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Hello various rendering dudes.

άIŜƭƭƻΣ LΩƳ tŜǊΦέ

άIŜƭƭƻΣ LΩƳ {ŀƳΦέ

Etc.

We (DICE and Geomerics) have been working together to incorporate Enlighten2 into 
Frostbite engine. The experience shaped the development of both Enlighten and 
Frostbite, and the resulting architecture and workflows are what we intend to discuss 
today.
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INTRODUCTION (Sam)

Radiosity has alwaysbeen an exciting topic! There are a massive number of papers on the subject. The sheer number of papers 
that exist gives a near-continuum of algorithmic options, in which we can see some common categories of algorithms emerging 
as clusters. (eg. Photon-mapping, VPLs, voxel-grid based methods). If you have an idea for an awesome radiosity algorithm, you 
can probably find a paper somewhere that does something similar and learn the lessons from them. Or another good approach 
is to start by gluing together ideas from different papers. 

Lƴ ǊŜŎŜƴǘ ȅŜŀǊǎΣ ƛǘΩǎ ǇǊƻōŀōƭȅ ŦŀƛǊ ǘƻ ǎŀȅ Ƴƻǎǘ ŦƻŎǳǎ Ƙŀǎ ōŜŜƴ ƻƴ ŦƛƴŘƛƴƎ new novel algorithms, particularly ones focusing on fully 
ŘȅƴŀƳƛŎ άǊŜŀƭ ǘƛƳŜέ ǎƻƭǳǘƛƻƴǎΣ ŀƴŘ again particularly ones primarily  based on the GPU (e.g. Crytech, LPB2 (Evans),VPL-based, 
άƛƴǎǘŀƴǘ ǊŀŘƛƻǎƛǘȅέΣ ŜǘŎύΦ L ǿƻƴΩǘ ōŜ ŀŘŘƛƴƎ ǘƻ ǘƘƛǎ ǎǘŀŎƪ ƛƴ ǘƘƛǎ ǘŀƭƪΦ 

This talk is less about demonstrating an algorithm and more about discussing the surrounding architecture and its use in 
practice.  I am also going to claim that the architecture is the more important element to get right.

So what do I even mean by radiosityarchitecture?LǘΩǎ ǘƘŜ ǎtructure within which the algorithms operate. 

This is orthogonal to algorithmic category in some sense.You should be able to change your algorithm independently of your 
architecture.  This is very true of Enlighten whichfairly regularly ǳƴŘŜǊƎƻŜǎ ŀƭƎƻǊƛǘƘƳƛŎ ŎƘŀƴƎŜǎΣ ǿƘƛƭŜ ƛǘΩǎ ƻǾŜǊŀƭƭstructure 
remains static.For example, the first version of Enlighten ran on a GPU. Enlighten 2 runs on a CPU. Enlighten 3 might go back the 
other way again. We may remove the precompute, or we may add WiiǎǳǇǇƻǊǘΦ LΩƳ ƴƻǘ ǎǳǊŜ ȅŜǘΣ ōǳǘ ǘƘŜǎŜ ŀǊŜ ǘƘƛƴƎǎ ǘƘŀǘ ƻƴƭȅ 
affect the algorithm, not the architecture.

The key point for this talk is that the architecture is itself a very power tool, which I will illustrate with examples.If you bear in 
mind that if you have an awesome idea for a new radiosity algorithm that will blow everyone away, do consider the architecture 
ŀǎ ǿŜƭƭΦ !ƴŘ L ǿƻǳƭŘ ŜȄǇŜŎǘ ǘƘŀǘ ƛŦ ȅƻǳ ƛƳǇƭŜƳŜƴǘŜŘ ǘƘŜ п ŀǊŎƘƛǘŜŎǘǳǊŀƭ ŦŜŀǘǳǊŜǎ L ǿƛƭƭ ŎƻǾŜǊΣ ȅƻǳΩƭƭ ƎŜǘ ŀ ǊŜŀǎƻƴŀōƭŜ ŀƴŘ 
workable solution for even fairly basic algorithms.

DICE and Geomericshave been working together since close to the birth of Enlighten. The integration into Frostbite showcases 
the use of real time radiosity.  We will describe how our pipeline & runtime have been set up to work with Enlighten, and show 
the workflows we have created to use dynamic radiosity.
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AGENDA

This talk is essentiallyme then Per. 

LΩƭƭ Řƻ ŀƴ ƻǾŜǊǾƛŜǿ of Enlighten then talk about its architecture. 

Per will then demonstrate how and why Enlighten was integrated into Frostbite,and 
how it shows up in the art workflows.
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ENLIGHTEN OVERVIEW 1/2

All good projects need a solid direction, and this is a summary of what Enlighten is trying to achieve which is 
ultimately reflected in the architectural decisions we made. You can expect the architecture we use to changeif 
you alterthese working assumptions.

Current consolecycle - constrained by hardware 

The main feedback we got from pre-ǊŜƭŜŀǎŜ ǾŜǊǎƛƻƴǎ ƻŦ 9ƴƭƛƎƘǘŜƴ ǊǳƴƴƛƴƎ ƻƴ Dt¦ ǿŀǎ ǘƘŀǘ Dt¦ ǿŀǎƴΩǘ ŀ ǾƛŀōƭŜ 
ǊŜǎƻǳǊŎŜ ǘƻ ǳǎŜΦ LǘΩǎ ŀƭǊŜŀŘȅ ƻǾŜǊ-ǳǘƛƭƛǎŜŘ ƻƴ ǘƘŜ ŎƻƴǎƻƭŜǎΣ ƛǎƴΩǘ ŀŎǘǳŀƭƭȅ ǘƘŀǘ ǇƻǿŜǊŦǳƭΦ Lƴ ŀŘŘƛǘƛƻƴΣ  ǘƘŜ 5·ф-class 
hardware the consoles uses constrains our algorithmic options. Memory also very limited. So multi-core is clearly 
the best target for us.Another point to note is the huge range of abilities between the 3 targets ςso scalability of 
our solution is vital (both up and down). 

Always trading off quality with flexibility

There is some imaginary line with two poles. At one end you have offline lighting ςgreat quality, terribleiteration 
ǘƛƳŜΣ ƴƻǘ ǊŜŀƭ ǘƛƳŜΦ !ƴŘ ŀǘ ǘƘŜ ƻǘƘŜǊ ȅƻǳ ƘŀǾŜ  άǊŜŀƭ ǘƛƳŜ ǿƛǘƘƻǳǘ ǇǊŜŎƻƳǇǳǘŀǘƛƻƴέ ςgreat iteration and 
gameplay, but low quality lighting. bƻǘŜ ȅƻǳ ŘƻƴΩǘ ƎŜǘ ǘƻ ƘŀǾŜ ȅƻǳǊ ŎŀƪŜ ŀƴŘ  Ŝŀǘ ƛǘΦ wŜŀƭ ǘƛƳŜ Ŏƻǎǘǎ Ǿƛǎǳŀƭ ǉǳŀƭƛǘȅΣ 
but so does poor iteration time. So Enlighten2 is a midpoint. We do some pre-processing to keep visual quality 
up, so our lighting does not fully reflect moving geometry without the addition of some smoke and mirrors. But 
we do provide fast iteration through real time lighting. In short, we focus on good quality, scalability and 
flexibility, not fully dynamic at all costs.

Frostbite wanted a lighting solution with fast iteration times and support for dynamic environments. Previous 
static techniques DICE used gave great results, but were painful to wait for lightmaps to build.  They wanted to 
give artist more creative freedom.

Art controls

There are many points at which artists can add value. The end goal is always to create beautiful,emotive, 
believable images, not physical realism. Sowhere ever possible we allow artists control over all aspects of indirect 
lighting. For example, there are per-light indirect scaling/colouring controls so they can tweak the radiosity effect 
from each light source. There are also  global direct/indirect balance controls and radiosity tonemappingcontrols, 
amongst many others.
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ENLIGHTEN DECISIONS

These are the 4 key architecturalfeatures LΩŘ ƭƛƪŜ ǘƻ ŘƛƎ ƛƴǘƻ ŦǳǊǘƘŜǊ ǘƻŘŀȅΦ

Point to bearin mind is that if you were to implement some algorithm that had these 
ŀǊŎƘƛǘŜŎǘǳǊŀƭ ŦŜŀǘǳǊŜǎΣ ƛǘΩŘ Ƴƻǎǘ ƭƛƪŜƭȅ ŜƛǘƘŜǊ ōŜ ǊŜŀƭǘƛƳŜ ƻǊ ǾŜǊȅ ŎƭƻǎŜ ǘƻ ǊŜŀƭǘƛƳŜΦ 

Will now walk through each in turn.
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This is the asset I will use as an example.

LǘΩǎ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ sponzaatrium.We built it internally and shipit in our SDK. 
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ENLIGHTEN Pipeline

This is a high level summary of the Enlighten pipeline.

Precompute

There are a number of new terms ςI will attempt to unpack them as we proceed. The precompute in 
Enlighten is essentially a problem-distillation stage. We attempt to put as much magic into this as 
possible. Some details to be aware of now:

²Ŝ ōǊŜŀƪ ǳǇ ǘƘŜ ǎŎŜƴŜ ƛƴǘƻ άǎȅǎǘŜƳǎέ ςa system is a locally solveable problem but taken together 
they still provide a global solution. Each system outputs a small lightmap for part of the scene.

¢ƘŜ ǇǊŜŎƻƳǇǳǘŜ ŀƭǎƻ ǎŜǘǳǇ άǊŜƭƛƎƘǘƛƴƎέ ƛƴŦƻǊƳŀǘƛƻƴ ςI will cover this in more detail later on.

Precomputing information is a tough compromise to make, but very important to getting near-to-
offline lighting quality for our target platforms.

Runtime

The key point (and one of my 4 architectural features) is that our runtime separates indirect lighting 
work from direct lighting work. The direct lighting is done on the GPU as usual, while all indirect 
lighting is done on the CPU (the currentbest place for target platforms). Both can run asyncronously, 
so you get good parallelism. And most significantly, the previous output of Enlighten is always 
available. So our output is cacheable. The GPU just composites with the latest results off the carousel. 
This is a massive optimisation, largely independentof algorithmthat simply comes from using the right 
architecture. LΩƭƭ ŘŜǎŎǊƛōŜ ǘƘƛǎ ŦǳǊǘƘŜǊ ƛƴ ŀ ŦŜǿ ǎƭƛŘŜǎ ǘƛƳŜΦ

A final point: The separation is not just an optimisation ςalso allows a lot of creative freedom different 
integration options. Per will talka bit more about this in his half of the talk.
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LIGHTMAPOUTPUT

We shall walk through an example shot in our runtime pipeline.

Note the split of direct and indirect lighting paths, with the dependence on a 
common description of the lighting in the scene.We have all the usual lighting types, 
plus some new ones. 

ά9ƴǾƛǊƻƴƳŜƴǘέis essentially a very low detail cube map. It gives you the same effect 
a simple image-based light would: Soft shadows, directional lighting. Nothing sharp.

ά!ǊŜŀέ ƭƛƎƘǘǎ ŀǊŜ Ŝŀǎȅ ƛƴ 9ƴƭƛƎƘǘŜƴΦ hǳǊtech essentially allows you to make surfaces 
glow and compute the bounce result. So an area light is pretty much the simplest 
form of input lighting for us.

Enlighten is careful to not restrict the API to predefined light sources. If you can 
describe the lighting incident on your geometry surface and point sample it, you can 
put it into Enlighten. For example, anything you can shade in a deferred renderer on 
the GPU can immediately be put into Enlighten. 
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This is ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭ ŘƛǊŜŎǘ ƭƛƎƘǘƛƴƎ ƛƴ ǘƘƛǎ ǎƘƻǘΦ LǘΩǎ ŀ ǎƛƳǇƭŜ ŎŀǎŎŀŘŜ ǎƘŀŘƻǿ ƳŀǇ 
based directional light, computed on the GPU. This bit is nothing to do with Enlighten.

The choice of light and its implementation is essentially arbitrary.

Note the lack of direct environment lighting. Environment lighting (and other area 
lights) are handled entirely within Enlighten.
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Thisis the corresponding input to Enlighten. In this example, the two sets of data are 
computed entirely independently. 

The main runtime operation in Enlighten is to map a point sampled description of the 
lighting over the target mesh surface (shown above), to a lightmap or lightprobe 
output. This is the bounce. Anything you can express in these terms is valid input to 
Enlighten.

When generating the point sampled input, we provide several fast paths for common 
light types. Directional lights with precomputed visibility to static geometry is one of 
these options, which we use in this example. This provides a fast efficient method of 
generating the input lighting that does not require any interaction with the GPU-
rendered sunlight, although we could have chosen to point sample that lighting 
instead. 

You may note that as well as the directional light, there is also radiosity lighting in the 
point sampled data. This is the previous lightmap output being fed to enlighten as an 
input light to generate a second bounce. This is how we generate multiple bounces. 
LΩƭƭ ǊŜǘǳǊƴ ǘƻ ǘƘƛǎ ƭŀǘŜǊ ƻƴΦ
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This is what the previouspoint sampled data is mapped to. In some sense, this is the 
raw lightmap output from Enlighten, before any interpolation, albedo modulation or 
directional relighting is applied.

¢ƘŜ ǎƘƻǘ ǎƘƻǿǎ ǘƘŜ ƎŜƴŜǊŀǘŜŘ ƭƛƎƘǘƳŀǇ ƻǾŜǊ ǘƘŜ άǘŀǊƎŜǘέ ƳŜǎƘ ŦƻǊ ǘƘƛǎ ǎŎŜƴŜΦ

Note how low resolution the output is. You can see the effect of the skylight (blue) 
and the bounced directional light.

Although low detail this resolution captures the essence of the indirect lighting. 
Significant soft shadows are present, and the lighting gradients can be seen quite 
clearly.
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This shows exactly the samelighting data, but appliedto the (white untextured) detailed 
geometry, together with normal maps and indirect specular.

Note how much the basic lightmap output gives you when taken togetherwith these 
additions. 

In particular, hardware interpolation gives you a lot as long as your output lightmap is very 
ΨŎƭŜŀƴΩΦ ¢Ƙƛǎ ŎƭŜŀƴƴŜǎǎ ƛǎ ƛƳǇƻǊǘŀƴǘ - we scale linearly with output texels, so each texel really 
Ƙŀǎ ǘƻ ǿƻǊƪ ŦƻǊ ƛǘΩǎ ǇƭŀŎŜ ƛƴ ǘƘŜ ƭƛƎƘǘƳŀǇΦ LŦ ȅƻǳ ǿŀƴǘ ŀ ǾŜǊȅ ŘŜƴǎŜ ƻǳǘǇǳǘ ŦƻǊƳŀǘΣ ŀǎ ǿŜ ƘŀǾŜΣ 
ȅƻǳ ŎŀƴΩǘ ŀŦŦƻǊŘ ƴƻƛǎŜΦ 

Much of thedetail is filled in by the off-axisrelighting. Simple variation in normals gives you a 
lot of lighting variation.

There are multiple output formats for Enlighten. This particular screenshot is using our 
άŘƛǊŜŎǘƛƻƴŀƭ ƛǊǊŀŘƛŀƴŎŜέ ǘŜŎƘƴƛǉǳŜ ǿƘƛŎƘ ƛǎ ŀ ƳƛŘ Ǉƻƛƴǘ ōŜǘǿŜŜƴ ŀ Ŧǳƭƭ ǎǇƘŜǊƛŎŀƭ ƻǳǘǇǳǘ όŜΦƎΦ 
Spherical harmonics ςcomplete spherical lighting data) and direction-less irradiance. We 
support all 3, but prefer the directional irradiance as a good balance point in practice.

¢ƘŜ ǎǇŜŎǳƭŀǊ ŜŦŦŜŎǘ ƛǎ ŀ ǎƛƳǇƭŜ ΨƛƳŀƎƛƴŀǊȅΩ ǎǇŜŎǳƭŀǊ ŜŦŦŜŎǘ ƎŜƴŜǊŀǘŜŘ ƛƴ ǘƘŜ Ŧƛƴŀƭ ǎƘŀŘŜǊΦ ¢Ƙƛƴƪ 
of it as a phong specular model parametised by the strongest lighting direction. You only get 
one specular highlight, but your eye is very intolerant to errors in specular term. Believable 
ǎǇŜŎǳƭŀǊ ǊŜǎǳƭǘǎ ŀǊŜ ŦŀǊ ŜŀǎƛŜǊ ǘƻ ƻōǘŀƛƴ ǘƘŀƴ άŀŎŎǳǊŀǘŜέ ƻƴŜǎΦ {ƻ ǿŜ ǇǊŜŦŜǊ ǘƻ ƎƛǾŜ ŀǎ ƳǳŎƘ 
control to the user/artist as possible here. 
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!ƴŘ ƘŜǊŜ ǿŜ ǎŜŜ ǘƘŜ Ŧƛƴŀƭ ŎƻƳǇƻǎƛǘŜΦ LΩǾŜ Ƨǳǎǘ ŀŘŘŜŘ ǘƘŜ ǘŜȄǘǳǊŜǎ ŀƴŘ ŘƛǊŜŎǘ ƭƛƎƘǘƛƴƎ 
back.

This was a brief introductionto our runtime radiosity pipeline. Per will talk through its 
use in Frostbite later on.

But now I want to move to the next architectural point: the modelling of a single 
bounce...
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