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Before I start Iôd just like to say thanks for inviting me to give a talk at CEDEC. 

For those of you who donôt know me, 

Hi, Iôm James McLaren, the Director of Engine Technology at Q-Games, out in 

Kyoto, Japan. 

Iôve been doing this whole game dev gig for about 19 years now 

And my main claim to fame is that I was lucky enough to be in the right place at the 

right time to 

End up being part of the small 3 man team from Q that worked with Sony on the OS 

graphics and visualizers on the PS3.  
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So hopefully everyone here has seen our game, but in case you havenôt here is a our 

trailer to give you a hint of what weôve been making. 
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When I first joined the project in early 2012, there was already a good deal of 

concept art created for the game, showing this very soft look. 
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The art team was producing all of this with Octane Render, a 

GPU raytracer 

And it became clear very quickly that going for a normal 

deferred plus shadows rendering solution was not going to cut it 

Especially as the world was dynamic. 
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Thankfully, the previous year there had been a really nice talk at Siggraph by Cyril 

Crassin about using Voxel Cone Tracing for Indirect Lighting. 

Which seemed like it might be able to help us achieve this soft diffuse look. 
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And later that year we got some positive reinforcement from Epics elemental demo 

that perhaps this was practical for next gen. 
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So, how does Voxel Cone Tracing work? 

Iôll just run through it quickly for anyone who isnôt familiar with the idea 

In the original paper they start by voxelizing their scene into a Sparse Voxel Octree 
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Then Injecting Irradiance values into the SVO. 

Usually using something like Reflective Shadow Maps. 
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After injection they filter the irradiance up the octree, to get themselves mipmapped 

versions of the Irradiance data. 
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After which they trace a set of cones through the SVO per pixel. 
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And take quadilinear samples at ever increasing levels up the SVO as they trace 

along the cone to accumulate the Irradiance for the pixel 

Explain quadrilinear. 

 

Voxel Cone Tracing
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bilinear  2D Texture interpolation 

trilinear -> 3D Texture 

quadriliniear -> 4D (interpolating between two trilinear interpolations) 

3D texture A trilinear sample + 3D texture B trilinear sample interpolation
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So, 

To cut a long story short. 

I did some prototyping and implemented something similar to what the paper did in 

early 2011 

Got something working, on an early PS4 SDK 

But then got diverted to take care of a whole load of other engine work that needed to 

happen 

And when I finally got a chunk of time to look at the lighting again a year later 

It didnôt run anymore, and I was scared about sinking time into reviving it, especially 

as it hadnôt been that fast in the first place 

I was always a little unsure how hiddeous walking the octree was going to be 

performance-wise on final hardware 

So for my second attempt I decided to go with something simpler 

And just get rid of the octree entirely and use a 3D texture instead. 

No complicated traversal, simple! 
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Obviously just a single 3D texture would never be large enough cover our scene, and 

fit in memory 

So we extended this to use cascades. 

We kept the anisotropic voxels from the origin paper, as this proved to be quite 

important for getting good results 

And so we ended up pack all 6 faces and 6 cascades into a single 3D texture per 

attribute 

We trace in 16 fixed directions , in a similar way to how Epic traced 9 directions for 

the Elemental demo 

And this gets us 2 to 3 bounces of Indirect lighting 

As well as our direct illumination 
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So, for anyone, who doesnôt know what I mean by cascades. 

Hereôs a quick look at a debug view on this test level. 
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Hereôs whatôs represented in the first 32x32x32 cascade level. 
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And and as we add more and more cascades 

 

 

17 



And you can see as I add more cascades 
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You can see that we get something that sort of approximates the original scene 
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Looking from above we can see the concentric pattern of the cascades 

that will be familiar to anyone whoôs implemented Clip Maps, or Light Propagation 

Volumes. 
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A quick word about how we store our textures. 

We pack everything into a single 3D texture per attribute. 

We need repeated blocks of 32^3 texels for each face, as our voxels are ansiotropic, 

and we tile these in X. 

We also need to tile them in Y for our cascade levels. 

This setup allows us to easily do trilinear interpolation between our voxels,  

but we do have to be careful when we sample to always clamp to the edge of our 

cascades to avoid bleeding from other faces or cascades. 
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So our implementation is split into two main parts. 

In the first we update our internal voxel data structures, voxelizing anything new that 

comes into view, and injecting and bouncing light. 

In the second phase we trace cones in screen space to get local irradiance information 

which will then be used to drive our per pixel lighting. 
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We made the decision early on to only update one cascade level per frame. 

This works well because indirect lighting doesnôt need to be updated at a particularly 

high frequency for users to find it convincing. 

A simple way to implement this, would be to just cycle through our cascade levels, 

But this means our nearest cascade would only be updated every 6 frames, which is a 

bit too slow. 

So instead we have an incrementing counter, that we mask off, and count the number 

of trailing zeros on. 

This now gets us a situation where our closest cascade is updated every 2 frames, and 

our next closest every 4, and so on. 

Which perceptually is a much better balance. 
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The first thing we need to do is calculate the new center of our cascade if the viewer 

has moved. 

Itôs important to note that in order to make mip-mapping easy later on, we have to 

lock this to a grid that is half the resolution of our cascade. 

We must then scroll any data we have in our cascade level if we have moved, 

And voxelize any new geometry at the edges of our cascade, or geometry for objects 

that have just appeared or been changed. 

At the end of our voxelization process we scan for voxels that are on the surface of 

our geometry, and write these our to an RW_Buffer. 

These are the voxels that we will trace from to update the direct and bounce lighting 

for our cascade. 
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Because voxelization can be slow, we only voxelize static objects. 

Characters and dynamic objects are dealt with separately, which I will describe later. 

Our voxels, even at the finest level tend to be quite large, and so some degree of 

antialiasing when voxelizing is very important. 

For this purpose we voxelize into 128x128x32 textures for each axis, before applying 

a final resolve, to give us 16x AA. 

Our landscape is stored as a Layered Depth Cube, which is essentially a set of span 

lists in each axis, and is thus very easy to voxelize 

Objects however have to be voxelized via the hardware rasterizer, with a custom 

pixel shader that we use to export a list of voxels, on each axis. 

These are then sorted in a compute shader to ensure correct depth ordering. 

This process is relatively expensive, and can be a bottleneck when a large amount of 

objects suddenly enter our cascade. 

In order to amortize some of this cost, we voxelize objects into 8x8x8 blocks, that are 

stored in a simple cache, that covers an area slightly larger than our cascade.level 

 

In this way we can voxelize objects that will be needed in the near future over a 

number of frames, without causing any undue frame spikes. 
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One thing that we found important for robustness was to ensure that the voxelization 

was solid. 

So as a post step after voxelization we fill spans between voxels with opaque black 

voxels. 

We also propagate our surface attributes inward to the first subsurface layer of voxels 

to ensure we canôt trace past important information. 
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So, now we have the updated attribute data for our scene. 

We need to inject lighting information and propagate bounce light within out voxel 

data structure. 
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Because of the look we were going for, we decided not use shadow maps, and to use 

cone tracing for our direct lighting as well. 

As our tracing directions are fixed, this means that for our surface voxels, the cones 

we will trace for direct lighting , are the exact same cones we need to trace for 

bounce lighting. 

So we can fold everything into one cone trace for each of our 16 directions, and just 

feed it with multiple input textures and get multiple results back. 

We do have to be careful about how we organize this though, as we want a pipeline of 

data flowing through the system, we donôt want feedback. 
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So, our cone trace, takes as input an occlusion cascade telling us which voxels are 

occupied. 

An input light cascade, which contains information about radiance from any point 

lights we have in our scene. 

A Direct Light cascade, which is the direct lighting we accumulated last time this 

cascade was updated. 

And a Bounce Light cascade, which is the first bounce indirect light that we 

accumulated on our last update. 

Note, there is no direct light added into the bounce light cascade otherwise we will 

get feedback. 
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Once we have the results of our cone traces in the 16 directions from each voxel, we 

can light each of its faces with the light we have gathered. 

And spit out a new direct light and bounce light cascade,  

as well as what I like to call the Bounce Bounce Light cascade,  

which is the Final result texture containing our direct lighting, 2 bounce of indirect, 

and a tiny bit of extra special magic, to give it an extra kick. 
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Two bounces of light at our voxel granularity are nice, but we would like to have 

even more. 

So, we try to fake just a little bit more by looking for places that received more 

second bounce light than first bounce light,  

and surmising that they would probably get more illumination from a third bounce. 

We add this extrapolated extra bounce to our final bounce bounce result. 
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Finally we propagate the irradiance up the cascades with a compute shader. 

We need to do this for all 3 irradiance textures that we have. 

Itôs also worth noting that we also have to scroll these textures as our cascades move 

around. 

With data that we donôt have at the edge of a cascade pulled from the next cascade 

up, to give us a reasonable starting point. 
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Now that we have updated the data that we have in our voxel cascades, we can now 

go about starting to get this data into screen space. 

Because we are dealing with very soft lighting, we can afford to cone trace at a much 

lower resolution than 1080p 

So, we use a ¼ dimension buffer 

and intelligently upscale it, fixing up any pixels that really need it as we go. 

Again this is traced in the same 16 directions that we used to trace from the voxels,  

And we output to a 16 layer deep, screen space texture array. 
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So you can begin to see what this looks like. 

Here is our scene with just direct cone traced illumination. 

BTW, a this point itôs probably worth noting that we project our sky into 16 SRBFs, 

one for each direction we trace. 

As you can see, this all gives us a very soft look to our shadows. 
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And you can see what starts happening as we add in the indirect lighting. 

Here we have just one bouce. 
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And now two. 
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And three. 
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So all of this works, but is still a little too slow. 

So we have had to cut a few more corner to get to a workable speed. 
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The first thing we do is note that because our voxels are anisotropic,  

as we trace, we are constantly having to do an interpolation between the values of 3 

face voxels. 

This is quite costly in terms of the number of texture lookups. 
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But because we have fixed the directions we will trace, we can actually just pre-

combine these values for each of our 16 directions. 

And store the whole thing in another texture. 

There is a slight overhead for doing this, but it is relatively cheap, and it reduces the 

number of texture lookups we need for the  

Cone tracing steps by a factor of 3. 
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The second big optimization we make is simply to take advantage of parallax. 

If we trace two cones in the same direction from a similar point in space,  

the voxel data we access becomes increasingly similar as we move towards the far 

end of the cones. 
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So instead of tracing this data repeatedly, we trace this ñfarò cone data once, from the 

center of each voxel in a cascade,  

And store this in another texture, which we can then trilinearly interpolate from in the 

future, to reconstruct this data. 

Then we only need to trace the ñnearò part of the cone, and use our texture for the 

ñfarò part.  

Where the ñfarò cone trace starts can be tuned for the best balance between quality 

and speed. 
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Cone tracing is great, but our implementations smallest voxel size is only 0.4m, so 

we need to augment this with extra detail computed in screen space. 
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In order to do that need some screen space occlusion. 

Note, that I left out the word ambient there,  

We do something similar to Screen-Space Bent cones from GPU Gems 3 

And integrate 2 band SH rather than a scalar occlusion value. 

Which gets us a visibility cone at each pixel, that we can then intersect with the cones 

from our 16 trace directions 

Keeping this occlusion directional rather than just a single scalar value really helps, 

especially when we deal with specular. 
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