already gave us quad lights,
disk lights, line lights and texture mapped lights, plus a few scalable performance
options, so that gave me a lot of confidence we could make things work. Plus, it was
clear from the demos and the code that they were robust and suitable performance
wise for implementation in a game.
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A clamped cosine distribution can be

analytically integrated over polygonal
v ® shapes

A

[ SGQa SELXIAY oOoNARSTie 6KIFIG [¢/& NB az §

LTCare pretty simple to understand, which is the magic of the whole technique. You

start by observing that to evaluate a polygonal area light, you need to integrate the
L2fe3d2y 20SNI I ALKSNAOFtf RAAGNROdziAZ2Y 6K
unsolvable mathematical problem for many BRDFs, but we can observe that we have

a clamped cosine distribution that CAN be analytically integrated over polygonal

shapes

[Thanks to Eritleitzfor the diagram]
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w We can linearly transform this

\ , distribution to approximate BRDFs
7

And we can linearltransform this distribution to fit arbitrary BRDFs, while
maintaining its ability to be integrated

[Thanks to Eritleitzfor the diagram]
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Integrating a polygon over an LTC
becomes integrating a polygon over the

analytically solvable clamped cosine
distribution

So wewant to fit our BRDF to a linearly transformed cosine, then when integrating
over a polygon, we can apply the inverse transform and the answer just becomes
integrating a polygon over a clamped cosine distribution, which we know how to
solve

[Thanks to Eritleitzfor the diagram]
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Q. LTCs always integrate to |, but what about the actual
magnitude of the BRDF?

A. Integrate the BRDF and store the magnitude in a LUT.

F(wi, wo) plwi, wo) cos f;dw;
()

Separate out Fresnel so we can take F, into account.

[Hill 1 6]

ButLTCs always integrate to 1, whereas BRDFs might integrate to something less than
1. We need to scale by the magnitude of the BRDF, and also take the Fresnel term
into account. So we just integrate the BRDF over the hemisphere and store the data
AY [ ¢X
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Apply Schlick’s approximation to Fresnel to get two components:

F +( —F”')/ )P p(ws, wo) cos Bidw

[Hill2016]

In fact, wecan appM O K f appiokifation to Fresnel and get two components
GKAOK ¢S OlFy 02YLRaAidS (23SGKSNJ o6l aSR dzLl

by.

b2g¢> GKAA YAIKG 221 OSNEB FlYAfAlFINX LINBO
parameterisation, but a very, very similar idea to that of the environment BRDF.
CKFGiQa 3I2Ay3 (G2 06S OSNEB KSf LIJFdz fF GSNID
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Implementation:

Offline, generate look up tables:

Inverse matrix transform

Magnitude and Fresnel Inverse Matrix LUT
2. In the shader:

Calculate area light coordinates

Apply inverse transform

Integrate polygon over sphere with a

clamped cosine distribution —

Scale by BRDF magnitude and Fresnel Magnitude and
Fresnel LUT

The implementation is relatively straightforward, thanksatbthe excellent code and
demos provided. Offline, you generate two look up tables for your BRDF, both
parameterised on the outgoing angle and the surface roughness. The first contains
coordinates of the inverse matrix transform, from the linearly transformed cosine
approximation to your BRDF with that angle and roughness, back into a clamped
cosine over the hemisphere. The second look up table is very similar to the
environment BRDF that we discussed earlier, to scale the BRDF by its magnitude at a
given viewing angle.
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wewewwewewwewsws

Point Light

[ SGQa aSS KRWBK IXK2AMSIRRSBSOGNRAO ALKSNBa 2
going to replace the sun light with a quad light:
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wewwewwewewwewwsw

Quad Light

And that lookspretty awesome, particularly the specular highlight on smooth
surfaces. We can also do a disk!




wewewewwewewwewsws

Disk Light

That also looks pretty cool!
,2dzQf f aSS GKFdG GKS RATTdza SanbértiadiKuse/ I A y 3

is trivial, sincd.ambertiandiffuse IS the clamped cosine over a sphere. We get a nice
softer falloff from the size of the area light, which | know artists will love.
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{2 6S KI @S
great, right?!

“Are we there yet?”

NBI fA3IKGA

AYLX SYSYGSR F2NJ
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. dziX 6SQNB o6FO1 G GKS O2YO0AYyl GAZhY LINROf

Lambert BRDF is trivial and already solved, since it is just a clamped cosine over the
hemisphere, but what about the wrapped diffuse? The-prtegrated scattering? The
hair and the cloth? These are similar problems to those we faced for our new diffuse
and specular BRDFs.
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