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Figure 1: Rendering outcome of our method on the San Miguel scene, showcasing an effective representation of participating media effects
like fog, dust, and smoke. Our approach prioritizes minimizing redundant computations across multiple viewers, resulting in superior scala-
bility compared to the current state-of-the-art as the number of viewers increases.

Abstract
Achieving realism in modern games requires the integration of participating media effects, such as fog, dust, and smoke. How-
ever, due to the complex nature of scattering and partial occlusions within these media, real-time rendering of high-quality
participating media remains a computational challenge.
To address this challenge, traditional approaches of real-time participating media rendering involve storing temporary results
in a view-aligned grid before ray marching through these cached values. In this paper, we investigate alternative hybrid world-
and view-aligned caching methods that allow for the sharing of intermediate computations across cameras in a scene. This
approach is particularly relevant for multi-camera setups, such as stereo rendering for VR and AR, local split-screen games, or
cloud-based rendering for game streaming, where a large number of players may be in the same location.
Our approach relies on a view-aligned grid for near-field computations, which enables us to capture high-frequency shadows
in front of a viewer. Additionally, we use a world-space caching structure to selectively activate distant computations based
on each viewer’s visibility, allowing for the sharing of computations and maintaining high visual quality. The results of our
evaluation demonstrate computational savings of up to 50% or more, without compromising visual quality.

CCS Concepts
• Computing methodologies → Rendering; Ray tracing;

1. Introduction

Over the last fifteen years, the trend to shift computations to the
cloud has gained increasing popularity. Performing computations
in the cloud has the obvious advantages of allowing for easy shar-

ing of resources, access to the latest hardware, mobility, scalability,
and cost savings for the end-user. While game streaming services
have become more commonplace during that same period, through
increased bandwidths and reduced latency, real-time rendering in
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the cloud is still largely focused on rendering scenes from a sin-
gle viewpoint. In shared environments, such as the "Metaverse",
or multiplayer gaming worlds, many of the computations are du-
plicated across all users, e.g. global illumination calculations. By
taking advantage of the shared resources when rendering in the
cloud, these duplicate computations can be minimized, while at the
same time increasing performance when compared to rendering the
scene from a single viewpoint without any shared resources. The
ability to also stream the rendering results from the cloud to com-
paratively weak end-user devices is also an advantage, as this not
only increases the battery life of such devices but can also decrease
the hardware costs of such devices significantly, as the need for the
latest hardware can be reduced. Furthermore, the improved perfor-
mance of decreasing duplicate calculations is not limited to shared
environments in the cloud but also applies to a locally shared end-
user device. Many console games offer a split-screen mode to ac-
commodate multiple local users, so depending on the location and
direction of the different cameras, the impact on rendering times
can be significant. This also applies to virtual and augmented real-
ity applications, where an image for each eye has to be generated,
and their location and direction only differ slightly. This small dif-
ference in location and direction leads to a large overlap in the re-
sulting images.

Real-time rendering encompasses a very wide array of computa-
tionally expensive effects, and the most realistic results are usually
achieved by ray tracing. In this work, we only focus on a single
aspect of real-time rendering, which are the phenomena caused by
participating media such as fog, light shafts, smoke, and dust. These
phenomena are important components in making a rendered image
look believable, while also adding a sense of scale to the scene, and
realistic results are usually expensive to calculate. The need for ef-
ficient computation of these phenomena for real-time applications
is thus still an ongoing research problem. As mentioned previously,
the current state-of-the-art approaches [Bau19, Hil15, Wro14] only
consider the scene to be rendered from one viewpoint, and as such
are not well-suited for a multi-viewer or cloud-rendered approach,
as they only provide linear scaling for multiple viewpoints at best.

In this work, we attempt to minimize the duplicate computations
inherent in a multi-user environment for participating media ef-
fects, when no resources are shared across the different users, as
well as to increase performance by using a shared shadow grid that
stores ray-traced shadows at world-space-aligned positions.

Specifically, the contributions we present with this work are:

• An extension to traditional froxel-based volumetric rendering
methods with a shared shadow grid, and a per viewer shadow
frustum, which allows for efficient rendering of participating me-
dia effects from many active viewpoints and sub-linear perfor-
mance scaling.

• An evaluation of the visual quality and performance scaling of
our method when compared to a state-of-the-art approach for
rendering volumetric fog effects.

2. Related Work

Rendering the effects of participating media is usually based on
some form of volumetric rendering approach, where a volume is

sampled at different locations and the result is an accumulation
of all those samples, usually referred to as raymarching. For an
overview of volumetric rendering, and effects with participating
media, we refer to the report by Novák et al. [NGHJ18].

For volumetric rendering to achieve real-time performance is a
long-standing research problem. Some early works by Delalandre
et al. [DGMF11] and Gautron et al. [GDM11] calculate maps that
simulate the effects of light interacting with the participating me-
dia, and could achieve real-time performance. Other approaches at-
tempt to leverage shadow volumes to speed up the raymarching
process like in Wyman et al. [WR08].

Another approach is to take advantage of a changed coordinate
system, that allows for easier computation of the participating me-
dia effects, such as in Baran et al. [BCRK�10], that also added a
hierarchical element to further increase performance.

Recent advances in hardware performance, and also the ad-
vances in neural rendering, partially based on neural denoising, as
can be seen in Hofmann et al. [HHCM21], allow for the rendering
of high-quality interactive volumetric effects. In a further combina-
tion of image denoising with spatiotemporal reservoir resampling,
as seen in the work by Lin et al. [LWY21], nice results at interactive
rates can be achieved.

For real-time applications, such as games, the current state-of-
the-art methods are typically based on the frustum voxel approach
by Wronski [Wro14]. The general idea behind this method revolves
around a 3D voxel grid texture, which spans the camera clip space.
The resolution of this texture is typically set to occupy 8 screen-
space pixels for each voxel in both x- and y-directions, while the
amount of depth slices varies from 64 to up to 128 for highly de-
tailed results. These voxels store the scattered radiance that was
computed at their world-space centers, as well as the volume den-
sity of the participating media at that voxel location. Since these
voxels are bound to the camera frustum, they are also often referred
to as froxels in literature, and we will also be using that term. For an
efficient sampling of the volume from the camera, the in-scattered
radiance and media density within the volume grid needs to be ac-
cumulated from front to back. For a detailed explanation of this pro-
cess, and the physical basis behind it, we refer to Akenine-Möller
et al. [AMHH�18]. This accumulation results in a new volume that
contains the amount of in-scattered light that reaches the camera,
and the transmittance over that distance. The resulting fog effects
look convincing and can be computed efficiently, despite not being
physically based.

Hillaire [Hil15] also used a similar method based on froxels with
the difference being that they followed a physically based approach.
They include the ability to define the absorption, scattering, emis-
sion, and phase function parameter for their participating media
volumes explicitly and compute the scattered light using those pa-
rameters. Additionally, they propose a method to include and ef-
ficiently compute volumetric shadows which are created when the
light gets occluded by high-density participating media.

Bauer [Bau19] extends the previous ideas further by using a dy-
namic depth range for the frustum volume and adding support for
rainbows by treating them as an additional light source that can be
adjusted via an additional water droplet density material parameter.
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They also introduce an efficient raymarching scheme for far-away
participating media like clouds outside the frustum volume range.

Sharing computations for cloud rendering was recently explored
by the work of Weinrauch and Tatzgern et al. [WTS�23] which
focuses on sharing view-independent calculations in object space
and a world space aligned grid. Work from Neff et al. [NBD�23]
explores sharing rendering computations by sampling points on the
surface and storing them in a hash grid.

3. Shared Computation of Participating Media

In this section, we will discuss the general idea behind our ap-
proach, as well as go into detail about how our pipeline is set up
and what kind of data structures are necessary for our approach to
function.

Approaches based on froxels are efficient and widely used in pro-
duction, which is why they also serve as the foundation upon which
we build our approach. More specifically, we base our approach on
Hillaire [Hil15], while also using it as the reference implementa-
tion we will compare our approach against in Section 4. Typically,
froxel-based techniques use some variant of shadow mapping to
evaluate the shadowing at the froxel centers. Our rendering pipeline
does not use shadow mapping but instead uses ray tracing to com-
pute the shadow term of the individual froxels. This not only al-
lows our approach to easily deal with multiple dynamic lights but
also with changes in the environment. Even with the hardware ac-
celeration provided by modern GPUs, ray tracing is still compu-
tationally expensive, and as a result, the vast majority of the total
computational cost for volumetric rendering lies within shadow ray
tracing. Our initial testing found that it amounted to roughly 80%
of the total cost. For a single viewpoint this is still manageable,
but computing the volumetric scattering for multiple viewpoints
increases the computational cost linearly with the number of view-
points, and eventually exceeds the real-time threshold. This is why
we were specifically interested in finding a way to share the cost
for the shadow computation in the case of a multi-viewer setup. To
this end, we extend the traditional froxel-based approaches with a
shadow grid that is shared among all viewers, and per viewer local
shadow frustums, which are used to replace the shadow mapping
step of state-of-the-art approaches.

Our approach consists of the following four stages:

1. Shared Voxel Update: ray traced update of the shadow grid
data structure (Section 3.1.1)

2. Shadow Frustum Update: ray traced update of the local
shadow frustum volumes (Section 3.1.2)

3. Lighting Computation: evaluate the scattered lighting and es-
timate the media density (Section 3.1.3)

4. Volume Ray March: accumulate the computed scattering &
media density (Section 3.1.4)

3.1. Pipeline

In the following sections, we will describe every stage of our
pipeline in detail. We will also describe the shared shadow grid and
shadow frustum volume, and highlight the changes we made to the
original pipeline of Hillaire [Hil15] to make them fit our approach.
An illustration of the pipeline is provided in Figure 2.
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Figure 2: Algorithm pipeline overview. The main differences to
standard froxel-based methods are the shared voxel update and
shadow frustum update stages. They replace the shadow map
lookup in traditional froxel-based methods. The remainder of the
pipeline is largely identical to standard froxel-based methods.

3.1.1. Shared Voxel Update

The main addition of our approach is the shared shadow grid data
structure. It is a single world-space-aligned uniform 3D voxel grid,
which stores the result of the shadow ray tracing operation as binary
shadow values in a single channel 8-bit 3D texture. Each of these
8 bits corresponds to a light source, which allows us to store the
results for up to 8 light sources in the form of a bitmask. The single
channel 8-bit 3D texture was enough for our testing scenes, as they
all contain less than 8 active light sources. For scenes that contain
more than 8 active light sources, we recommend using only the 8
light sources, which have the strongest influence over that shadow
grid voxel, or use even less, if performance is a concern. One way
to implement this efficiently would be by using a method like clus-
tered shading [OBA12]. If more active light sources are desired, it
would also be possible to increase the size of the underlying tex-
ture, either by increasing the number of channels, or the channel
size. Depending on the size increase of the texture, the memory
consumption of the shared shadow grid will increase accordingly.
An exemplary visualization of the distribution of a shadow grid in
the Battle of the Trash God scene is shown in Figure 3.

To avoid confusion with the naming the above voxels will be
referred to as (world-space) voxels with the grid they are contained
in being called the (shared) shadow grid, while the frustum-aligned
voxels will exclusively be referred to as froxels.

The update of the shared shadow grid is done every frame in
a single ray tracing shader. We first check for all voxels, whether
they are located in at least one of the active camera frustums. This
check is done by transforming the world-space position of each
voxel center into the clip space of each active camera. If the re-
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