
Hello! Thank you so much for the introduction, Natasha, and thank you all for joining me 
here today. 



Here’s some of my contact details. Please feel free to reach out anytime.



Let’s start with the game. 
[CLICK]
We shipped 007 First Light roughly 2 months ago, and we shipped it with a lot of 
volumetric effects. You can see some of them in the launch trailer here.



Those effects are powered by a render system we call Smolder. Our artists used 
Smolder effects everywhere in the game, for set dressing, for gameplay gadgets, in 
cutscenes and in intense action sequences.  



The game is built on top of our in-house engine Glacier. It is the engine that powers all of 
IOIs projects and it is built around systemic gameplay and quick iterations.
If you have worked with an in-house engine before, you know that it’s not always working 
as seamlessly as we want it to be. But when it does, it’s truly magical and artists & 
designers can get into a flow that allows them to build truly amazing things. 



That brings us to the dream behind Smolder. A while back I was approached by one of 
our Principal Tech Artists, Martin Nielsen (who has two very Danish middle names I can’t 
pronounce, so I will skip those ). 
He had a couple of dynamic gameplay VFX for one of our projects that isn’t 007 First 
Light, and those required a volumetric renderer that works everywhere. Martin is a very 
technically skilled artist and he was primarily interested in the results, but for me the 
workflow was the important part. 
[CLICK]
I wanted to enable artists to work freely with volumetrics in Glacier, just as if they are any 
other kind of system.
[CLICK]
I wanted to make volumetrics a first class citizen in Glacier. It ties back into the power of 
great workflows, and how those can enable artists to build beautiful worlds. 

For me, that is the single most important part of any render system and it is something I 
am trying to push internally constantly. 
We can build the most amazing tech, but if the artists can’t work with it or don’t enjoy 
working with it they will not create equally amazing results. So ultimately, it does not 
matter. 
[CLICK]
And that means that we really want a system that “just works”, where artists can place 
volumes in the world without thinking about any limitations and can focus on the artistic 
vision they have. 
[CLICK]



That also means we don’t want them to think about the target hardware it has to run on. 
I’ve seen quite a lot of games that pursue render tech that produces great results on 
higher end platforms like PS5 or XBOX Series X, but then artists have to go in and build 
content for a fallback system once they port to lower end hardware that can’t run that 
original tech. 
These days especially it’s also more important than ever to keep the minimum specs on 
PC low, as it becomes less and less affordable for players to upgrade their hardware.



The question now was how to approach this, we started by looking at what others 
already shipped. There’s a lot out there and even if we just look at the volumetrics 
focused presentations at advances from previous years, the list is pretty long. 

We have systems like froxel based volumetric fog, which we already had in Glacier at the 
time, but the visuals we could get out of it were not good enough. Volumetric clouds 
have also become extremely popular due to the work of Andrew Schneider on the 
Horizon games, and there have been a bunch of other systems like the smoke grenades 
in Counter Strike 2 for example. All those systems had some limitations that made them 
not a good fit for our use case though. 
[CLICK]
They are typically very purpose built. 
[CLICK]
A lot of them come with limited scene integration, especially when it comes to 
transparency. 
[CLICK]
And a lot of them have a very limited lighting integration, usually they only support a few 
lights, very few shadow casting lights etc.

It was clear to us we had to find a new way to build what we were looking for – We 
wanted a generic, fully integrated and performant volumetric effects renderer. 



Before we dive into the details, here’s a quick overview of how raymarching works for 
those who have never done it. 
For an in depth look at it I recommend the scratchapixel series on it, it’s really well made. 
When rendering volumetrics, we have to calculate two things: How much of the light 
behind the volume is transmitted through it and how much of the incoming light is 
scattered towards the camera. 

To render those volumes, we usually use raymarching. 
[CLICK]
For each step along the primary ray, we sample the density of the volume. 
[CLICK]
That allows us to calculate the optical depth, which is a measure of transparency, and to 
generate the transmittance function piece by piece. 
[CLICK]
This assumes that the density within each step is uniform, so if it isn’t there’s some error 
introduced here and a smaller step size is needed to not under sample the volume. 



To integrate the scattering, we must determine the amount of incoming light for each of 
our samples. 
[CLICK]
Since that light passes through the volume to reach our sample point, we need to 
calculate transmittance for the oncoming light as well. 



In the full algorithm we take a step, 
[CLICK]
we sample the density and we update the transmittance up to this point. 
[CLICK]
We then do a secondary raymarch to calculate the transmittance for the light ray and we 
can calculate the scattering for the sample. That scattering is attenuated by the main 
ray’s transmittance and added to the result. 
[CLICK]
The primary Raymarch continues to the next sample, and we step through the volume 
until we reach the end or the transmittance is 0, at which point we can stop because the 
additional samples will not contribute to the result. 



With that out of the way, let’s look at the list of requirements for our volumetric renderer, 
and the various problems we have to solve to achieve our goal. 

We start with the full lighting integration. 

For direct lighting, we first have the sun, which in our case comes with three different 
types of shadows. 
We have very traditional cascaded shadow maps, we use 3 cascades in 007 First Light, 
and they cover 25 meters. 
Beyond that, we have a scrolling cascade around the camera that only contains static 
shadows. That one covers 200 meters. 
For the rest of the map, we have a very low-res global shadow map that covers it. Our 
biggest map in 007 First Light is 4 by 4 kms. 



For local lights, the main issue is the number of local lights we have in our scenes. 
Our lighting artists love placing lots of lights everywhere. 
In some of our heaviest views, we have between 150 to 200 lights. 
We also still had a very old school tile-based light culling system at the time, which was 
originally built for Hitman 2016.
In this debug view we have up to 60 lights per tile for example. 

Beyond that we have to support all of our different light types, and they all come with a 
lot of different features. That comes with high register pressure.



Lastly, we also have global illumination to take into account.  

With 007 First Light we added a fully real-time DDGI style global illumination system. 
The probes are pretty standard, in our case they store irradiance, radiance and depth in 
8x8 octahedral textures. We have 3 cascades, each with 64x64x16 probes, and the 
probes are 60 centimeters apart on the smallest grid level. 
It’s a pretty dense grid. 

Sampling those probes comes with a high sampling cost. We have to sample 8 probes 
and trilinearly interpolate between them. 
For regular surfaces, that means taking one irradiance sample per probe to get the pre-
integrated result for a hemisphere around the given normal. 
That is not the case for volumetrics.
Volumetrics require a full integration of the incoming radiance over a sphere. 
If we don’t use an isotropic phase function, we have to do that at runtime.



That brings us to the second set of lighting requirements – the volumetric shadows. 
[CLICK]
I talked about part of the cost already, the costly shadow rays. They don’t just scale 
badly; they are also not great for wave coherency and cache hit rate. We need to sample 
large parts of the volume for each individual ray during integration. 
[CLICK]
If we add a second ray next to it, we can see another problem – massive duplication of 
samples. We constantly have to sample the same area of the volume over and over 
again. 



If we also want to see the shadows on the environment, we need to shoot an additional 
shadow ray from each surface to the light source, for each pixel in our scene. 



And remember that we have to do that for each light if we want all of them to cast 
volumetric shadows. 
Clearly that amount of shadow rays isn’t happening. 

I also wanted all shadows to be real-time, having baked shadows is yet another limitation 
for artist workflows. 



The next issue is scene integration. 
[CLICK]
For opaque that is simple, we just stop the raymarch when we reach the pixel’s depth. 
The only requirement here is that we have per pixel accuracy to avoid artefacts around 
depth discontinuities.
[CLICK]
Integration with transparency is a lot more complicated. It is easy to solve when the 
transparent surface doesn’t overlap with the volume. 
[CLICK]
But when they do, we need the volumetric effects to occlude the transparent surfaces, 
but also the other way around. We have a circular dependency here and we can’t render 
both in the same pass in our rasterization-based pipeline. 



If we take volumetric fog into account on top, we have a third system in that dependency 
chain. 



Overlapping volume support is another piece of the puzzle to allow artists to freely place 
volumes. 
[CLICK]
In the cheapest of options we transform the sample position into object space and check 
if we are outside of the volume bounds. But even just those matrix multiplications add up 
quickly if we have to do them for each volume for each of our samples. It’s also not very 
precise, the volumes are rarely boxes and we will get a lot of false positives. 
[CLICK]
Ideally we would just like to skip the empty space around volumes entirely. 
[CLICK]
For pixels that have no overlap, we don’t even want to start the raymarch to begin with. 



The last set of requirements is around visuals and performance. On the visual side the 
system must meet current gen fidelity requirements. If the effects don’t fit into the 
environment and can’t support the more realistic art direction we have in some of our 
games, it’s basically unusable for them.
[CLICK]
On the performance side, we need to scale all the way from a 5090 on the high end, to 
the lower end devices we want to support.
Switch 2, Steam Deck, Series S and on PC a GTX 1660 and a RX 5700. 
The one thing we want to avoid at all costs is that we need a fallback system for lower 
end platforms and have to author content twice. 
[CLICK]
A lot of existing volumetric systems rely on temporal filtering to make that balance 
between quality and performance happen. 
Unfortunately, when effects move quickly or are close to the camera this tends to result 
in heavy ghosting due to the lack of motion vectors. 

Quite a long list of issues to solve we ended up with. Clearly, we had a bit of a challenge 
ahead of us. 



There’s two more systems I have to introduce before we go into the implementation. 
For volumetric fog we use the pretty much standard froxel grid based approach. 
I left some references here for details, but the essential part is simply that it is a 
volumetric front to back integration that stores intermediate results in a frustum aligned 
grid. 



We can think of that grid as a very low resolution Raymarch, the underlying code is the 
same.
[CLICK]
We can map that to a transmittance function just as before
[CLICK]
, and we assemble that function piecewise as we move through the slices of the grid. 



For transparency, we traditionally render the surfaces back to front in order to integrate 
them properly within a single pass. 
[CLICK]
Each surface’s opacity is represented by an alpha value. 
In this case too we can draw a transmittance function, similar to before. 
[CLICK]
The sorting is per draw and not per pixel and that usually comes with very noticeable 
flickering artefacts. 
That’s where order-independent transparency, or OIT comes in. 



All OIT algorithms in some form try to avoid this dependency on CPU side sorting. 
They usually either do that by creating a per pixel sorting on GPU side, or they do it by 
decoupling the transmittance integration from the actual surface rendering. 
If we have this transmittance function ahead of time, we can render the individual 
transparent surfaces in any order we like, we just have to sample and apply the right 
transmittance at that depth. 

Check out Michal Drobot’s presentation from last year for an overview of different 
techniques



In our case, we use moment-based order-independent transparency, or MBOIT for short. 

It stores the transmittance function as a series of power moments of the optical depth, as 
well as one precise 0th moment that contains the optical depth at the end of the ray. 

Those moments are in logarithmic space. That turns the moment blending from a 
multiplicative problem into an additive one, which makes it extremely easy to generate 
this function on the GPU. Another nice property of the moments is that they are fully 
differentiable, which for example allows us to filter them freely. 

The downside is that they are very storage intensive. We use 6 moments, with 32 bits 
each. 
We tried running with 16 bit moments, but the artefacts we got were too noticeable. 
We need a total of 224 bits per pixel for those moments, it’s very heavy and it puts a lot 
of strain on memory bandwidth and caches. 



That finally brings us to our first attempt. 

The core idea was pretty simple, what if we apply the same OIT algorithm to volumetrics? If 
we generate the transmittance moments first, we can just add them to the transparent 
moments before resolving either of the systems, which would make the integration trivial
[CLICK]
, and you can see that in this very early test we did here.

[CLICK]
For the shadows, we knew that we needed some representation of a transmittance function 
there too so we can sample them at any depth for self shadowing and shadowing of the 
various surfaces. 
That way we remove all of the duplication cost, we only render the shadow once in a very 
wave coherent way and sample that shadow where needed. 



For density modelling, we decided to utilize our GPU particles. 
One of our programmers, Asger Meldgaard, started building a real-time fluid simulation 
system for it and using that as a base would give us a lot of capabilities for free, so we 
decided to go with that. 
But raymarching a large number of particles is not cheap, especially if we have to do it 
twice for the generate and resolve passes. 
Some early tests with acceleration structures were not very encouraging, and it was 
clear to us that we need a different approach. 



We decided to try and software rasterize the particles in compute shaders. 
Each thread would render a single pixel. 
We start by computing which particles overlap that pixel, and we then analytically 
compute the transmittance for each of them and accumulate the moments. 
We then could render the scattering in a second pass using the same logic, similar to 
OIT. 
We just treated all particles as simple spheres with a density falloff. 
[CLICK]
This didn’t scale well enough. 
Even moderately sized particles quickly covered 100s, if not 1000s of pixels, and we had 
hundreds of thousands of particles in a large effect. 
[CLICK]
To solve this, I tried to render this system at multiple scales and draw each particle only 
to 1 specific mip depending on its size. 
This way we roughly rendered the same number of pixels for each particle.



After all the mips are rendered, we can flatten them by simply adding up the moments 
from each of them. 

We had to use a cubic filter since linear filters left us with very noticeable artefacts. 



These are the results of that tech at this stage. It’s Glacier footage that isn’t from 007 
First Light, so I had to crop the video quite a lot. For the purpose of this presentation, I 
need you all to just pretend that this is footage from 007 and that Bond is standing 
offscreen with a flamethrower. 
[CLICK]
You can see the realtime fluid sim at work and there was a lot of promise in this footage, 
utilizing our GPU particles allowed us to achieve complex effects early in testing, and we 
got features like collision with the ground for free. 

But you can also see a couple of issues. The difference between these videos is the 
scale of the particles we used. 
In the left one, we have quite a bit of sharpness, but you can see the dots of the 
individual particles. 
We were already pushing the number of particles very high here, but since the effect is 
very large it was not enough. 
In the right video we scaled the particles up, that way we do not see those dots but the 
effect is noticeably blurry. 
Too blurry for what art direction was looking for. 



Here’s a close up of the same effect.  
Also notice the depth testing artefacts around the edges of the foreground in the right 
video due to the multi scale rendering, it was an issue I never found a good solution for. 
[CLICK]
And this was unfortunately a pattern we had throughout a lot of the development process 
of this system. 
There was so much promise in it, but there was always a bunch of issues that were 
increasingly hard to fix. 
Small issues required complex changes to the algorithm and that did not help with the 
performance. 



We knew going into this that it might not work out, and the reality for this system was that 
we kept talking about the same issues without seeing a solution.  

It was too complicated. 
[CLICK]
The performance didn’t scale the way we wanted, and especially the shadow rendering 
cost was way too high. 
[CLICK]
The visual quality also wasn’t where we wanted it to be with the various artefacts and 
tradeoffs. 
[CLICK]
Most importantly it was just almost impossible to author effects.
[CLICK]
It also just plain sucked to see all the cool work Martin and Asger were doing and not 
being able to deliver on the render side of it, and I could feel that they were increasingly 
disappointed with the results we got. 

Those last two things especially made it clear to me that I had to reconsider the 
approach, they broke the one golden rule I had. The workflow was miserable. 
[CLICK]
Around that time I started to consider if we needed a fundamentally different approach. 



I went back to the drawing board with the learnings from the volumetric particles. 
The most important one was that not having a sampling-based renderer was too limiting 
for artists. 
[CLICK]
So, I took another look at raymarching and why I discarded it originally. 
[CLICK]
The first reason was that having two raymarch passes for the moment generation and 
scattering resolve was too expensive, but without those the transparent and fog 
integration still needed to be solved.
[CLICK]
The second one was that overlapping volumes had to be handled in a way that was 
efficient. 
[CLICK]
The third issue we had originally was already solved more or less, it’s the cost of the 
secondary rays for the shadows. In theory we had a solution for it, volumetric shadow 
maps.
[CLICK]
I had ideas to solve the other problems, but the core question was if we can get the 
quality to where we needed it to be, and if we could do so at the performance level we 
were aiming for. 
[CLICK]
But by far the largest issue I had at the time was that I had a lot of doubt. I already spent 
2 ½ months on the first attempt, and it didn’t work out, but maybe I could still solve the 
issues I had with it. What I knew is that I definitely didn’t want to be the guy that throws 



that work away just to fail a second attempt as well.
I needed some certainty. 



Luckily for me, I went on a skiing trip with my family the week after. 
And while my parents and sister went to bed at 10pm, I grabbed my laptop and coded a 
prototype every evening for a few hours. 
I only had Unity on that, but all I needed to code was a couple of compute shaders, and 
Unity did just fine. 



I coded a simple raymarcher through a procedural sphere and wanted to add a single 
shadow to it so I can judge the quality and performance scaling. 
I looked at some solutions that were out there, but I discarded a lot of them early on. 
The volumetric shadow cascades because they wouldn’t give me the quality I wanted, the 
adaptive volumetric shadow maps because they sounded way too costly in terms of 
memory and performance.

The most promising ones I found were Hillaire’s Beer Shadow Maps. 
They are very cheap and don’t need a lot of memory. 
I experimented with them, but they assume uniform density of the volume, and the resulting 
quality of the self shadowing wasn’t good enough. 

Ultimately I decided to stick with MBOIT style moments for the shadows. 
They gave me a good mix of quality and cost, and they came with the great properties I 
mentioned before. 
The quality and performance issues I had with them in the volumetric particle case were 
because of the multi–scale rendering, but the tech itself actually worked really well. 



I also realized you can get away with a fairly low resolution and large step sizes when 
rendering those shadows due to the already blurry nature of them. 
The results I got from this test were great. 



Not only did I get the visual quality I was looking for, the performance news was just as 
good. 
Even on my 3050Ti powered laptop rendering the shadows was dirt cheap, and the main 
view performance was also great. 
Especially since I knew that there’s a lot of optimization opportunities down the line.  
This little prototype already was a massive leap over the previous tech, and it gave me the 
confidence to come back from vacation and make the call to leave our existing tech behind 
the Monday after that. 



Most importantly, it got Martin hyped. It was some energy we desperately needed after 
being a bit stuck on the previous attempt. 



With that decided, Smolder started taking shape in Glacier. I started by bringing over the 
sphere and got the basic setup up and running…



…followed by a basic light loop and shadow sampling.



I also hooked up a bunch of other lighting features, like projector maps. Our artists on 007 
First Light love using projector maps, and this turned out to be a crucial feature to support. 
For example in this specific hotel area in the game we have over 1500 lights total, and over 
1000 of them use projector textures. 



Here’s an early test for volumetric spot light shadows. 

We ended up sticking with 4 moments and 16 bit quantization. That results in a memory 
footprint of 80 bits/texel. 
Not crazy cheap, but we can get away with a lot when it comes to the resolutions of the 
shadows to make up for it. 
These ones here are 128x128, but we support resolutions from 64x64 on the low end all 
the way up to 1k.



Here’s an example of sampling those shadows on transparent surfaces and you can see 
the shadow accumulating over the depth of the volume. Sorting isn’t working just yet. 

At this point you might be wondering about sampling cost of those shadows. I showed early 
numbers to render the shadows and the primary rays, but we need to consider the cost we 
add to the opaque and transparent lighting as well. 

Here’s where the moment-based shadows give us another good opportunity. 
If you remember we need a 0th moment that contains the optical depth for the end of the 
ray. 
We can sample that first and know based on the value if we are inside the shadow at all, 
which allows us to skip the sample of the other moments and the evaluation of the 
transmittance function. 
Also, we aren’t storing depth in the volumetric shadows, and we don’t need any costly PCF 
filters. A single bilinear sample works just fine. 

In 007 the sampling cost of the volumetric shadow is roughly 30% of the regular shadow 
sampling cost for lights that have both types of shadows.



Since we no longer had the multi-scale approach, depth testing was also working as 
expected. 



Omni light shadows are usually a massive pain in rasterized pipelines, but in the 
raymarched shadow case we are not limited by a fixed projection. 
We can just render them into an octahedral texture in a single pass. 

This is where the visuals started to inspire a little bit, where we could create some visual 
effects that you usually don’t see in games, even though we still only had the procedural 
sphere.



I also added sampling support of the shadows to the volumetric fog. 

This is also where we started to show the tech to more people in the engine team, and 
there was a lot of excitement building up around the tech. It also helped a lot that it took 
only a few hours to add new features at this point, and progress was great. 



Here’s a stress test of the system a bit with some higher frequency shadow detail.



This early Smolder work happened in February of 2025, and at this point we did not plan to 
use this tech in 007 at all. 
But then came the smoke gadget.

The version we had had issues with visuals and performance. Most importantly, our 
gameplay director did not like that the shape of the volume was hard to read.
We use that shape for AI line-of-sight calculations, so having a clear visual representation 
was extremely important for the stealth gameplay. 

With the early results we saw from Smolder, the discussion quickly came up if we can use 
that for the smoke gadget instead. 



At this point it was early March, and 007 First Light was in full production. Our reveal trailer 
was scheduled for 3 months later, and the full gameplay reveal at Sony’s State of Play was 
supposed to happen another 3 months after that. The release was a year out. 
[CLICK]
And Smolder, while making good progress, was far from ready. It was still just a floating 
sphere, there were a lot of unknowns, and getting the real-time fluid sim ready and 
shippable was another massive issue. 

We also just couldn’t afford to make Smolder my full time project. There was a lot of other 
work on my todo list. 
[CLICK]
Ultimately I had to make a call, and that was to commit to building Smolder for that smoke 
gadget, but not to build it on top of the fluid simulation tech. 
Instead, we would run the simulation offline, and use prebaked density data. 



For the density data, it was pretty clear that our best option is to utilize the OpenVDB 
format. I experimented with it a while back in a small offline renderer project, and I’m a 
pretty big fan of it. It comes with a very mature c++ library, and is pretty battle tested at this 
point. 



But as usual most importantly – it supports a great workflow. It is widely supported, and 
artists can use whatever tool they want. A lot of the modelling and procedural tools they are 
familiar with support it. 
Most of our volumes are built in EmberGen and Houdini. 



OpenVDB isn’t really usable on GPU side though, we needed a runtime format. The most 
obvious one is NanoVDB – I didn’t have any experience with it but seemed easy enough to 
set up to give it a try. 
Also shoutout to Disney for releasing the cloud dataset, and especially for adding a 1/16th 
scale version of it 

NanoVDB is essentially just a flattened version of the sparse voxel tree in OpenVDB. It has 
some nice runtime features on top, like fp4. 
[CLICK]
But unfortunately, I couldn’t get the performance to work out, mostly due to high register 
pressure. 
I decided that a custom runtime format would be the more optimal choice. It added 
development time but ultimately saved us a lot of performance and gave us a lot more 
flexibility. 



The format itself is not too complicated. The resource header contains generic information 
about the resource and is not Smolder specific. 



Next is the Smolder header. It contains the number of frames in the animation, the size of 
the voxels and a bounding box for the entire animation, which is only used to show the 
bounds in the editor, not for the actual rendering. 



It’s followed by a list of frame headers and then a list of frame data. 
The header is basically just describing where each piece of data can be found in the data 
blob. 
It also contains a tight bounding box for that specific frame, which is used for the actual 
bounds checks in the renderer. 



Let’s get to the actual interesting part, the data. The data is stored in a one level, sparse 
grid of bricks, with each brick being 4x4x4 voxels. The indirection index is 16 bit. 
I thought that’s more than enough, but artists ran into that limit on a few occasions. We 
might have to increase it to 32 bits going forward. 



Next, we have a bitmask for the bricks that we use for empty space skipping. Each brick is 
a single bit in this grid and we store it in groups of 4x4x2 bricks. 

We use the fast voxel traversal algorithm for that, which at this point is almost 40 years old. 
Still works great though. 
We walk through those brick groups and can simply check for 0 in order to skip the entire 
group. 

This bitmask speeds up the culling step noticeably compared to walking through the 
indirection indices. 



Next, we have a GI occlusion grid, we added that to the format fairly late. 
It contains extremely low res prebaked occlusion, and we just generate that data from 
uniform random samples around the block of bricks. 
The reason why we need it is that once we added GI sampling, we got noticeably flat 
volumes, the screenshots are with occlusion on and off. 



Here’s a GI only view. 
Even at this low resolution it gives us the darkening inside of the volume that we are looking 
for, and it costs us very little. 



Finally, we have the brick data. Similar to the fp4 compression in NanoVDB, I added a very 
simple block compression to the bricks in the custom format as well. The metadata contains 
a min and a max value for each brick. 



We ended up using 4 bits per voxel, it resulted in basically no quality loss for the density 
data. 
I also tried using 2 bits, but as you can see here, we started to lose some details in the 
shadows and the quality got noticeably worse. 
It’s not unusable though, maybe it can be a scaling option in the future. 



Lastly we have the brick data. They are actually 5x5x5 voxels in size in the data since we 
duplicate voxels to allow for trilinear interpolation within the same brick at runtime. 
In return the bricks need a lot more memory, but the tradeoff is worth it. 



With the runtime format sorted, we had what we needed to get the artists started on 
building content. I also created this first test of Smolder in a 007 First Light environment 
and posted it in the game’s teams chat. 

It got a lot of artists very excited about the tech, and it’s where Smolder essentially 
stopped being a smoke gadget tech. 
The day after that I was in a meeting with our tech art director who asked me about the 
feasibility of using Smolder for volumetric clouds in our gameplay trailer. 



At this point more tech artists started experimenting with Smolder, with Per specifically 
doing a lot of testing and getting some great results. 

While I was extremely worried about Smolder being used for an increasing number of 
effects and the work that would cause, it was also really nice to see it being used for 
cases we never planned for and never tested. 
And it was handling a lot of them pretty well. 
The very close collaboration and quick turnaround times between me and tech art kept 
building up a lot of positive momentum in the group.



It was also interesting to see how the artists kept pushing the quality of the simulations 
as they got more used to the tools and workflows. 



We also started seeing some cases where people didn’t quite expect the tech to produce 
some of the outputs we got. 
[CLICK]
Please excuse Martin’s driving in this video 



But while all of those experiments were happening, I still had a bunch of problems to figure 
out. And with more effects getting built, the pressure increased to make the rest of the 
system work. 
The first issue to solve was how to handle overlapping volumes. 
To avoid per sample checks, I wanted to calculate volume overlaps ahead of time. 
Since Smolder is built around the threadgroup coherency, we can do this calculation on a 
per group basis. A threadgroup in Smolder is either 8x4 or 8x8 pixels, depending on 
hardware support for Wave64. Smolder makes heavy use of wave intrinsics, and having 
two different versions of the shader for the different wave sizes was a great optimization. 

I ended up following an idea that can be found in offline rendering and split the ray into 
segments. Each overlapping volume will add two segments to the total. 
[CLICK]
We can skip the last segment, that one will never overlap anything. 
For 007 I limited the overall amount of overlapping volumes to 4, but it can be more if 
needed. 

We can then sort all of those intersection distances to get the bounds of our segments, and 
we can use the knowledge of which volume creates which bound to generate a bitmask for 
each segment. 
[CLICK]
For the first two segments that would give us these two bitmasks for example. 
[CLICK]
And we can just do that for all the other segments.



[CLICK]
For the segments, we have to store 8 depth values, and 16 bit was enough for those. 
We also need to store a mask that tells us which of the volumes we have around are the 4 
volumes for this wave. 
[CLICK]
We use the occupancy bitmask data to tighten the bounds, that makes those segments really 
accurate.
[CLICK]
It doesn’t account for any holes inside of the volumes, that might be something that can be 
improved in the future. 
[CLICK]
I’m particularly interested in testing the BCN compressed volume data that Hugh Malan 
presented at GPC last year, that seems like a very good fit for the prebaked volume data. 



I left one part of the culling out, how do we sort the intersection distances? 
The answer is cutesort! One of my favourite algorithms out there, it’s essentially just a rank 
sort algorithm that utilizes WaveActiveBallot, so it can sort values within a wave for us. 

During the Raymarch, all we have to do is to track which segment we are currently in and 
that always tells us exactly which volumes we have to evaluate for each sample. 



Here’s an in-engine example of how it works. I set up 3 volumes that partially overlap 
each other. 



If we switch to a debug view for the segment count, we can see how the segment count 
is kept to an absolute minimum, and that we get extremely tight bounds for our volumes. 



We can also step through those segment depths piece by piece to visualize those even 
better.



Here’s an early test of the overlapping volumes in action. 
That also gives us some nice results like the blending of the colors you can see in the 
center. 

This ticks another box on the way to the fully integrated system we are looking for. 



When I talked about our raymarching, volumetric fog and transparent rendering at the start 
of the presentation, I made a point of highlighting that they can all be thought of as 
transmittance functions. That is because it’s key to understanding how we could achieve a 
perfect integration of those 3 systems in theory. 
If we can generate a transmittance function for each of the systems first, we can create a 
unified function which enables us to have 3 independent render passes for the systems and 
have them integrate perfectly. 

To do this, all passes need to be split into two. 
[CLICK]
For OIT that is already the case.
[CLICK]
For volumetric fog it is easy to split the current transmittance integration from the scattering 
one.
[CLICK]
But for Smolder it was not an option, the raymarch cost is too high to do it twice.



The realization I had though is that we do not actually have to split up all 3 systems, one of 
them can run as a single pass. It just has to run in between the other 2. And since Smolder 
is more expensive than the volumetric fog, it can just be that single pass system. Sounds 
easy enough. 
[CLICK]
We also have to resolve resolution differences. 
OIT has the per pixel moments, and volumetric fog the lower res froxel grid, where a single 
froxel covers 8x8 pixels or even more. 
If we want to apply the transmittance in both directions, we have to mip the moment 
textures, and sample the mip that matches the froxel resolution. 
[CLICK]
I think that is what Remedy already did for Alan Wake 2, which they talked about in their 
REAC 2024 talk that I linked here. 



So is that how we did it?



Obviously not -.- Production realities hit again. 
[CLICK]
Changing the setup to what I showed here would have required large changes to the 
pipeline, which this late in production was just a massive risk. 
[CLICK]
It also would take a while and my time was needed elsewhere. 
If you have seen our extended gameplay trailer in September, you probably remember that 
it was extremely choppy despite running on a PS5 Pro. 
I was tasked with leading that optimization effort on render side, and that was very much a 
full time job. 
While directors on Bond kept pushing for additional work on Smolder, I had to de-prioritize 
and delay it continuously based on the work I realized was necessary to get the game into 
shape. 
[CLICK]
We also had another very Glacier specific issue; our blur and refraction pipeline. It supports 
a lot of very complicated setups, with various layered blurs and particle sorting modes. 
That complexity makes it extremely maintenance heavy and basically impossible to 
integrate with any other system. 
[CLICK]
Lastly there is also a performance topic to consider. 
Evaluating transmittance based on the moments is not extremely expensive in itself, but 
doing it for every raymarch step quickly adds up. 
In my tests it added roughly 20% to the cost of each sample. 



Okay so let’s go through the integration pipeline we ended up with step by step. 
I kept most of the frame intact and kept most changes constrained to the Smolder pass 
itself. 
We start with our regular volumetric fog integration pass. 
[CLICK]
We then apply that volumetric fog to the opaque scene just as before, which is important to 
not impact the blur and refraction pipeline that runs afterwards. 
[CLICK]
The moment generation step in OIT also is unchanged. 
[CLICK]
Then we start with the actual Smolder pass. 
[CLICK]
During the raymarch, we keep track of the accumulated Smolder primary ray moments in 
local variables. 
[CLICK]
We also store the depth at which Smolder is fairly opaque, and we use the per pixel blue 
noise to change this offset per pixel and between frames. 
[CLICK]
At this point the rest of the pipeline runs after the Smolder raymarch, and it’s very hacky. 
We start by removing the volumetric fog from the scene up to that integration depth. We can 
do that by simply removing the scattering up to that point and dividing by the transmittance 
at that depth afterwards. There is an error we introduce with this, but in reality, it produces 
good enough results. 
[CLICK]



Next, we apply the transmittance from Smolder to that background, and we can add the 
previously removed partial fog scattering and transmittance back to the result. 
[CLICK]
Before we add the Smolder scattering to the result, we have to apply the fog and transparent 
transmittance for the integration depth to it. 
[CLICK]
Lastly, we add the Smolder moments to the transparent moments and run the OIT resolve 
pass. 

This integrates Smolder with all other systems, but it simplifies it with the single integration 
depth that is used for some parts.



Here are some early results with our imperfect pipeline. 
I hate it with a passion, but it was ultimately a practical solution given the timeframe, and it 
gets the job done. 



The tech art team on First Light also built this stress test for me, where they layered all 3 
systems and had an explosion go off on top.



For global illumination, I decided to limit sampling it to 1 sample position per volume. The 
baked occlusion helps to sell it. We can calculate that sample before starting the raymarch, 
and store those samples in LDS. 

I ended up sampling 2 directions per probe, which is not ideal but seemed good enough. 
We then weigh the sample locally based on the trilinear interpolation weight and can use 
WaveActiveSum for each of the volumes to accumulate them. 



I mentioned that I had to work on optimization a lot during that time, and one thing I did was 
transition our entire light culling pipeline from the old tile-based system to a modern, 
clustered lighting pipeline. 
I did that with Smolder in mind. 
At the core this pipeline is built around context specific bitmasks. 
We store a list of lights for each screen area in 2D, and the actual clusters just contain 
bitmasks for those lists.  
Those bitmasks do not need a lot of memory, so we can have specific bitmasks depending 
on the use case. 
For example, we don’t need character specific lights or box reflections in Smolder. 

We can also just OR the bitmasks together at runtime when neighboring threads share the 
same cluster X and Y coordinates but have different sample depths and land in different 
cluster Z coordinates. 

Since we have the segments from the culling pass, we can just utilize this information to 
quickly discard a lot of clusters and lights. 
You can see in this example here how we only have lights in clusters that overlap with the 
volume, and we end up with 7 or 8 lights per cluster. 



At this point we had almost all the issues solved that we had to solve for the original dream. 
The last missing piece was culling of the volumetric shadows. 
Up to this point, artists enabled them manually on some key light sources, and as you can 
imagine that was extremely limiting and came with a lot of performance overhead. 
I wanted volumetric shadows enabled on all lights by default, with a toggle for the artists to 
explicitly disable them if needed. 
To achieve that, we needed a dynamic culling system for them. 
We start by using the list of frustum culled lights that we already had. 
That list can be culled more based on various light properties, similar to the lights we cull 
from the Smolder light clusters. 

But most importantly, we don’t have that many Smolder volumes around. 
We can easily just cull all the lights that do not overlap with any of those Smolder volumes 
and therefore don’t need volumetric shadows.

That brings the shadow count down to a very manageable number, usually around 10-20 in 
most areas. 

[CLICK]
I recorded the video you can see here at that time; it is an area of the game that was not set 
up to have any Smolder volumes around. 
It shows the power of the culling system, but more importantly it was the first time where I 
saw the full promise of Smolder finally come to life, where I could drop a volume in a 
random spot and it just worked. The lighting, the volumetric shadows, the transparent 



integration with the bottles on the table. 



This also creates one of my favorite Smolder party tricks, where we can just use a volume 
to darken an entire area in the game. This works in the shipped game with the smoke 
gadget; the player can just throw that at a light source and you’ll get this effect. 



Having 10-20 of these volumetric shadows around still sounds like they would be pretty 
expensive to render, but they actually aren’t. 
Since they are running in compute shaders, we can just run them in async compute. 
And since they have no dependency on any GPU frame data and only need the volumes as 
input, they can run in places during the frame where almost nothing else can run. 

On the consoles, we can throttle them heavily and we do that to make sure that they don’t 
slow down any work happening on the graphics queue. 

With all of that the Smolder shadows use GPU resources that would have otherwise been 
unused, which makes them essentially free to render.



We are at a point now where all the core technical systems are implemented and the 
challenges we had were solved, so let’s take a look at performance and quality. 

One of the stated goals for Smolder was to not have any temporal filtering in the system 
itself. But that being said, there is some filtering for the entire frame in the form of TAA. 
That gave us some opportunity to improve the Smolder visual quality. 
The most obvious one is to use blue noise to offset the sample depth during the raymarch 
per pixel. 
It cleaned up the structural artefacts nicely that we had up to this point. 

In return we had to combat the ghosting we had due to the lack of motion vectors for the 
volumetrics. 



We shipped with 3 different TAA systems, and we had to adjust our approach based on the 
inputs we had available. 

For FSR 3, we had to hook Smolder up to the reactive mask input, otherwise we got very 
heavy ghosting. 
[CLICK]
For DLSS, it’s a wide range of presets and models under the hood, and there is no 
equivalent to the reactive mask input. I primarily struggled with the early transformer model. 
It was extremely important to keep the noise per pixel for it to be able to produce good 
results, and I had to remove some test code that ran lighting half res in some situations, it 
caused most of the issues. 
[CLICK]
Lastly, for the upgraded PSSR we got great results out of the box and luckily didn’t have to 
do any specific work for it. So shoutout to our previous speaker Daniel and his team for the 
work they did on it, they made my life a lot easier. 

I also have to thank the teams at the hardware vendors that answered a lot of questions 
from me and helped me to get the most out of their respective tech.



For performance, we were overall in a pretty decent spot. 
Building a good core architecture for your algorithm is crucial for that, and Smolder’s high 
wave coherency is extremely powerful here. 
The segments already reduce the sample count to a minimum, and we adjust the sample 
size based on the volume’s voxel size to not oversample it. 
In overlapping areas we chose the smaller step size. 
We vectorize data loads with wave intrinsics where possible and we can easily trade 
between LDS and VGPR usage. 
We also do the typical common sense operations, like stopping the raymarch early when 
transmittance is close to 0. 
[CLICK]
The main performance issue that was left was the scaling of the sample count due to the 
projection matrix. 
[CLICK]
The cost of rendering scales with the screen coverage of it. 
[CLICK]
I had 3 weeks in January planned in to deal with that particular issue. 
Production realities hit again though, our overall render performance was still not where it 
needed to be at this point and I had to keep focusing on that. 
So those 3 weeks in January eventually turned into 2 Saturdays in April. 

I had to focus on the most obvious idea; to render the volumes at half or quarter res when 
close to the camera. Clearly I didn’t learn my lesson from the volumetric particle attempt. 



It was very easy to implement, but the spatial upsampling was not producing good results.
Also, it broke the per pixel noise rule for the TAA integration, and it resulted in extremely 
heavy ghosting. 
I decided that I needed to find a different solution for this performance issue. 



Looking at a capture of Smolder, I saw that a large amount of the sample cost came from 
the lighting calculations, the density lookup was only a small fraction of it. 
So instead of downscaling the entire image, I focused on evaluating lighting at lower fidelity. 



The idea is pretty simple; we track a sampling rate for the lighting in the wave, and we have 
groups of threads drop to a lower sampling rate and share the work within the group. 
[CLICK]
We start at full resolution.
[CLICK]
Once transmittance drops below a defined threshold for the entire wave we drop to half res. 
[CLICK]
The threads in the group now each still take 1 sample, but they take it at different depths. 
They keep their original rays for it though; this way we spatially distribute the samples in the 
group.
[CLICK]
The threads then store their sample in LDS.
[CLICK]
Finally, we use those cached samples to continue the per pixel raymarch. 
[CLICK]
We do the same once we drop to quarter res. The visualization here is in 2D, half rate 
means 4 samples are shared, and quarter rate means 16 are shared in a single step. 
Dropping the rate based on transmittance means we render at lower resolution within the 
volume, where we are already partially occluded and precision isn’t needed as much. 
Also, since we still accumulate the results per pixel we still benefit from per pixel depth 
testing and per pixel OIT and fog integration. 

Since everything is within a wave we don’t need to go through LDS, wave intrinsics would 
have worked. But I had LDS space to spare and needed all the occupancy I could get, so 



this was the better solution in that case. 



But once again, TAA was not having it. Even when deep inside the volumes, it caused 
massive noise and ghosting. To avoid it the thresholds would need to be so low that we 
don’t save any performance at all. 
It was clear that we need the per pixel blue noise back. 



I ended up still storing the samples in LDS first, up to that part the logic is identical. 
[CLICK]
But then instead of just reading and applying them, we interpolate between two of them at a 
time with a per pixel blue noise jitter for the lerp value. 
[CLICK]
This mimics the exact thing we already did when jittering the sample depth with blue noise 
earlier, just with less precision. 
[CLICK]
And we do the same for quarter res again. 

It worked great, and it allowed for much more aggressive thresholds, and roughly 50% 
savings in performance in some of the heavy smoke gadget cases. 

It also gave us yet another method to scale to lower end targets and trade some quality if 
needed, for example we could just choose to start the raymarch at half precision there. 



Here’s an example of the quality we still got and the debug view for the adaptive sample 
groups. In terms of quality it’s extremely close to running without the optimization, we still 
get the precision where it matters most. 
Red in the debug view means the wave went all the way down to quarter res, green means 
half res and blue means the wave always stayed at full res.

The optimization worked great for the dense smoke gadget….



… but it is less efficient for less dense volumes. It still provides some very good savings 
there too, and since these kind of volumes didn’t cause us any real performance issues to 
begin with, this was good enough to ship with. 



Another optimization we had to do was specifically for the XBOX Series S. We were fighting 
with the memory budget there until the very end. Since we couldn’t stream individual 
Smolder frames and only the entire animations at once, Smolder could use a few hundred 
MBs of memory total in some cases. Not an issue on the bigger consoles where we even 
had some memory to spare, but not something we could get away with on the Series S. 

I decided to just generate a half res version of the volume in the packer, that reduced the 
memory footprint of each animation by roughly 80 - 85%. One of our core engine 
programmers actually ended up implementing the change to help me out during those busy 
times, since it didn’t require any changes to the runtime code. 



What he did was to simply use the OpenVDB library in the resource baker to downscale the 
input to it, and then he just ran the existing code as is. The Smolder header got an 
additional field that contained the offset to the next mip. XBOX Series S and X share the 
same resources in our engine, so we had to put both mips on disc and chose which one to 
use at load time. Not perfect, but also not an issue. As a nice side effect this also gave us 
some additional scaling options on PC, where we also use the half res mips on lowest 
settings to fit into our 6gb vram min spec. 



And that’s it for the implementation side. Here’s a couple of examples from within the game. 



For the clouds, this generic approach produced some good results, but ideally the lighting 
model would be slightly different. That might be something to investigate in the future. 



Another shot I really like…



… and by far my favourite shot from the entire game, right at the start of it. 



Let’s talk about some performance numbers, here’s a bunch of cases with PS5 equivalent 
quality settings. These do not contain the async shadow rendering cost.

Overall, the system performs pretty well for what it does I think, but there is definitely a lot of 
room for improvement. I have more than 20 performance related ideas on my todo list 
though, so I’m reasonably confident that Smolder can still run a lot faster. 



I want to point out a few things here, starting with the fact that AMD cards tend to perform 
way above their weight class in Smolder. This also applies to the AMD based consoles.  

This is due to them running in wave64 mode and Smolder’s heavily collaborative code can 
utilize that a lot. We get some inefficiencies in the culling compared to 32 sized waves, but 
that doesn’t impact performance a lot. 

That being said, I think this is also a hint that it is possible to get a lot more performance out 
of Smolder on cards that run with 32 sized waves, and I will have to investigate that going 
forward. 



Another thing to point out are the performance numbers on the 5060Ti at different 
resolutions. What you can see is that we get extremely linear performance scaling with the 
number of samples we take, in this case based on the number of pixels we render. This 
tells us that the decoupling of primary rays and shadow rays definitely worked. 

We see the same linear scaling on console where we run with dynamic resolution scaling. 
Thanks to that linear behavior, dynamic resolution scaling is extremely efficient, and doesn’t 
need to drop resolutions overly aggressively. 



So what did we end up shipping in 007 First Light? If you remember the original 
requirements list, everything from there made it into the game. We achieved our goal of 
having a fully integrated, generic volumetric effect renderer that performs well enough to 
ship it in the game. While we didn’t release on Switch 2 yet, we already shipped Smolder 
on XBOX Series S, Steam Deck and our low-end PC targets.
[CLICK]
One stat I looked up just before release was that we ended up having more than 450 
Smolder volumes in the game, so much for building some tech for the smoke gadget  To 
me, this is a great sign, and I am extremely happy to see that. The artists adapted to the 
uniqueness of working with volumetric effects quickly, and I think it shows that the goal of 
supporting a great workflow with Smolder worked out. I could have just done without some 
of the stress and headache that was caused by pushing the tech into the game this late. 
[CLICK]
However, I also need to make it clear that this is still very much a first version. The 
performance is good but some scenarios still need work. I also had way less time for 
Smolder than I hoped for, and I’m looking forward to getting back to it at some point and 
continuing where I left it. 



In terms of the next todos, there’s quite a long list. 
[CLICK]
Apart from the performance work, I would like to properly stream the animations to not be 
limited by memory constraints. 
[CLICK]
Also we will definitely work on getting that real-time fluid simulation into Smolder, that would 
be a massive upgrade to the tech. 
[CLICK]
I have to fix the integration of OIT and volumetric fog and do it properly, and I would also 
like to give the artists more tools to work with. 
[CLICK]
Color and emissive support come to mind, having support for a per volume phase function 
instead of using a single generic one would also be a great thing to have. Long term I would 
like to have support for volumetric materials that artists can design with their usual material 
shader graphs, but that one might be a bit too ambitious. 
[CLICK]
Lots to do still, and I am definitely looking forward to talking about Smolder part 2 at some 
point in the future. 



I have to give some shoutouts to the team. Most of all Martin for pushing this tech with me 
and Asger who is building the fluid simulation tech. Both constantly provided extremely 
valuable feedback and I very much appreciate that they didn’t lose their patience with me 
when the first attempt didn’t work out. 
On render side I want to especially thank Owen and Jon for doing hundreds of code 
reviews for me, as well as sitting through some sanity check meetings I had with them 
whenever I needed a second opinion. 
I also want to thank Arnau and Ivan on the core team for the work on the OpenVDB
resource packer, as well as the entire IOI tech art and render teams for their work. 

Lastly, I want to thank Natasha for letting me present here and taking the time to review all 
the slides and provide feedback. 



Thank you for joining me today for this talk. I leave you with a Smolder version of the 
legendary Stanford bunny and I think we have some time for Q&A now. 


