
¢Ƙŀƴƪǎ ŦƻǊ ǘƘŜ ƛƴǘǊƻŘǳŎǘƛƻƴΣ ŀƴŘ ƘŜƭƭƻ ŜǾŜǊȅƻƴŜΗ LǘΩǎ ŀ ǊŜŀƭ ƘƻƴƻǳǊ ǘƻ ōŜ ƛƴǾƛǘŜŘ ǘƻ 
ǎǇŜŀƪ ƘŜǊŜ ŀǘ Lо5Φ LǘΩǎ Ƴȅ ǘƘƛǊŘ ǘƛƳŜ ŀǘǘŜƴŘƛƴƎ ǘƘŜ ŎƻƴŦŜǊŜƴŎŜΣ ŀƴŘ LΩǾŜ ōŜŜƴ ƭǳŎƪȅ ǘƻ 
ǎŜŜ ǎƻƳŜ ŦŀƴǘŀǎǘƛŎ ǇŀǇŜǊǎ ǇǊŜǎŜƴǘŜŘ ŜǾŜǊȅ ǘƛƳŜ LΩǾŜ ŀǘǘŜƴŘŜŘ ŀƴŘ ǎƻ ŦŀǊ ƛǎ ƴƻ 
exception. As a resident of Montreal, I should also say welcome, I hope those of you 
visiting the city really enjoy your time here.

hƴŜ ƻŦ ǘƘŜ Ƴŀƛƴ ǊŜŀǎƻƴǎ ǿŜΩǊŜ ƘŜǊŜ ŀǘ Lо5 ƛǎ ǘƻ ǘŀƭƪ ŀōƻǳǘ ǊŜŀƭ ǘƛƳŜ о5 ŎƻƳǇǳǘŜǊ 
ƎǊŀǇƘƛŎǎΣ ŀƴŘ LΩƳ ŀ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ ǘƘŜ ǾƛŘŜƻ ƎŀƳŜǎ ƛƴŘǳǎǘǊȅ ǿƘŜǊŜ Ƴȅ ǊƻƭŜ ŀǎ ŀ 
graphics programmer is to take the research presented at conferences like this, and 
ǘƻ ǘǊȅ ǘƻ ǘŀƪŜ ǘƘŜƳ ƛƴǘƻ ǇǊƻŘǳŎǘƛƻƴΦ LΩƳ ƘƻǇƛƴƎ ǘƘŀǘ ǿƘŀǘ LΩƳ ƎƻƛƴƎ ǘƻ ǘŀƭƪ ŀōƻǳǘ 
today will give you a few more insights into how that works and the difficulties we 
ŦŀŎŜ ŘƻƛƴƎ ǎƻΦ LΩƳ ƎƻƛƴƎ ǘƻ ǘŀƪŜ ǎƻƳŜ ǊŜǎŜŀǊŎƘ LΩǾŜ ōŜŜƴ ŘƻƛƴƎ ǾŜǊȅ ǊŜŎŜƴǘƭȅ ƛƴǘƻ 
improving our lighting and materials through multiscatteringdiffuse and specular 
.w5Cǎ ŀƴŘ ŀǊŜŀ ƭƛƎƘǘǎΣ ŀƴŘ ǿŀƭƪ ȅƻǳ ǘƘǊƻǳƎƘ ŀƭƭ ǘƘŜ ǎǘŜǇǎ LΩǾŜ ƘŀŘ ǘƻ ǘŀƪŜ ǎƻ ŦŀǊ ƻƴ 
that journey. My goal is that I 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.

L ǎƘƻǳƭŘ ōŜƎƛƴ ǘƘƻǳƎƘ ōȅ ǘŜƭƭƛƴƎ ȅƻǳ ŀ ƭƛǘǘƭŜ ōƛǘ ŀōƻǳǘ ƳŜ ŀƴŘ ǘƘŜ ƎŀƳŜǎ ǘƘŀǘ LΩǾŜ 
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worked on to give some background to the challenge.
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My nameƛǎ {ǘŜǇƘŜƴ aŎ!ǳƭŜȅΣ ŀƴŘ LΩǾŜ ōŜŜƴ ƛƴ ǘƘŜ ƎŀƳŜǎ ƛƴŘǳǎǘǊȅ ǎƛƴŎŜ нллс ǎƛƴŎŜ L 
finished university where I studied mathematics. I 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 I had some mentors who were very focused on visual 
quality, physically based shading and providing solid tools for artists.

These were all things I took to UbisoftMontreal in 2011, where I started work on Far 
/Ǌȅ оΣ ŀƴŘ LΩǾŜ ōŜŜƴ ǿƻǊƪƛƴƎ ƻƴ CŀǊ /Ǌȅ ƎŀƳŜǎ ŜǾŜǊ ǎƛƴŎŜΦ bƻǿΣ CŀǊ /Ǌȅ ƎŀƳŜǎ ŀǊŜ ōƛƎ 
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 
ǎŎƘŜƳŜ ƻŦ ǘƘƛƴƎǎΣ ǘƘŜȅΩǊŜ ǊŜƭŀǘƛǾŜƭȅ ǎƛƳǇƭŜ ǇǊƻƧŜŎǘǎΦ ¸ƻǳ ƘŀǾŜ ƻƴŜ ǘȅǇŜ ƻŦ ŀŎǘƛǾƛǘȅ -
ŘǊƛǾƛƴƎ ŎŀǊǎΣ ŀƴŘ ǘƘŜ ƎŀƳŜ ƛǎ ŜŦŦŜŎǘƛǾŜƭȅ ƻƴ Ǌŀƛƭǎ ǎƻ ȅƻǳ Ŏŀƴ ƎŜƴŜǊŀƭƭȅ ǇǊŜŘƛŎǘ ǿƘŀǘΩǎ 
going to happen. In an open world game, everything is much more complex and this 
poses a great deal more challenges for computer graphics.

[ŜǘΩǎ ǘŀƪŜ ŀ ƭƻƻƪ ŀǘ ǎƻƳŜ ƻŦ ǘƘŜ ŎƘŀƭƭŜƴƎŜǎ ǘƘŀǘ ǿŜ ŦŀŎŜΦ
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Obviously in an open world game you have huge outdoor environments.{ƻ ƛŦ ȅƻǳΩǊŜ 
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.
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But we alsohave indoor environments, and here we want really detailed lighting and 
ŀ ƳǳŎƘ ƘƛƎƘŜǊ ǊŜǎƻƭǳǘƛƻƴ Ǝƭƻōŀƭ ƛƭƭǳƳƛƴŀǘƛƻƴ ǘƘŀƴ ƻǳǘŘƻƻǊǎΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǿŜΩǊŜ 
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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hǳǊ ƭƛƎƘǘƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘ ƛǎƴΩǘ ǎǘŀǘƛŎ ǘƘƻǳƎƘΦ ²Ŝ ƘŀǾŜ ŀ ŘȅƴŀƳƛŎ ǘƛƳŜof day system, 
ǿƘƛŎƘ ƳŜŀƴǎ ǘƘŀǘ ǿŜ ƘŀǾŜ ŘŀȅΣ ōǳǘ ǿŜ ŀƭǎƻ ƘŀǾŜ ƴƛƎƘǘΧ
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ΧŀƴŘthis 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.
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We also have huge distancesto cover, 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.
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Andwe have aeroplanes, so everything has to look good from up high too.
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FarCry is also a very story-driven 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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MostƻŦ ǘƘŜ ǘƛƳŜ ǿŜΩǊŜ ŀōƻǾŜ ǿŀǘŜǊΣ ŀƴŘ ƛŦ ǿŜ ǿŀƴǘ ǊŜŦǊŀŎǘƛƻƴ ǘƘŀǘ ǇƻǎŜǎ ǇǊƻōƭŜƳǎ ƻŦ 
multiple layers of transparency, if we have transparent objects both above and 
ōŜƴŜŀǘƘ ǘƘŜ ǿŀǘŜǊΦ .ǳǘ ŜǾŜƴ ǿƻǊǎŜΣ ǿŜ Ŏŀƴ ƻŦ ŎƻǳǊǎŜ Ǝƻ ǳƴŘŜǊ ǘƘŜ ǿŀǘŜǊΧ
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ΧǿƘŜǊŜ ƻǳǊ ǊŜƴŘŜǊƛƴƎ ƻǊŘŜǊ ƻŦ ƻōƧŜŎǘǎis flipped, our assumptions change and we 
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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Then whenit comes to shading, we have many different material types, from skin, 
hair and cloth on characters, to translucent leaves and multi-layered car paint. These 
ŀƭƭ ƘŀǾŜ ǘƻ ǿƻǊƪ ŀƴŘ ƭƻƻƪ ƎƻƻŘ ŀǎ ǘƘŜȅΩǊŜ ŀƭƭ ƛƴ ǘƘŜ ƎŀƳŜ ŀƴŘ ǿƛƭƭ ōŜ ǾŜǊȅ ǇǊƻƳƛƴŜƴǘ 
at certain points.
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The final complexity is our Editor. We have an Editor that ourcontent creators use 
themselves to build the game, but many of our Far Cry games have also featured an 
Lƴ DŀƳŜ 9ŘƛǘƻǊ ǿƘŜǊŜ ǇƭŀȅŜǊǎ Ŏŀƴ ōǳƛƭŘ ǘƘŜƛǊ ƻǿƴ ƭŜǾŜƭǎΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǿŜ ŎŀƴΩǘ 
necessarily even rely on geometry being static ςōŜŎŀǳǎŜ ǘƘŜǊŜΩǎ ŀ ƳƻŘŜ ǿƘŜǊŜ 
players and our own developers can move things around at will. So if we cache our 
Řƛǎǘŀƴǘ ǎǳƴ ǎƘŀŘƻǿǎΣ ōŜŎŀǳǎŜ ǿŜ ǘƘƛƴƪ ǘƘŜ ƎŜƻƳŜǘǊȅ ǿƻƴΩǘ ƳƻǾŜ ƻǊ ǘƘŜ ƭƛƎƘǘƛƴƎ 
ǿƻƴΩǘ ŎƘŀƴƎŜΣ ǿŜƭƭΣ ƻƴŜ ƻŦ ƻǳǊ ŀǊǘƛǎǘǎ Ŏŀƴ Ƨǳǎǘ ǇƛŎƪ ǳǇ ǘƘŜ ƻōƧŜŎǘ ƛƴ ǘƘŜ 9ŘƛǘƻǊ ŀƴŘ 
ƳƻǾŜ ƛǘΣ ǘƘŜƴ ŎƘŀƴƎŜ ǘƘŜ ǘƛƳŜ ƻŦ ŘŀȅΧ ŀƴŘ ŜȄǇŜŎǘ ƛǘ ǘƻ ǿƻǊƪ ŀƴŘ ƭƻƻƪ ƎƻƻŘΦ LŦ ƛǘ 
ŘƻŜǎƴΩǘΣ ŜǾŜƴ ƛŦ ƛǘ ƛǎƴΩǘ ǎƻƳŜǘƘƛƴƎ ǘƘŜ ǇƭŀȅŜǊ ǿƛƭƭ ƴŜŎŜǎǎŀǊƛƭȅ ǎŜŜΣ ǿŜΩƭƭ ǎǘƛƭƭ ōŜ ƘŜŀǊƛƴƎ 
about it as it hinders the artist making the world.
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So I hope byƴƻǿ ȅƻǳΩǊŜ ƎŜǘǘƛƴƎ ŀƴ ƛŘŜŀ ƻŦ Ƙƻǿ ŘƛŦŦƛŎǳƭǘ ƛǘ Ŏŀƴ ōŜ ǘƻ ƳŀƪŜ ǘƘƛƴƎǎ ǿƻǊƪ 
in a Far Cry game, and the vast complexity that we face. To go back to that example of 
shadows, I might need a number of different shadowing solutions ςfor close to 
camera, from very far away from the camera, for sun light, for moon light, for local 
ƭƛƎƘǘǎΧ ŀƴŘ L ǇǊƻōŀōƭȅ ƴŜŜŘ ǘƘŜƳ ǘƻ ǿƻǊƪ ǘƻ ŀ ŘŜƎǊŜŜ ǿƛǘƘ Ŧŀǎǘ ƳƻǾƛƴƎ ƻōƧŜŎǘǎ ŀƴŘ 
fast moving time of day too. There are of course some permissible compromises to all 
ǘƘŜǎŜΣ ōǳǘ ǿŜΩǊŜ ǎǘƛƭƭ ƎƻƛƴƎ ǘƻ ƘŀǾŜ ǘƻ ϝǘƘƛƴƪϝ ŀōƻǳǘ ǘƘŜƳ ƛƴ ƻǊŘŜǊ ǘƻ ŎƻƳǇǊƻƳƛǎŜ 
ǘƘŜƳΣ ǿƘƛŎƘ ƳŜŀƴǎ ǿŜ ǎǘƛƭƭ ƘŀǾŜ ǘƻ ƘƻƭŘ ŀƭƭ ǘƘŜǎŜ ŎŀǎŜǎ ƛƴ ƻǳǊ ƘŜŀŘΧ

ΧŀƴŘ ǘƘŀǘ ǘŀƪŜǎ ŀ ƭƻǘ ƻŦ ōǊŀƛƴ ǇƻǿŜǊ ŀƴŘ Ŏŀƴ ōŜ ǇǊŜǘǘȅ ŜȄƘŀǳǎǘƛƴƎ ŀǘ ǘƛƳŜǎΗ
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.ǳǘ ƴƻǿ ȅƻǳ ƘŀǾŜ ŀ ōŀŎƪƎǊƻǳƴŘ ƻƴ ǘƘŜ ƎŜƴŜǊŀƭ ǘƘƛƴƎǎ ǿŜ ƘŀǾŜ ǘƻ ǘƘƛƴƪ ŀōƻǳǘΣ ƛǘΩǎ 
time to focus on a case study of what happens when we take some research and try 
ǘƻ ƎŜǘ ƛǘ ƛƴǘƻ ƻǳǊ ƎŀƳŜǎΦ ¢ƘŜǊŜΩǎ ŀŎǘǳŀƭƭȅ ƴƻ ōŜǘǘŜǊ ǘƻǇƛŎ ǘƘŀƴ ǘƘŜ ƻƴŜ LΩƳ ǿƻǊƪƛƴƎ ƻƴ 
right now, which is on multiscattering.w5Cǎ ŀƴŘ ŀǊŜŀ ƭƛƎƘǘǎΦ LǘΩǎ ǇƻǎŜŘ ŀ ƴǳƳōŜǊ ƻŦ 
ǊŜŀƭƭȅ ƛƴǘŜǊŜǎǘƛƴƎ ŎƘŀƭƭŜƴƎŜǎΣ ǎƻ ǿŜΩǊŜ ƎƻƛƴƎ ǘƻ ǿŀƭƪ ǘƘǊƻǳƎƘ ǿƘŀǘ Ƙŀǎ ƘŀǇǇŜƴŜŘ 
ǿƘŜƴ LΩǾŜ ƛƳǇƭŜƳŜƴǘŜŘ ǎƻƳŜ ǊŜǎŜŀǊŎƘΣ ǿƘŀǘ ǇǊƻōƭŜƳǎ LΩǾŜ ƘŀŘ ǘƻ ƻǾŜǊŎƻƳŜΣ ŀƴŘ ǎŜŜ 
what insights we learn from that along the way.
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At the end of Far Cry 5, I was 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 with Lambertiandiffuse rather than the Disney 
diffuse model. A lot of research had been coming out and I thought it was about time 
I did an upgrade and saw what was out there, 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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The paper that had interested me most in the last few years, was this excellent paper 
from Eric Heitzet. al. It was the first paper to really bring multiple scattering to my 
ŀǘǘŜƴǘƛƻƴΣ ŀƴŘ ƳŀŘŜ ƳŜ ǊŜŀƭƛǎŜ Ƙƻǿ ƳǳŎƘ ŜƴŜǊƎȅ ǿŜΩǊŜ ƭƻǎƛƴƎ ǿƛǘƘ ƻǳǊ ǎǘŀƴŘŀǊŘ 
specular models. This was a revelation to me ςLΩŘ ǎǇŜƴǘ ŀ ƭƻǘ ƻŦ ǘƛƳŜ ŜǾŀƴƎŜƭƛǎƛƴƎ 
ŜƴŜǊƎȅ ŎƻƴǎŜǊǾŀǘƛƻƴΧ ƻƴƭȅ ǘƻ ŦƛƴŘ ǘƘŀǘ ŀŎǘǳŀƭƭȅΣ LΩŘ ōŜŜƴ ǇǊŜǘǘȅ ƘŀǇǇȅ ǘƻ ƭƻǎŜ ŀ ƭƻǘΦ

I had absolutely no idea what to do about the problem though. The paper did some 
ǊŀǘƘŜǊ ōǊǳǘŜ ŦƻǊŎŜ ǎƻƭǳǘƛƻƴǎΣ ōǳǘ ƛǘ ŘƛŘƴΩǘ ǊŜŀƭƭȅ ǇǊƻǾƛŘŜ ŀ ŎƭŜŀǊ ǇŀǘƘ ǘƻ ŦƛƴŘƛƴƎ ŀ ǊŜŀƭ-
time approximation.

hŦ ŎƻǳǊǎŜΣ ǎƻƳŜƻƴŜ ǿŀǎ ƎƻƛƴƎ ǘƻ Řƻ ǘƘŀǘ ŜǾŜƴǘǳŀƭƭȅΧ
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¢ƘŜǊŜΩǎ ǿƘŜǊŜ /ƘǊƛǎ Kullaand Alejandro Contyfrom Sony Imageworkscome in. They 
presented their approximation to multiscatteringspecular at SIGGRAPH 2017, by a 
simple trick designed to preserve energy. It reduced to some simple formulae and 
easily calculable LUTs, so this very much seemed like a winner.
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LǘΩǎ ŀ ǇǊŜǘǘȅ ǎƛƳǇƭŜidea. We observe that we need a BRDF that makes up for the 
missing lost energy.
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So we find a BRDF that fits, based upon the energy reflectedin a given direction by a 
.w5CΣ ŀƴŘ ǘƘŜ ŀǾŜǊŀƎŜ ŜƴŜǊƎȅΦ ¢Ƙƛǎ ŀƭƭ ǿƻǊƪǎ ƎǊŜŀǘΧ
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Χōǳǘ ŀŎǘǳŀƭƭȅ ǿŜ Řƻ ǿŀƴǘ ǎƻƳŜlost energy, as energy is lost (absorbed 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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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 I pulled out Visual Studio and Mathematica.
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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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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 I took 
that data into Mathematica and found a fit.
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Throw in a simple analyticintegration of SchlickFresnel to give the average Fresnel, 
and we end up with the following functions and look up tables we can use in our 
shadersΧ

{ƻ ƛƳǇƭŜƳŜƴǘƛƴƎ ǘƘƛǎ ǇŀǇŜǊ ǿŀǎƴΩǘ ǇŀǊǘƛŎǳƭŀǊƭȅ ƘŀǊŘΣ ōǳǘ ƛǘ ŘƛŘ ǘŀƪŜ ƪƴƻǿƭŜŘƎŜ ƻŦ 
Mathematica and the time to write some C++ code to generate the LUTs.

[ŜǘΩǎ ƭƻƻƪ ŀǘ ǘƘŜ ǊŜǎǳƭǘǎΗ
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We ǎǘŀǊǘ ƘŜǊŜ ǿƛǘƘ ŀ Ǌƻǿ ƻŦ ǎǇƘŜǊŜǎΣ ǎƳƻƻǘƘƴŜǎǎ ƛƴŎǊŜŀǎƛƴƎ ŦǊƻƳ ƭŜŦǘ ǘƻ ǊƛƎƘǘΧ
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We turn multiscatteringǎǇŜŎǳƭŀǊ ƻƴΧ ŀƴŘΧ ǿŜƭƭΧ Řƻ ȅƻǳ ǎŜŜ ŀƴȅ ŘƛŦŦŜǊŜƴŎŜΚ 
Actually, if we toggle back and forth, we *do* see a small change on the roughest 
ǎǇƘŜǊŜǎΣ ōǳǘ ƛǘΩǎ ǊŜŀƭƭȅ ƘŀǊŘ ǘƻ ǘŜƭƭΦ ¢Ƙƛǎ ƛǎƴΩǘ ƎƛǾƛƴƎ ǳǎ ǘƘŜ ōƛƎ ǿƛƴ ǘƘŀǘ ǿŜ ƳƛƎƘǘ ƘŀǾŜ 
wanted.

But before we give up, we should try this on metals.
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Again, we start with some goldspheres with the multiscatteringǎǇŜŎǳƭŀǊ ƻŦŦΧ
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ΧŀƴŘǿƘŜƴ ǿŜ ǘǳǊƴ ƛǘ ƻƴΣ ǿƻǿΣ ǘƘŜǊŜΩǎ ŀ ƘǳƎŜ ŘƛŦŦŜǊŜƴŎŜ ƘŜǊŜΦ 9ǎǎŜƴǘƛŀƭƭȅΣ ǘƘŜ ƎǊŜŀǘŜǊ 
ǎǇŜŎǳƭŀǊ ǊŜŦƭŜŎǘŀƴŎŜ ƳŜŀƴǎ ǘƘŀǘ ƭŜǎǎ ŜƴŜǊƎȅ ƛǎ ōŜƛƴƎ ƭƻǎǘ ŜŀŎƘ ōƻǳƴŎŜΣ ǎƻ ƛǘΩǎ ƘŀǾƛƴƎ ŀ 
much bigger effect.

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

{ƻ ǘƘƛǎ ƳƛƎƘǘ ƴƻǘ ƎƛǾŜ ǘƘŜ ƘǳƎŜ ǿƛƴ ƻƴ ƻǳǊ ƻǾŜǊŀƭƭ ƛƳŀƎŜ ǿŜΩǊŜ ƭƻƻƪƛƴƎ ŦƻǊΦ ! ǘȅǇƛŎŀƭ 
CŀǊ /Ǌȅ άǇƻǎǘŎŀǊŘέ ǎƘƻǘ ƛƴǾƻƭǾŜǎ ƭƻǘǎ ƻŦ ƴŀǘǳǊŜΣ ǎǳŎƘ ŀǎ ǘǊŜŜǎΣ ǊƻŎƪǎ ŀƴŘ ŘƛǊǘ ǘƘŀǘ ŀǊŜ 
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 
ǘƘŜ ŜŦŦŜŎǘ ǘƘƛǎ ƛǎ ƎƛǾƛƴƎΣ ǎƻ ǘƘŀǘΩǎ ƻƴŜ ǿƛƴ ǿŜ Ŏŀƴ ōŜ ǾŜǊȅ ƘŀǇǇȅ ǿƛǘƘΦ
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With multiscatteringspecular working successfully, we decided to switch and 
implement a new diffuse model.
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Lambertiandiffuse is pretty poor, and we wanted the following improvements:

1. Multiscatteringis taken into account ςǿŜΩǾŜ ƭŜŀǊƴŜŘ ŦǊƻƳ ǎǇŜŎǳƭŀǊ ǘƘŀǘ ǿŜΩǊŜ 
losing energy from single-scattering, can we solve this for diffuse too?

2. It reacts to the surface roughness. This should 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 strong normals. As they 
go into the distance the mip maps get flat and we no longer see the strong diffuse 
ƭƛƎƘǘƛƴƎ ǿŜ ǎŀǿ ǇǊŜǾƛƻǳǎƭȅΦ ²ŜΩŘ ideally like to do some sort of appearance 
filtering and this might fit in nicely with our existing appearance filtering for 
specular.

3. It reacts to the distribution of normalsςƛŦ ǿŜΩǊŜ ǳǎƛƴƎ ŀ DD· ŘƛǎǘǊƛōǳǘƛƻƴ ŦƻǊ 
specular, can we do the same for diffuse?

4. Diffuse vs specular is energy conserving. Maybe this means diffuse is too bright vs 
ǎǇŜŎǳƭŀǊΣ ǿƘƛŎƘ ǿƻǳƭŘ ŘƛƳƛƴƛǎƘ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ǎǇŜŎǳƭŀǊ ǿŜΩǊŜ ǎŜŜƛƴƎΣ which is one 
of the original things we were looking to improve.
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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 included a multiscatteringdiffuse model that essentially met all 
our requirements.
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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 multiple-scattering diffuse model, and then found a 
fit.
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The fitting process as explained in the presentation is pretty complex, but at the end 
it results in a relatively simple function that we can use in our shaders.

[Thanks to William Bussière for this code]
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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 
ŜȄǘǊŀ ƛƴǎǘǊǳŎǘƛƻƴǎ ǘƻ ŎƻƴǾŜǊǘ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻΧ ƻǊ ƻŦ ŎƻǳǊǎŜΣ ǿŜ ƘŀǾŜ ǘƻ ǎǇŜƴŘ ǘƘŜ 
time running the model ourselves and doing our own fit, which would be another 
significant amount of work.
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[ŜǘΩǎ ƭƻƻƪat some results. Here are spheres increasing in smoothness from left to 
right, which with Lambert diffuse has absolutely no effect ςthey all look the same.

bƻǿ ƭŜǘΩǎ ǘǳǊƴ ǘƘŜ multiscatteringŘƛŦŦǳǎŜ ƻƴΧ
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And we see some nice retroreflectionhappening 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 gamma-space rather than linear-
ǎǇŀŎŜ ƭƛƎƘǘƛƴƎ ōŜŎŀǳǎŜ ƻŦ ǘƘŜ ǎƻŦǘƴŜǎǎ ƻŦ ǘƘŜ ŦŀƭƭƻŦŦΦ {ƻ ǘƘƛǎ ƭƻƻƪǎ ƭƛƪŜ ƛǘΩǎ ƎƻƛƴƎ ǘƻ ōŜ 
ǎƻƳŜǘƘƛƴƎ ǘƘŀǘΩǎ ƎƻƛƴƎ ǘƻ ƘŜƭǇ ǘƘŜ ƎŀƳŜΦ

!ƴƻǘƘŜǊ ǘƘƛƴƎ ǘƘŀǘΩǎ ƛƴǘŜǊŜǎǘƛƴƎ ǘƘƻǳƎƘ ƛǎ ǎŜŜƛƴƎ Ƙƻǿ ǘƘŜ ƎǊƻǳƴŘ ǇƭŀƴŜ ƛƴ ǘƘŜǎŜ 
pictures is changing, getting darker with the multiscatteringdiffuse. I point this out as 
this is actually one of the biggest effects of multiscatteringdiffuse you can see in the 
game. If you think of a postcard shot, with sky and terrain, then this is changing the 
Ǌŀǘƛƻ ōŜǘǿŜŜƴ ǘƘƻǎŜ ǘǿƻ ŀƴŘ ŀŦŦŜŎǘǎ ǘƘŜ ǿƘƻƭŜ ƛƳŀƎŜΦ ²ŜΩƭƭ ƘŀǾŜ ǘƻ ǎŜŜ ƛƴ ǘƘŜ ŦǳǘǳǊŜ 
how this benefits our lighting artists.
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{ƻ ǿŜ ƘŀǾŜ ƻǳǊ ƴŜǿ ŘƛŦŦǳǎŜ ŀƴŘ ǎǇŜŎǳƭŀǊ ƳƻŘŜƭǎΣ ǎƻ ǿŜΩǊŜ ŘƻƴŜΣ ǊƛƎƘǘΚ

{ŀŘƭȅΧ ƴƻǘΧ ǿŜΩǊŜ ƴƻǘ ŜǾŜƴ ŎƭƻǎŜΧ
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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 
ǿŜΩŘ ǳǇŘŀǘŜ ƻǳǊ ǇǊŜ-integrated subsurface scattering too, plus we need to find a way 
to mimic wrapped lighting for Lambert. For specular, if we want to be energy-
preserving in all cases then we might need to do it for hair and cloth too.
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But we also have different light types. For direct lighting we have simple analytic 
evaluation, this is straightforward. But we also have spherical harmonics and cube 
ƳŀǇǎ ŦƻǊ ƛƴŘƛǊŜŎǘ ƭƛƎƘǘƛƴƎΦ CǊŀƴƪƭȅΣ ǿŜΩǊŜ ƴƻǘ ŀƭǿŀȅǎ ƎǊŜŀǘ ŀǘ ƳŀƪƛƴƎ ƻǳǊ ƛƴŘƛǊŜŎǘ 
lighting obey the BRDFs ςwe do nothing for evaluating the skin with SH right now, for 
ƛƴǎǘŀƴŎŜΦ .ǳǘ ƛǘ ŦŜŜƭǎ ƭƛƪŜ ǿŜΩǊŜ ƳƛǎǎƛƴƎ ŀ ƘǳƎŜ ƻǇǇƻǊǘǳƴƛǘȅ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ŀƳƻǳƴǘ ƻŦ 
specular lighting we have on direct lighting only, but not on the environment.
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[ŜǘΩǎ ǎǳƳƳŀǊƛǎŜ ƻǳǊ ǇǊƻōƭŜƳǎΦ ²ŜŘƻƴΩǘ ƘŀǾŜ multiscatteringBRDFs on our indirect 
lighting, our subsurface scattering BRDFs ςwhich includes our wrapped diffuse and 
skin ςŀƴŘ Ŧƛƴŀƭƭȅ ǿŜ ŘƻƴΩǘ ƘŀǾŜ ŀ ǎƻƭǳǘƛƻƴ ŦƻǊ ƘŀƛǊΦ LΩƭƭ ƭŜŀǾŜ ƻŦŦ ŎƭƻǘƘ ŀǎ ƛǘΩǎ ƴƻǘ ǎƻ 
important ςthe BRDF is a bit of a hack anyway that almost compensates for energy 
ƭƻǎǎ ƛƴ ŎƭƻǘƘ ƳŀǘŜǊƛŀƭǎΦ !ƭǎƻ ƴƻǘŜ ǘƘŀǘ ǿŜ ŘƻƴΩǘ ƘŀǾŜ ŀ ǎƻƭǳǘƛƻƴ ŦƻǊ ƛƴŘƛǊŜŎǘ ŘƛŦŦǳǎŜ ƻƴ 
skin currently either in our engine, so there are pre-ŜȄƛǎǘƛƴƎ ǇǊƻōƭŜƳǎ ǘƘŀǘ ǿŜΩǊŜ 
already living with.
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¢ƘŜ ŦƛǊǎǘ ǇǊƻōƭŜƳ ǿŜΩƭƭ ǘǊȅ ǘƻ ǎƻƭǾŜ ƛǎ ƛƴŘƛǊŜŎǘ ǎǇŜŎǳƭŀǊΣ ŀǎ ǘƘƛǎ ǿƛƭƭalmost certainly 
have the biggest impact on the game, particularly on our rough metals.
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{ƻ ƭŜǘΩǎ ƎƛǾŜ ƛǘ ŀ ƎƻΦ ¢Ƙƛǎƛǎ ǘƘŜ ōŀǎŜ ŦƻǊƳǳƭŀ ǿŜΩǊŜ ǘǊȅƛƴƎ ǘƻ ǎƻƭǾŜ ŦƻǊ ŜƴǾƛǊƻƴƳŜƴǘ 
lighting. In this case, the environment light comes from a cubemapΣ ŀƴŘ ǿŜΩǊŜ 
ƛƴǘŜƎǊŀǘƛƴƎ ƻǾŜǊ ǘƘŜ ƘŜƳƛǎǇƘŜǊŜΦ ¢ƘŜ ǇǊƻōƭŜƳ ƛǎΣ ŦƻǊ ƎŀƳŜǎ ǿŜ ŎŀƴΩǘ Řƻ ǘƘƛǎ 
integration per-pixel in real-time ςit would require too many samples of the 
cubemap. So we have some approximations.
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We approximate the result by using thissplit-ǎǳƳ ƛƴǘŜƎǊŀƭΣ ŦǊƻƳ .Ǌƛŀƴ YŀǊƛǎΩ ǿƻǊƪ ƛƴ 
2013. We pre-integrate the cubemapfor different roughnesses(with results for 
higher roughnessesstored in the lower-mip levels of the cubemap), and we integrate 
the BRDF part into a LUT. This also works pretty well for screen-space reflections too 
ςthey just replace the pre-integrated cubemap, and we still use the same LUT.
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We call the LUT the environment BRDF, and if we use {ŎƘƭƛŎƪΩǎFresnel approximation, 
ǿŜΩǊŜ ŀōƭŜ ǘƻ ǎǇƭƛǘ ƛǘ ƛƴǘƻ ǘǿƻ ŎƻƳǇƻƴŜƴǘǎΧ
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This means that theLUT is just two dimensions ςthe cosine of the outgoing angle 
(the view direction), and the roughness of the surface. The F0 term, the specular 
reflectance, is factored out.
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At first I thought addingthe multiscattering.w5C ƛƴǘƻ ǘƘƛǎ ǿƻǳƭŘ ōŜ ŜŀǎȅΦ ²ŜΩǊŜ 
preintegratingΣ ǎƻ ǿŜ Ƨǳǎǘ ŀŘŘ ǘƘŜ a{ .w5C ƛƴǘƻ ǘƘŜ .w5C ǿŜΩǊŜ ƛƴǘŜƎǊŀǘƛƴƎΣ ŀǘ ƴƻ 
extra cost! So this is what the multiscatteringpart of the environment BRDF looks 
like.
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However, once weŜȄǇŀƴŘ ǘƘŜ ŀǾŜǊŀƎŜ CǊŜǎƴŜƭ ǘŜǊƳΣ ǿŜ ǊŜŀƭƛǎŜ ǘƘŀǘ ǘƘƛƴƎǎ ŀǊŜƴΩǘ ǎƻ 
ǎƛƳǇƭŜ ŀŦǘŜǊ ŀƭƭΦ LŦ ǿŜΩǊŜ ƎƻƛƴƎ ǘƻ Ƨǳǎǘ ŀŘŘ ǘƘƛǎ ǘƻ ƻǳǊ ŜȄƛǎǘƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘ .w5CΣ ǿŜ 
ǿŀƴǘ ŀ ƴƛŎŜ ƭƛƴŜŀǊ ŘŜǇŜƴŘŜƴŎȅ ƻƴ CлΧ ŀƴŘ ǿŜ ŘƻƴΩǘ ƘŀǾŜ ǘƘŀǘ ƘŜǊŜΦ {ƻ L ƘŀŘ ŀƴ ƛŘŜŀΣ 
ǿƘȅ ŘƻƴΩǘ ǿŜ Řƻ ŀ ǇƻǿŜǊ ŜȄǇŀƴǎƛƻƴ ƻŦ ǘƘŜ ŦǳƴŎǘƛƻƴ ŀƴŘ ǎŜŜ ǿƘŀǘ ǿŜ ƎŜǘΚ

48



We get anapproximation like this, which is nice and simple and we can add to our 
environment map BRDF. We could even take more power terms of F0 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, I thoughtthat two coefficients would be enough. I thought that the F0 
term for dielectrics tends to be less than 0.1, so the subsequent power terms 
ǿƻǳƭŘƴΩǘ really ƳŀǘǘŜǊΧ ŀǘ ǘƘŜ ǘƛƳŜ L ƎǳŜǎǎ L ŦƻǊƎƻǘ ǘƘŀǘ multiscatteringspecular 
makes the biggest difference for rough *metals*, with much higher specular 
reflectancesΧ
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This means that when we update the environment map BRDF with the 
multiscatteringǘŜǊƳǎΧ ǳƳƳΧ ǿŜƭƭΣ ȅƻǳ Ŏŀƴ ōŀǊŜƭȅsee any difference. In fact, in 8 
ōƛǘǎ LΩƳ ƴƻǘ ǎǳǊŜ ǘƘŜǊŜ ƛǎ ŀ ŘƛŦŦŜǊŜƴŎŜ ŀǘ ŀƭƭΣ ōǳǘ ƛƴ мс ōƛǘǎ ǘƘŜǊŜ ŘŜŦƛƴƛǘŜƭȅ ƛǎΧ ōǳǘ 
ȅƻǳΩƭƭ Ƨǳǎǘ ƘŀǾŜ ǘƻ ǘǊǳǎǘ ƳŜΦ
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If we see how this looksƻƴ ƳŜǘŀƭǎΣ ǘƘƛǎ ƛǎ ǿƛǘƘ ǘƘŜ ǎǘŀƴŘŀǊŘ ŜƴǾƛǊƻƴƳŜƴǘ ƳŀǇ .w5CΧ
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ΧŀƴŘ ǘƘƛǎ ƛǎ ǿƛǘƘ ǘƘŜ multiscatteringenvironment BRDF. 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.

{ƻ L ǿŀǎ ǇǳȊȊƭƛƴƎ ƻǾŜǊ ŀ ǎƻƭǳǘƛƻƴ ŦƻǊ ǘƘƛǎΧ
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Χ ŀƴŘ ŀǊƻǳƴŘǘƘŜ ǎŀƳŜ ǘƛƳŜ ǘƘƛǎ ǇŀǇŜǊ ŎŀƳŜ ƻǳǘΗ LǘΩǎ ŀƭǿŀȅǎ ǊŜŀƭƭȅ ŜȄŎƛǘƛƴƎ ǘƻ ǎŜŜ 
ǎƻƳŜƻƴŜ ǿƻǊƪƛƴƎ ƻƴ ŜȄŀŎǘƭȅ ǘƘŜ ǎŀƳŜ ǘƘƛƴƎǎ ȅƻǳ ǿŜǊŜ ǿƻǊƪƛƴƎ ƻƴΧ and this was a 
paper solving a really relevant problem for games, so kudos to the author and JCGT. 
LǘΩǎ ŀƭǎƻ ǇǊŜǘǘȅ ƎǊŜŀǘ ǘƻ ŜȄǘŜƴŘexisting work, making Kullaand /ƻƴǘȅΩǎwork 
applicable to real-time image based lighting.
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This papermakes 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.
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Thepaper then arrives at the following simple formula for the multiple-scattering 
part of the lighting. It helps of course that terms like the average Fresnel are easily 
calculable. But the paper notes that multiply-scattered light is diffuse, so it decides to 
take the irradiance of the lighting rather than radiance, recommending sampling a 
lower mip-level of the cubemapor storing the irradiance in spherical harmonics.

bƻǿΣ ǘƘŀǘΩǎ ŀƭƭ ǿŜƭƭ ŀƴŘ ƎƻƻŘΣ ōǳǘ LΩƳ ŀ ƎŀƳŜ ŘŜǾŜƭƻǇŜǊ ŀƴŘ LΩƳ ƭŀȊȅΦ L ŀƭǎƻ ǿŀƴǘ ǘƻ 
ǎŀǾŜ ŀǎ Ƴŀƴȅ ƛƴǎǘǊǳŎǘƛƻƴǎΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ǘŜȄǘǳǊŜ ǎŀƳǇƭŜǎΣ ŀǎ ǇƻǎǎƛōƭŜΣ ǎƻ L ŘƻƴΩǘ ƭƛƪŜ ǘƘŜ 
irradiance part very much.
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²ŜΩǊŜ ƎŜǘǘƛƴƎ ǘƘŜ ōƛƎƎŜǎǘ ƛƳǇŀŎǘ ƻŦ multiscatteringon rough metals, this meansthat 
ǎǇŜŎǳƭŀǊ ƭƛƎƘǘƛƴƎ ǿŜΩǊŜ ǎŀƳǇƭƛƴƎ ƛǎ ǇǊŜǘǘȅ ŘƛŦŦǳǎŜ ŀƴȅǿŀȅΣ ǎƻ ƳŀȅōŜ ǘƘƛǎ ŘƻŜǎƴΩǘ 
matter too much. Perhaps we could just sub in the radiance for the irradiance and 
things will still look OK.

{ƻ ƭŜǘΩǎ ƭƻƻƪ ŀǘ ǎƻƳŜ ǊŜǎǳƭǘǎΥ
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²ŜΩƭƭ ƻŦ ŎƻǳǊǎŜ ōŜlooking at metals, and this is with the standard environment map 
.w5CΧ
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This is theFdez-Agüeraapproximation which is great, sinceƴƻǿ ǿŜΩǊŜ ǊŜŀƭƭȅ 
compensating for that lost energy.
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!ƴŘ ƘŜǊŜΩǎ Ƴȅ ŀǇǇǊƻȄƛƳŀǘƛƻƴ ǘƻFdez-AgüeraΧ ǿƘƛŎƘΧ ƭƻƻƪǎ ǾƛǊǘǳŀƭƭȅ ƴƻ ŘƛŦŦŜǊŜƴǘΦ Lǘ
seems like my approximation was valid, at least in my case.
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The great thing about this is it gives us a formula fora multiscatteringBRDF that can 
just scale the single scattering BRDF, which is pretty awesome, as we might be able to 
ŀǇǇƭȅ ƛǘ ǘƻ ƻǘƘŜǊ ǘƘƛƴƎǎΦ ¢ƘŜ Ŧǳƴƴȅ ǘƘƛƴƎ ǿƛǘƘ ǘƘƛǎ ƛǎ ǘƘŀǘ ŀŦǘŜǊ LΩŘ ŦƛƎǳǊŜŘ ǘƘƛǎ ƻǳǘΧ
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Χa tech report from Emmanuel Turquincame out that observed from IŜƛǘȊΩǎoriginal 
paper that the multiscatteringlobe looked very much like a scaled version of the 
single-ǎŎŀǘǘŜǊƛƴƎΣ ŀƴŘ ǘƘǳǎ ŎŀƳŜ ǳǇ ǿƛǘƘ ǘƘƛǎ ŀǇǇǊƻȄƛƳŀǘƛƻƴΦ ¢Ƙƛǎ ƛǎƴΩǘ ŀ ƎǊŜŀǘ ŘŜŀƭ 
different from what we just derived from the Fdez-Agüera. 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.

[ŜǘΩǎ ǎŜŜ ǎƻƳŜ ǊŜǎǳƭǘǎΗ
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This is my approximation toFdez-Agüera
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And this is Emmanuel ¢ǳǊǉǳƛƴΩǎ. The two are pretty different, particularly in terms of 
colour, and Emmanuel ¢ǳǊǉǳƛƴΩǎǎŜŜƳǎ ǘƻ ōŜ ŀ ƭƛǘǘƭŜ ōƛǘ ōǊƛƎƘǘŜǊΦ L ƘŀǾŜƴΩǘ ƘŀŘ ǘƘŜ 
time to do a ground-truth comparison, but there are two options here!

I should also mention here that Stephen Hill has recently done some work in the 
same area, and in a recent blog post he advocates a four-term environment BRDF 
that solves the issue of multiscatteringfor environment lighting in a slightly different 
ǿŀȅΦ ¢ƘŀǘΩǎ ǿŜƭƭ ǿƻǊǘƘ ǊŜŀŘƛƴƎ ƛŦ ȅƻǳ ŎŀƴΣ ŀƴŘ ƛŦ ȅƻǳ ǿŀƴǘ ŀƴƻǘƘŜǊ ǎƻƭǳǘƛƻƴ ǘƻ ǘƘŜ 
problem.
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However, when I started, there was something in the Fdez-Agüerapaper that very 
ƴŜŀǊƭȅ ŘŜǊŀƛƭŜŘ ƳŜ ŎƻƳǇƭŜǘŜƭȅΦ [ŜǘΩǎ ƭƻƻƪ ŀǘ ƻƴŜ ƻŦ ǘƘŜ ŜǉǳŀǘƛƻƴǎΣ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ 
average Fresnel. 
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What really threw me was the added factor of pi, which was present in this and in 
ƻǘƘŜǊ ŜǉǳŀǘƛƻƴǎΦ ²ƘŜƴ LΩŘ ōŜŜƴ ƛƳǇƭŜƳŜƴǘƛƴƎ ǘƘŜ {ƻƴȅ ImageworksǇŀǇŜǊ ƳȅǎŜƭŦΣ LΩŘ 
been dividing these integrals by pi as a normalisation factor, which gave me what 
seemed to be the correct results. But I already had enough self-doubt about my 
ƳŀǘƘŜƳŀǘƛŎŀƭ ŀōƛƭƛǘȅ ǘƘŀǘ L ǿŀǎ ŀ ƭƛǘǘƭŜ ǳƴǎǳǊŜ ŀōƻǳǘ ǿƘŀǘ LΩŘ ŘƻƴŜΦ {ƻ ǎŜŜƛƴƎ ǘƘŜǎŜ 
equations in a published peer-reviewed paper that were different than mine was 
ǊŜŀƭƭȅ ŎƻƴŦǳǎƛƴƎΣ ŀƴŘ L ŘƛŘƴΩǘ ƪƴƻǿ ǿƘŀǘ ǘƻ ŘƻΦ ²ŀǎ ŜǾŜǊȅǘƘƛƴƎ LΩŘ ŘƻƴŜ ǿǊƻƴƎΚ

Well, I plugged away, and became more convinced that the factor of pi was wrong. I 
was going to send an e-Ƴŀƛƭ ǘƻ ǘƘŜ ŀǳǘƘƻǊ ǉǳŜǊȅƛƴƎΧ ǿƘŜƴ L ǎŀǿ ǘƘƛǎ ǘǿŜŜǘΧ
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I was so relieved!Thank you for the good Samaritan who reported it before I did. J
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[ŜǘΩǎ ǊŜǘǳǊƴ ǘƻ ƻǳǊlist of problems. The next is about multiscatteringspecular on 
ƘŀƛǊΧ
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Sadly this is on our TO DO list for now. We could examine using our scaling factor on a 
single-ǎŎŀǘǘŜǊƛƴƎ .w5CΣ ōǳǘ ƛǘΩǎ ŀ ƭƛǘǘƭŜ ƳƻǊŜ ǘǊƛŎƪȅ ǿƛǘƘ ǘƘŜ ǘǊŀƴǎƳƛǘǘŀƴŎŜ ŀƴŘ ǎŜŎƻƴŘ 
ǎǇŜŎǳƭŀǊ ƭƻōŜΦ {ƻ ŦƻǊ ƴƻǿ L ƘŀǾŜ ǘƻ ƭŜŀǾŜ ȅƻǳ ƘŀƴƎƛƴƎΣ ŀǎ ǿŜΩǊŜ ƎƻƛƴƎ ǘƻ ƘŀǾŜ ǘƻ 
return to this at a later date.

Image credits: Sue Seecof, 
https://www.flickr.com/photos/126344637@N05/26013859361, licensed under 
https://creativecommons.org/licenses/by/2.0/
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But what about our final three problems ςmultiscatteringfor our subsurface 
ǎŎŀǘǘŜǊƛƴƎ ƻōƧŜŎǘǎΣ ŀƴŘ ŦƻǊ ƛƴŘƛǊŜŎǘ ŘƛŦŦǳǎŜΚ ²ŜƭƭΣ ƛǘ ǘǳǊƴǎ ƻǳǘ ǿŜΩƭƭ ŀŘŘǊŜǎǎ ǎƻƭǳǘƛƻƴǎ 
ŦƻǊ ǘƘŜǎŜ ŀǎ ǿŜ ƳƻǾŜ ǘƻ ƻǳǊ ƴŜȄǘ ǘƻǇƛŎΧ
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ΧǿƘƛŎƘ ƛǎ ŀǊŜŀ ƭƛƎƘǘǎΦ

Thisis something that complements us improving our materials ςnow we want to 
look at improving the lights themselves.
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²ŜΩŘ ǊŜŀƭƭȅlike to give our 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. 
²ŜΩƭƭ ŀƭǎƻ ƎŜǘ ƳƻǊŜ ǎǇŜŎǳƭŀǊΣ ǿƛǘƘ ōǊƻŀŘŜǊΣ ƳƻǊŜ ǾƛǎƛōƭŜ ƘƛƎƘƭƛƎƘǘǎΦ ¢Ƙƛǎ ŎƻǳƭŘ ƘŀǾŜ ŀƴ 
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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Whenlooking at areas lights, it was a no-brainer to investigate using Linearly-
Transformed Cosines, a paper from Eric Heitzand others from 2016, which described 
a real-time method of shading with polygonal lights, which could technically work 
with any BRDF.
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We choseLTCs 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 I 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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[ŜǘΩǎ ŜȄǇƭŀƛƴ ōǊƛŜŦƭȅ ǿƘŀǘ [¢/ǎ ŀǊŜ ǎƻ ŜǾŜǊȅƻƴŜ ƛǎ ƻƴ ǘƘŜ ǎŀƳŜ ǇŀƎŜΦΦΦ

LTCsare 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 
ǇƻƭȅƎƻƴ ƻǾŜǊ ŀ ǎǇƘŜǊƛŎŀƭ ŘƛǎǘǊƛōǳǘƛƻƴ ǿƘƛŎƘ ƛǎ ȅƻǳǊ .w5CΦ ¢ƘŀǘΩǎ ŀ ǇƻǘŜƴǘƛŀƭƭȅ 
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 Eric Heitzfor the diagram]
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And we can linearlytransform this distribution to fit arbitrary BRDFs, while 
maintaining its ability to be integrated.

[Thanks to Eric Heitzfor the diagram]
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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 Eric Heitzfor the diagram]
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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 
ƛƴ ŀ [¦¢Χ
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In fact, wecan apply {ŎƘƭƛŎƪΩǎapproximation to Fresnel and get two components, 
ǿƘƛŎƘ ǿŜ Ŏŀƴ ŎƻƳǇƻǎƛǘŜ ǘƻƎŜǘƘŜǊ ōŀǎŜŘ ǳǇƻƴ ǘƘŜ ǎǳǊŦŀŎŜΩǎ Cл ǘŜǊƳ ŀƴŘ ǎŎŀƭŜ ǘƘŜ [¢/ 
by.

bƻǿΣ ǘƘƛǎ ƳƛƎƘǘ ƭƻƻƪ ǾŜǊȅ ŦŀƳƛƭƛŀǊΧ ǇǊŜŎƛǎŜƭȅ ōŜŎŀǳǎŜ ƛǘ ƛǎΦ ¢Ƙƛǎ ƛǎ ŀ ǎƭƛƎƘǘƭȅ ŘƛŦŦŜǊŜƴǘ 
parameterisation, but a very, very similar idea to that of the environment BRDF. 
¢ƘŀǘΩǎ ƎƻƛƴƎ ǘƻ ōŜ ǾŜǊȅ ƘŜƭǇŦǳƭ ƭŀǘŜǊΦ
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The implementation is relatively straightforward, thanks toall the 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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[ŜǘΩǎ ǎŜŜ Ƙƻǿ ǘƘƛǎ ƭƻƻƪǎǿƛǘƘ ǎƻƳŜ ŘƛŜƭŜŎǘǊƛŎ ǎǇƘŜǊŜǎ ƻŦ ƛƴŎǊŜŀǎƛƴƎ ǎƳƻƻǘƘƴŜǎǎΦ LΩƳ 
going to replace the sun light with a quad light:
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And that lookspretty awesome, particularly the specular highlight on smooth 
surfaces. We can also do a disk!
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That also looks pretty cool!

¸ƻǳΩƭƭ ǎŜŜ ǘƘŀǘ ǘƘŜ ŘƛŦŦǳǎŜ ƛǎ ŎƘŀƴƎƛƴƎ ǘƻƻΦ LƳǇƭŜƳŜƴǘƛƴƎ [¢/ǎ ŦƻǊ Lambertiandiffuse 
is trivial, since Lambertiandiffuse IS the clamped cosine over a sphere. We get a nice 
softer falloff from the size of the area light, which I know artists will love.
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{ƻ ǿŜ ƘŀǾŜ ŀǊŜŀ ƭƛƎƘǘǎ ƛƳǇƭŜƳŜƴǘŜŘ ŦƻǊ DD· ŀƴŘ [ŀƳōŜǊǘ ŘƛŦŦǳǎŜΣ ǎƻ ŜǾŜǊȅǘƘƛƴƎΩǎ 
great, right?!
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.ǳǘΧ ǿŜΩǊŜ ōŀŎƪ ŀǘ ǘƘŜ ŎƻƳōƛƴŀǘƛƻƴ ǇǊƻōƭŜƳΦ ²Ŝ ŘƻƴΩǘ Ƨǳǎǘ ƘŀǾŜ ŀ DD· .w5CΦThe 
Lambert BRDF is trivial and already solved, since it is just a clamped cosine over the 
hemisphere, but what about the wrapped diffuse? The pre-integrated 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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