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ABSTRACT
Recent work by Bitterli et al. combines previous techniques such as
weighted reservoir sampling and resampled importance sampling
into an algorithm called ReSTIR capable of rendering of scenes
illuminated by many dynamic lights in real-time. We introduce
Voxel ReSTIR, an algorithm derived from ReSTIR tailored to voxel
worlds, and compare it to ReSTIR. We explore the performance of
the algorithms in different settings. We show that that both our
point light and area light algorithms perform better in terms of
speed and quality than ReSTIR in the same setting. Our algorithm
is suitable for GPU implementation and we are able to achieve near
real-time performance on consumer level hardware.

1 INTRODUCTION
Creating 3D games from scratch is often viewed as an overwhelming
project. Both designing and creating the 3D world, as well as the
logic it takes to implement the game mechanics are often nontrivial
tasks. Especially for starting game developers.

Using game engines such as Unreal Engine or Unity alleviate
this by providing tools which assist greatly in game development.
Another approach could be the use of voxels to create the 3D world
in the game. Doing so would simplify a lot of aspects of the devel-
opment such as content creation, procedural content generation,
game mechanics and rendering.

Voxel engines almost entirely eliminate the dependence on vector
math, making them accessible to beginning programmers.

On the other hand, rendering of a voxel world is not trivial. This
is specifically what we are interested in, as we want to look into
efficient and intuitive rendering of a properly illuminated voxel
game world containing many lights.

Performance is important as we aim to achieve real-time frame
rates rendering our voxel world. The performance of a voxel based
game scales with the size of the voxel grid. Using an acceleration
structure to keep track of the voxels allows for larger worlds. Most
voxel worlds are not randomly filled with voxels but consist of
bigger blocks of the same voxel type throughout the grid. This
can be exploited as it means we do not have to keep track of all
individual voxels.

Nevertheless, the size of the grid is a limiting factor when it
comes to memory to store it as well as cost to trace a ray through
it. Thus, one can target a wider range of hardware easily by fo-
cusing on a smaller grid size. Since we are interested in reaching
the current day consumer we focus on current day consumer level
hardware. This means we will tune our parameters where necessary
to be in line with the level of current day hardware.

Minecraft[36] is an example of a popular voxel based game.
Minecraft is a simple sandbox game where the player is free to
explore and build in the voxel world. It uses a low resolution voxel
grid. This game traditionally uses rasterization to render the game
world.

A popular modification for Minecraft’s render is SEUS[49]. SEUS
uses path tracing to achieve realistic lighting even with many lights
as can be seen in Figure 1. Recently, a ray tracer renderer using

DXR[54] was also added to Minecraft.

Rendering a voxel world to an image that can be shown on screen
can be done in two ways. Rasterization and ray tracing.

Rasterization has been the more common approach not just for
rendering voxel worlds but polygon worlds as well. To render a
voxel world using rasterization one needs to build a polygon mesh
representing the voxel world, every frame, before sending it to the
GPU for rasterization. Algorithms for building such a mesh are far
from easy to understand, or trivial to implement.

Figure 1: Picture of a scene with many lights using the SEUS render
modification for Minecraft

Ray tracing, on the contrary, inherently deals with this visibility
problem. When rendering a voxel world using ray tracing it only
comes down to ray-grid traversal. The implementation for this
traversal depends on the acceleration structure used to represent
the grid.

Nevertheless, rasterization has been the more common approach
because current hardware has better support for rasterization com-
pared to ray-grid traversal or ray tracing in general.

However, recently consumer hardware specialised in ray inter-
section computations has become available turning the attention to
ray tracing again and spurring new research into the topic. Without
this specialised hardware using ray tracing is costly and often not
achievable in real-time when aiming for graphical fidelity equal to
or better than delivered by rasterization.

Various contributions to ray tracing techniques supplied by this
recent research has brought real-time rendering solutions using ray
tracing in reach even on previous consumer hardware that lacks
the hardware support for ray intersection computations.

Rendering with many lights is a scenario one can encounter when
rendering specific scenes. Such as the scene in Figure 1. Simulating
these lights, which can be dynamic, is a tall task. Specifically in a
voxel world where one can change large amount of voxels, including
a large amount of lights, very quickly and even give the player the
ability to do so in real-time.

Recent works, such as the ReSTIR method by Bitterli et al. [8]
and the ReGIR method by Boksansky et al. [10], have significantly



Thesis INFOMGMT, 21/22, University Utrecht Xander Hermans

propelled the topic of efficient many light rendering. We are par-
ticularly interested in these techniques as they are created for and
tested on polygon scenes, not voxel scenes.

Additionally, we want to explore options for efficiently sampling
from many lights by exploiting the acceleration structure the voxel
world is stored in.

In short, our aim is to render a dynamic voxel world with many
dynamic lights in an intuitive and efficient manner. Rendering a
voxel world without complex lighting is a well understood problem
and while rendering polygon scenes with many dynamic lights
has been an ongoing problem, several solutions have been put
forward to solve this. Rendering a voxel world with many dynamic
lights in real time remains somewhat unexplored and methods in
the industry commonly depend on low quality approximations for
lighting. We explore the ReSTIR method to solve the many light
problem for voxel scenes, as this method is currently state of the
art and performs best in many light scenes, but also struggles in
certain scenarios inherent to a voxel world. Furthermore, when
using voxel worlds we inherently have access to an acceleration
structure containing the geometry. We explore ways to leverage
this structure in combination with the chosen many lights method.

Therefore to efficiently and intuitively render a dynamic voxel
world with many lights we:
• Explore the effectiveness of the ReSTIR method as solution
for the many lights problem in voxel scenes.
• Explore exploits specific to the voxel acceleration structure
to improve image quality in a performant manner.

2 RELATEDWORK
In this chapter we will discuss previous work. We will discuss
traditional methods for rendering voxel worlds in Section 2.1. After
that we will discuss work related to ray tracing of voxels in Section
2.2 as well as the related topic of acceleration structures for efficient
storage and ray tracing of voxel in Section 2.3. Next we discuss the
many lights problem and various works proposing methods to deal
with this problem in Section 2.4. Section 2.5 is about the concept
of Resampled Importance Sampling and how this can be used to
efficiently deal with many lights as well as some state of the art
solutions using this concept. We touch upon the topic of global
illumination briefly in Section 2.6 and conclude with a discussion
in Section 2.7.

2.1 Rasterization of voxels
Displaying a voxel game world using rasterization involves building
a polygon mesh of the game world. This is necessary because the
render pipeline of common graphics hardware uses rasterization
on triangles to create a 2D view of the 3D scene.

Traditional solutions for simulating light in a polygon scene
often rely on mostly static geometry as well as not too many dy-
namic lights. These conditions need to be met because many of
these solutions rely on precomputing an acceleration structure to
efficiently determine light contribution at a point in the scene.

Shadow mapping [59], for example, uses the z-buffer to create
shadow maps from the point of view for every light. An update

of the world or lights would mean these maps would have to be
recreated which means significant overhead which linearly scales
with the amount of lights in the scene. For a sandbox world in
which the user can place lights arbitrarily this means one would
spend a large amount of extra rendering work even for the smallest
of world updates.

More recent contributions [47] [40] [33] [51] allow for many
lights to be simulated in a scene in real-time using methods similar
to shadow mapping.

Other techniques such as light baking [45], that are used to create
realistic lighting in polygon scenes, are less suited for large dynamic
voxel scenes as they come with significant computation times and
memory footprint.

Lastly, games such as Minecraft limit the range of the effect of
each light in the scene thereby controlling the upper bound of ren-
dering operations, however this results in a noticeable cut-off of
the contribution of lights in the scene.

Building the polygon mesh of the voxel world as mentioned
before is no trivial feat. Deciding on an algorithm for building
this mesh involves deciding on the trade-off between a fast but
naive algorithm which results in a large amount of faces or a slower
algorithmwhich minimises the number of faces needed to represent
the game world. This is important because the rasterization time
positively scales with the amount of faces.

One must also consider the reuse of meshes and how such op-
erations influence this when the world is updated. An efficient
implementation of a mesh building algorithm called stb voxel ren-
der [5] can rasterize a voxel world of billions of voxels in real-time.
Sadly, this is without any complex lighting.

Games which opt to use a voxel world are often after the sandbox
element or aim to support a dynamic world. This means the world
can drastically change over the lifetime of the game and even be-
tween two game updates. Reusing the meshes as mentioned in the
previous paragraph becomes the exception rather than the norm.

In short, the simulation of light in the scene and the voxel to
polygon scene conversion are problematical areas when rendering a
voxel world. Solutions for these areas rely heavily on precompution
when the dynamic nature of the voxel world prevents efficient
reuse of the precomputed data. Using another approach such as ray
tracing could prove to offer more intuitive solutions.

2.2 Ray tracing of voxels
Ray tracing voxels is a different approach to rendering a voxel world
to a 2D image. The rendering pipeline for this approach consists
mainly of ray-box intersections. The key benefits of ray tracing a
voxel world are the simplicity of ray-box intersections and the fact
that the voxel world itself acts as an acceleration structure. This
means that by ray tracing we are inherently able to deal with the
problems from Section 2.1 as no precomputations are needed and
no separate acceleration structure needs to be maintained.

The rendering pipeline includes many stages but in this section
we will focus on primary hits.
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The simplest form of rendering a voxel world using ray tracing
involves casting rays from the camera into the scene and deter-
mining for each ray what the closest voxel in the scene is with
relation to the camera. This is the primary hit. For each primary hit
the renderer plots the color of the voxel related to this hit on the
screen. Doing so results in an image where no light contribution is
considered. The computation time for this algorithm is dominated
by the ray-scene intersection. This comes down to ray-box inter-
section testing and ray-grid traversal which have been explored by
various works over the years [2] [31] [58] [46] [32]. For a recent
efficient method and comparison of previous methods of ray-box
intersections we would like to point the reader to Majercik et al.
[32]. In this work the authors show that for large voxel worlds of up
to 50M voxels and common screen resolutions their method, using
ray tracing, out performs a traditional method, using rasterization,
by 2x to 8x times. A novel but slightly unrelated idea offered in this
paper that aids in this speedup comes from exploiting the raster-
izer to efficiently approximate which pixels have voxels visible and
should be ray traced.

Another work by Guehl [20] is about efficiently ray tracing bil-
lions of voxels. However, this method achieves this by use of specific
data structures tailored to common hardware.

When extending the ray tracing algorithm to include lighting
we face the same problems as mentioned before for rasterization
of voxels. The visibility check can be done using methods similar
to those mentioned in Section 2.1. These methods do not perform
well for dynamic scenes.

Instead of using rasterization to determine visibility from lights
in the scene, such as shadow mapping techniques, it is also possible
to trace shadow rays. While tracing shadow rays is a more intuitive
solution, which benefits from the relatively cheaper intersection
techniques inherent to voxel worlds, it suffers from many of the
same problems as shadow mapping. The method scales poorly with
the amount of lights in the scene. It is also not possible to reuse the
visibility information if the scene changes.

On the other hand, tracing shadow rays allows for more types of
light sources whereas shadow mapping assumes every light source
is of the point light type. Tracing shadow rays can also be done in
a stochastic manner. Doing so means the complexity of simulation
of light no longer depends on the number of lights. More on this in
section 2.4 and 2.5.

2.3 Acceleration structures for voxel worlds
A recent work by Aleksandrov et al. [1] offers a review of different
acceleration structures for voxels. It classifies such structures us-
ing a couple of properties. The review considers the acceleration
structures as either static or dynamic based on the target frequency
at which one would like to update the structure. Other properties
include the type of geometry, the supported hardware architectures,
the type of voxel date structure, attribute conversion and out-of-
core support. The latter meaning one can go beyond the available
memory as not the entire data structure needs to be kept in memory
when performing operations on it.

Aleksandrov et al. [1] notes that each data structure has to com-
promise on access or compactness. Access meaning read and write

access to individual voxels, and compactness meaning the size of
the data structure in memory. Where static grid methods perform
well for access, dynamic grid methods perform well in compact-
ness and iterative access. For a voxel sandbox game we need a
data structure that performs well in both categories. It should be
possible to amend a large amount of voxels in real-time, but we also
require fast read access as well as coherency to efficiently traverse
the structure. An out-of-core approach is not necessary as we only
need to render a small part of the voxel world.

Even though we are interested in facilitating solid geometry our
data is still of sparse nature. As mentioned before, a typical voxel
world has large amounts of empty space. Many of the data struc-
tures listed in Aleksandrov et al. [1] try to increase compactness
by exploiting sparsity as well. It is critical to not compromise too
much on access time, when increasing compactness, as updating
and rendering the voxel world needs to happen in real-time. Nev-
ertheless, it should be noted however that compactness and more
specifically exploiting sparsity in data is important for ray tracing.
The number of ray box intersections can be greatly reduced if the
data structure efficiently identifies empty space.

The simplest data structure is a regular grid which is simply a
𝑚-dimensional grid stored in a one dimensional array. This data
structure provides𝑂 (1) time random access but requires𝑛𝑚 storage.
Due to the sparse nature of a voxel world as mentioned before there
are more compact solutions possible.

A common approach to storing large voxel grids is the Sparse
Voxel Octree (SVO). Several works [44][26][30][4][42] have ex-
plored the use of SVOs for storage as well as rendering. Their
approach are able to exploit sparsity moderately well. However,
random access to an element in this structure results in a 𝑂 (log 𝑛)
complexity. Recent research [25] suggests the use of Sparse Voxel
Directed Acyclic Graph (SVDAG) which is derived from SVOs as
an even more compact structure by exploiting repetitive patterns
in the data. Sadly the random access time is not improved by the
use of SVDAGs.

In Bridson [11] the author argues that a Sparse Block Grid (SBG)
performs more optimal as opposed to a SVO solution. In their case a
two-level grid which consists of a coarse top level grid and a dense
bottom level grid. The coarse-dense dynamic allows for some level
of compactness while still providing constant time random access.
The 𝑂 (1) time access of their approach is beneficial compared to
the𝑂 (log 𝑛) time access of SVO solutions when it comes to random
access. The random access specifically is important for voxel games.

The approach, called brick maps, described in Christensen and
Batali [13] is similar to both SBGs as well as SVOs. While the ap-
proach in this work is used for photon mapping it should generalize
to voxel worlds. It should be noted that the brick map in this work
is used for lookups. The efficiency of ray tracing such structure
remains to be explored.

Run-length encoding (RLE) is a technique introduced by Curless
and Levoy [16] to efficiently store models from range images. Their
method generalizes to any voxel data structure. It is intuitive and
achieves better compactness over regular grids or SBGs. Houston
et al. [22] improves on earlier work by introducing a method to
improve random lookup time. The method introduces two tables
and restarts encoding at each row to achieve random lookups in
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𝑂 (log 𝑟 ) time where 𝑟 is the average number of runs per row.
Random write is more complicated as it potentially requires re-
encoding more than just a single run.

Museth [38] introduce a hierarchical voxel data structure tailored
to sparse voxel data which changes over time. The purpose of this
structure is support for discretization of animated data but it also
generalizes to dynamic voxel data. The name VDB stems from
volumetric dynamic grid with B+trees, as both are characteristics of
this method. The method features amortized constant time random
access making it suitable for both dynamic data storage as well
as rendering. More recent work [21][60] has improved upon this
method in the form of a GPU compatible implementation. Current
state of the art work includes an implementation called NanoVDB
[39] which features GPU compatibility as well as fast random access
times and efficient ray traversal.

A Sparse Paged Grid structure is introduced in Setaluri et al.
[48]. The authors compare their method to a state of the art im-
plementation of VDB as well as dense arrays. They note that by
using a pyramid of uniform grids it is possible to avoid the use
of pointers and therefore avoid incoherent memory access while
still exploiting the sparse nature of data and retaining compactness.
While the efficient random access is explored in depth, efficient
traversal of this structure for ray tracing remains to be explored.

In an article by mikolalysenko [34] about voxel engines the au-
thor explains the concept of chunks which are a type of virtual
arrays. Virtual arrays allow voxel games to use a theoretically un-
bounded voxel world as parts of this world are loaded an unloaded
based on the player. In this sense virtual arrays can also be seen as
a multi-level grid, as the chunk indices make up a higher level grid.
The dynamic loading and unloading is why this approach can be
labeled as out-of-core approach.

The author of this article also argues that not only random read
and write access is important for a data structure used in a voxel
game. The cost of iterating over the grid is underestimated. To show
why this is important for voxel games the author notes the various
aspects of such game and talks about how they interact with the
data structure.Whether the dominating cost for such aspect is based
on random access or iterating. The article notes that, considering
all these aspects, iteration cost is more important than random read
and write cost.

However, it is important to consider that the author assumed
rendering by rasterization. Therefore they considered mesh gener-
ation as one of the aspects. Mesh generation is indeed dominated
by iteration cost, but when one uses ray tracing mesh generation is
not considered. Instead, one traverses the data structure directly to
find the nearest intersection.

To conclude, each of the data structures aims to be very compact
while also supporting close to constant access time. While random
access and compactness are both important for supporting a large
voxel world in real-time, efficient space traversal is of utmost im-
portance for ray tracing. NanoVDB is currently state of the art and
seems to most versatile in this respect. Delivering a rich feature
set as well as good ray tracing performance. Nevertheless, when
a lower level of compactness is sufficient and traversal and access
times are more important a simple approach such as SBG could

prove to deliver better performance. Both methods use a variant
of a multi-level grid structure. In the case where the requirements
are known up front a structure of static nature such as SBG with 2
hardcoded levels will likely prove to be faster than a structure of
dynamic nature such as NanoVDB.

2.4 Many lights
Direct light calculations are a critical part ofmodern graphic pipelines.
While sampling from a few simple light sources is a well under-
stood problem, efficiently sampling from a large collection of light
sources remains a tall task. Even if visibility checks in the form of
shadow rays are skipped, simply iterating over the collection of
lights can be quite costly.

Several methods [57][6][56][14] try to circumvent iterating over
all the light sources by maintaining a acceleration structure from
which light contribution for an arbitrary shading point can effi-
ciently be gathered. Furthermore, state of the artmethods [28][37][29]
are able to maintain these acceleration structures for dynamic
scenes in real-time.

The method by Lin and Yuksel [28] is able to handle dynamic
scenes containing thousands of emissive surfaces by constructing a
grid of virtual point lights (VPLs). The construction time of this grid
depends on the number of VPLs. Any change in the VPL data means
the grid must be reconstructed. This can lead to a bottleneck in
performance as construction of a grid can dominate rendering time.
Considering the many changes in light sources over the runtime of
a sandbox voxel game this is something we cannot afford.

Moreau et al. [37] describes a method to gather light contribution
by traversing a two-level Bounding Volume Hierarchy (BVH) over
the lights in the scene in a stochastic manner. While the construc-
tion of such BVH takes considerable time, the authors show that
refitting can be used for the majority of changes in their dynamic
scenes. Nevertheless, the construction time of the BVH could be
problematical in voxel setting where lights are not moved around
the scene but instead removed and added to the scene. Furthermore,
the dynamic loading and unloading of parts of the voxel world
would have to be factored in when deciding on how to construct
the levels of the BVH. To avoid a complete rebuild when part of the
world is loaded or unloaded.

The method by Lin and Yuksel [29] improves on previous meth-
ods using light cuts [57][62] by introducing a GPU friendly accel-
eration structure as well as sharing light cuts in a 𝑘 x 𝑘 block of
pixels. By using a perfect binary light tree their contribution has
considerably faster tree construction times as well as sample time
compared to previous works. Since the tree can be efficiently re-
constructed every frame this method allows for a scene with many
dynamic lights to be rendered in real-time.

In Minecraft the problem of many lights is solved in an entirely
different manner[3]. The contribution of nearby light sources is
stored per voxel. This contribution affects not only the rendered
brightness of a voxel but also various game mechanics such as
spawning of monsters. The contribution is calculated using the taxi-
cab distance in combination with the flood fill algorithm whenever
the world is updated. Since the game uses light in the same way for
various game mechanics this approach is efficient. However, it is
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possible that this method does not scale well for higher light intensi-
ties. As this would result in more voxels to be updated on change of
such light. Furthermore, this method also results in visible artifacts
as light contribution diminishes linearly over distance.

2.5 Resampled importance sampling
Talbot [53] identified that by using Resampled Importance Sampling
(RIS) it is possible to achieve lower variance when performing
Monte Carlo integration. The idea behind RIS is to generate a set
of samples which mimics the function being integrated. This is
achieved by selecting a weighted subset of samples from the initial
set of samples.

2.5.1 ReSTIR. Reservoir Spatiotemporal Importance Resampling
(ReSTIR), a prominent recent work by Bitterli et al. [8], focuses
on solving the many lights problem. ReSTIR is a spatiotemporal
method which uses RIS to sample the set of lights in the scene for
a shading point. ReSTIR build upon the RIS method proposed by
Talbot [53]. The key benefit of this method is that, by using both
spatial and temporal sampling reuse in combination with resam-
pling, it creates a sampling that will lead to a light contribution
often close to the expected value. Thus resulting in a relatively less
noisy image for a low sample per pixel (spp) count.

Spatial and temporal reuse has been used before by denoising
methods however the key difference is that these methods reuse
color or illumination values whereas ReSTIR reuses the probabilities
of picking a certain light source.

ReSTIR only considers direct lighting because the reservoirs
are stored in screen-space. The coherency of screen-space pixel
information keeps spatiotemporal reuse of reservoirs intuitive. Still,
recent methods [9][41] have been proposed which are able to use
reservoir based spatiotemporal resampling for global illumination.

The authors of ReSTIR note that improvements in variance may
bemodest in situations where spatial or temporal reuse is hampered.
High geometric complexity can introduce bias because of spatial
reuse of samples. Moving lights or geometry can hamper temporal
reuse by introducing bias due to incorrect reuse of samples. In both
cases an unbiased solution would have to reject incorrect samples
which introduces noise. A biased solution which does not reject
these incorrect samples creates a darker result as the weight for the
sampling is an incorrect representation of the coupled light source
for the given shading point.

The ReSTIR method uses weighted reservoir sampling (WRS)
[12][19] in combination with RIS as a foundation. Inspired by
Efraimidis [18] the authors of ReSTIR created an implementation
which uses simple data structures to process random candidate
samples in a streaming fashion. The streaming fashion of this im-
plementation is very suitable for GPUs as it can be executed in
parallel and needs a small, constant memory amount. The method
is specifically aimed at calculating direct light contribution and
generalizes well to be used in a ray tracing or rasterization pipeline.

2.5.2 Rearchitecting Spatiotemporal Resampling. In Wyman and
Panteleev [61] the authors take a closer look at ReSTIR and come
up with a rearchitectured method.

First, the authors look into the cause of bias and came up with an
improved heuristic which aids in rejection of bad samples. Bitterli

et al. use a simple heuristic to determine if two pixels are similar
enough to allow for cross reuse of reservoirs. Wyman and Panteleev
note that instead of using a heuristic for a biased algorithm or
multiple importance sampling (MIS) for an unbiased algorithm, it
is possible to combine the heuristic with MIS by using the heuristic
as a form of MIS weighting.

Next, the authors noted that while ReSTIR has constant time
computational complexity with relation to the number of lights,
non constant performance was often observed. This was attributed
to cache thrashing due to the number of random lights picked out
of the large collection of possible lights. By creating a subset of
lights through presampling, which is used for per-pixel RIS, this
memory incoherency issue is resolved. Furthermore, by creating
subsets of lights in a stratified manner, the issue of incoherency is
solved and better overall sampling is provided.

Bitterli et al. proposed using 4 reservoirs per pixel for their biased
algorithm but Wyman and Panteleev found that this is wasteful as
often the same light is sampled multiple times due to the weighted
sampling. The authors show that one reservoir per pixel is a better
choice. This brings the number of shadow rays to be traced per
pixel from 5 down to 2. While this does mean reduced quality it is
more in line with ray budgets for games.

The spatial reuse in the ReSTIR methods requires a per frame
global barrier to sample neighbouring pixels of the current frame.
Wyman and Panteleev note that by sampling neighbours from
the frame before allows for this barrier to be removed which in
practice allows for better occupation of the hardware. The authors
do however note that this is undesirable in fast moving scenes as
the convergence is delayed by 1 frame.

The authors note that 1 spatial sample reuse is often sufficient
at higher framerates as it is masked by temporal reuse. Lower
framerates or higher target quality may want 2 to 3 spatial sample
reuses however.

The rearchitectured method also decouples the shading stage
from reuse. This offers more flexibility in the number of visibility
queries and for which of the samples a visibility query must be
performed. For example by reusing the visibility for reused temporal
samples.

Lastly, the authors note that ReSTIR and rearchitectured ReSTIR
do not perform well in scenarios with very complex lighting. In a
scene with many small lights resampling often ends up undersam-
pling these lights. As pixels rarely find a relevant light source close
enought to have any form of impact.

Our interest lies in the effectiveness of the ReSTIR method when
applied to ray tracing voxel scenes. As mentioned before, a problem
with this method arises when many lights have potentially equal
contribution. Voxel scenes cause this problem inherently as vox-
els are classified resulting in many lights having the exact same
emissive properties. On top of that each voxel counts as a separate
light, and therefore all have the same area. These two properties
combined lead to many of the lights having equal potential con-
tribution leading to a worst case scenario for ReSTIR. We aim to
take a closer look at the effectiveness of themethod in such scenario.

Concurrent to our research Lin* et al. [27] generalized RIS. They
reformulate ReSTIR’s spatiotemporal reuse to remain unbiased for
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long paths. Their Generalized RIS (GRIS) algorithm is able to achieve
interactive path tracing with little noise.

2.5.3 ReGIR. Reservoir Grid-based Importance Resampling (Re-
GIR) by Boksansky et al. [10] is a method inspired by ReSTIR. This
method can be used for primary hits as well as secondary hits,
although its intended use is for secondary hits.

ReGIR places a uniform grid in the scene. In each cell multiple
reservoirs with light candidates are stored. Each reservoir holds
samples selected from a larger set of lights as well as meta data
about how it was constructed. Including: The number of candidates
evaluated, their total weight, and the target probability density
function (PDF).

For each cell in the grid a collection of light candidates is cre-
ated by uniformly sampling from the pool of all lights. Using this
collection multiple reservoirs are created by resampling from the
collection with weights based on the potential contribution of each
light to the cell center position.

The grid of reservoirs is constructed this way every frame. How-
ever, the reservoirs in the grids from previous frames can be merged
with the reservoirs in the grid from the most recent frame. This
form of temporal reuse is key in continuously improving the grid.

When sampling the grid in order to shade a point the reservoirs
in the corresponding grid cell are merged for a final single light
sample.

As shown in the paper the intended use of ReGIR is for shading
of secondary hits as opposed to shading of primary hits, where it is
outperformed by ReSTIR. This is due to the use of a world space
grid which results in a larger granularity as opposed to screen space
solutions such as ReSTIR.

2.6 Global illumination techniques
Global illumination improves the realism of a scene but is compu-
tationally expensive and dependent on the complexity of the scene.
Previous methods [15] [55] [43] have offered solutions for real-time
global illumination using voxels. These methods use voxels as sim-
ple representation of the polygon scene to exploit the fast ray-scene
intersection made possible by using a voxel grid.

The method by Crassin et al. [15] uses cone tracing on a data
structure to gather indirect illumination in the scene. This data
structure is a sparse voxel octree which stores the indirect illu-
mination in the scene. When using voxels as geometry some of
the issues mentioned in the paper, such as light leaking, could be
reduced or eliminated. This is because the voxel octree would be a
closer approximation to the scene geometry as opposed to when
using a polygon scene. The complexity of this algorithm as well
as the memory needed for the data structure are limiting factors.
Specifically for scenes with many dynamic lights updating the data
structure would take considerable time. Lastly, this method only
supports single bounce illumination.

While the method by Thiedemann et al. [55] focuses on vox-
elization and an improved ray-voxel intersection test, the authors
also describe several techniques for estimating global illumination.
The first approach uses shadow maps for fast near-field illumina-
tion. Real-time rendering using 1 bounce is achieved. However, the
effectiveness of this method when it comes to scenes with many

dynamic lights remains to be explored, since shadow maps have to
be rendered for each light source in the scene. The next approach
involves path tracing global illumination rays through the voxel
grid. This approach is simple and intuitive but quite costly. The
number of rays is bound by the ray-grid intersection cost whereas
a noise free result requires many such rays. The last approach uses
VPLs to gather radiance at a shading point. Much like the path trac-
ing approach this approach is computationally expensive because
of the visibility tests.

Reflective Shadow Mapping (RSM) [17] is based on traditional
shadow mapping and creates a set of VPLs for a set of direct light
sources. Recent work [52] is able to use this technique in real-time
in combination with ray marching through a sparse voxel octree
for visibility testing. The work by Zhang and Oh [63] employ a
similar albeit slightly different approach from VPLs. It uses ray
marching and marches a few rays per shading point in random
direction through a voxelized scene. When an intersection is found
a visibility test is performed to see if this point is occluded otherwise
the contribution from the light source is propagated.

Creating shadow maps using the rasterization pipeline relies on
the assumption that the direct light sources are point light sources.
Since a shadow map is created for every light source these methods
do not scale well for scenes with many light sources.

The method by Jendersie et al. [24] uses surfels to gather local
illumination in the scene and propagate using a hierarchy and a set
of precomputed light paths. While this method shows promising
performance and is able to handle dynamic lighting as well as some
dynamic objects, it heavily relies on pre-computation. This pre-
computed data loses value quickly in scenes with many dynamic
objects at which point this method becomes expensive to maintain.

Recent work by Boissé [9] explores the use of reservoir based
resampling methods for light sampling in world space. The method
caches the reservoirs for light path vertices in a hash grid. Do-
ing so allows for stochastic reuse of neighbouring across space
and time. The implementation of this method is well suited for
GPU hardware. The method as proposed in this paper works for
single-bounce global illumination. Furthermore, scenes with many
emissive surfaces are efficiently handled by the reservoir based
resampling.

Another method by Ouyang et al. [41] builds upon ReSTIR to
handle paths beyond single bounce. This method places initial sam-
pling of lights in the space of the local sphere of directions around
the shading points, as opposed to the ReSTIR method which places
the sampling in a global light space. The RIS weights used by this
method for spatiotemporal resampling are determined by the ra-
diance which is scattered back by the ray corresponding to the
random direction for each shading point. This allows the method
to make use of simple screen-space buffers, in contrast to methods
such as ReGIR [10] which requires a complex world-space data
structure.

Lastly, a method called Ambient Occlusion (AO) is present in
many games. This method [64][23] simplifies the rendering equa-
tion by assuming the scene is lit uniformly. The method imitates
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global illumination without simulating the incident and reflected
light by calculating the attenuation of ambient light due to occlu-
sion of nearby geometry. Minecraft also applies this method in their
renderer as smooth lighting [3].

2.7 Discussion
To efficiently render a dynamic voxel world with many lights in
real-time we require:

• A data structure which can be efficiently intersected for a
ray as well as efficiently updated to accommodate changes.
• A low noise method for calculating light contribution of
many light sources in the scene.

The voxel renderer we will employ uses a multi-level grid sim-
ilar to SBG with a static number of layers. As concluded at the
end of Section 2.3 the state of the art method NanoVDB has many
advantages over a simpler structure like SBG. However, multi-level
grid structures with a set number of layers have the upper hand
when it comes to performance due to the simpler traverse logic.
This aspect is important and takes precedence over the features
NanoVDB offers, as it is one of the bottlenecks to rendering. While
both methods use a multi-level grid structure at their core, a solu-
tion with a static number of layers is more intuitive. This is also an
important aspect for beginning programmers.

The ReSTIR method and improvements described byWyman and
Panteleev are currently state of the art and best suited to rendering
of scenes with many lights in real-time. We are especially interested
in the effectiveness of this method when used with problematical
scenes.

While this method allows for dynamic scenes with many lights
the temporal aspect could prove to be ineffective in various scenar-
ios. Temporal sampling reuse relies on consistent properties of the
lights across frames. While properties of emissive surfaces in voxel
worlds are often static and therefore consistent across frames the
set of light sources is not. It is possible for lights to be removed or
added at any point.

Furthermore, the ReSTIR method has problems with scenes with
many small lights with equal size and emissive properties, as men-
tioned in Wyman and Panteleev [61]. This is relevant to voxel
worlds as described in Section 2.5.2.

Lastly, we are interested in possible advantages of using a multi-
level grid structure in combination with ReSTIR. Using such struc-
ture allows for efficiently identifying large blocks of homogeneous
space such. This includes large blocks of empty space or large blocks
of emissive material. Altering the ReSTIR method to handle such
cases specifically could improve performance or visual quality. The
grid structure also allows for efficiently finding close proximity
lights given a point in the scene, which in term could be used in
the weighting function used for resampling.

3 METHODOLOGY
As described in Section 2.5 to solve the many lights problem for
direct illumination there is the ReSTIR method and the rearchitec-
tured spatiotemporal resampling method. Both methods include a

biased as well as an unbiased variant. In this work we will look at
the biased ReSTIR method.

We choose this method instead of the rearchitectured spatiotem-
poral method as it is easier to understand. The rearchitectured
spatiotemporal method builds upon ReSTIR and improves both
visual as well as computational performance. Therefore we imple-
ment ReSTIR first to have a base line as well as getting a better
understanding of the method. The difference in image quality be-
tween the biased and unbiased variant is small but visible. The
biased variant of the method struggles with a darkening bias. The
unbiased variant, on the other hand, uses a heuristic as well as MIS
to weight neighbours differently and trades performance for an
unbiased result. This trade in performance is unappealing in games
as the time budget for rendering is small.

3.1 Approach
To determine the effectiveness of ReSTIR when rendering a voxel
scene we evaluate a voxel ReSTIR implementation by comparing it
to a ground truth image. We implement ReSTIR in a voxel renderer
called WrldTmpl8 [7]. The voxel ReSTIR implementation will be
validated to ensure we create useful data for our experiment.

In order to validate our implementation we require an image
rendered using an existing ReSTIR implementation and compare
this to an image rendered using our implementation. We will use
GfxExp [50] as existing ReSTIR implementation. We chose to use
this implementation as the source code is readily available. The
implementation also features various on screen information about
the rendering as well as easy parameter tweaking to match our
own implementation.

Lastly, we evaluate the performance of our ReSTIR implementa-
tion by comparing an image rendered by it to a ground truth image
rendered using path tracing. This ground truth image is path traced
using the WrldTmpl8 voxel renderer.

In short we:

• Implement the ReSTIRmethod in the voxel rendererWrldTmpl8.
• Validate our implementation by comparing a result image
to one produced by the ReSTIR implementation GfxExp and
the ground truth image.
• Evaluate our implementation by comparing a result image
to a path traced ground truth image.

3.2 Setup
Once we have the three methods from the previous section we
render a number of scenes and compare the resulting images. As
mentioned before we want to determine the difference in image
quality between our implementation and GfxExp as well as the
difference in image quality between our implementation and a
ground truth image. This means we have three similar setups each
using another method of rendering.

To do so we handpick various scenes we think will provide
distinct results.

• A mountain landscape with a large number of small, equal
and dim light sources scattered around. This should be a
worst case scenario for any ReSTIR implementation as men-
tioned in Section 2.5.2.



Thesis INFOMGMT, 21/22, University Utrecht Xander Hermans

Figure 2: The 4 scenes we used in our setup (left to right): Mountain scene, Emissive letters scene, Flying apartments scene, Cornell box
scene.

• A scene with emissive geometry in the shape of letters. To
test the effectiveness of the implementation on complex emis-
sive geometry.
• A scene with a very large number of lights of varying poten-
tial contribution.
• A scene similar to the Cornell box scene.

We show our scenes in Figure 2.
To compare the image quality we render the scenes using the

three renderers and export the images. Each image is rendered using
the same parameters including ReSTIR parameters, resolution and
gamma correction.

In order to produce test setups for both GfxExp and WrldTmpl8
that can be compared we create the scene as a voxel world in
WrldTmpl8 and export this scene as polygon scene using a greedy
meshing technique [35]. Furthermore, we export the camera pa-
rameters used to capture the scene in WrldTmpl8 and use these
parameters to capture the scene in the exact same manner in Gfx-
Exp.

ReSTIR parameters can easily be configured in both setups. We
chose the parameters as suggested by Bitterli et al. whichmeans spa-
tiotemporal resampling with𝑀 = 32 (candidates). Spatial sampling
is done using 5 taps in a 30 pixel disk around the pixel. Temporal
sampling is done using at most 20 times the importance of the
candidate sampling.

We chose a resolution of 1600 by 1024. While this is slightly
lower than the conventional 1920 by 1080 resolution that is most
commonly used, it did allow us to easily test our implementation
without having to use it fullscreen. We disabled any form of gamma
correction in GfxExp and WrldTmpl8.

Note that a small difference in color can be present between
images rendered in WrldTmpl8 and GfxExp. This is due to the way
materials are stored in each framework. In WrldTmpl8 each mate-
rial is simply assumed to be diffuse and has 4 bits per color channel
for a total of 12 bits per color. In GfxExp the materials are also dif-
fuse but have 32 bits floating point accuracy per color channel for a
total of 96 bits per color. Since our scenes are made in WrldTmpl8
and exported from there the difference in color is introduced when
converting the 12 bit fixed point color to 96 bit floating point color.
This difference should be negligible, but if we were to convert a
polygon scene into a voxel world instead the difference in color
precision could prove to be troublesome.

We also collect frame time information when rendering using
our ReSTIR implementation as we are interested not only in image

quality but also performance. The experiment is executed on a
system with an AMD R5 5600x CPU and NVIDIA GTX 1080 GPU.

Lastly, We also look at the images qualitatively to see if any
specific artifacts or noise is present.

3.3 Method of analysis
We compare each rendered image to the corresponding ground
truth image by calculating the Mean Square Error (MSE) and Mean
Absolute Error (MAE). Equations (1) and (2) show how we calculate
MSE and Equations (3) and (4) show how we calculate MAE. In
these equations 𝑃 is an array of pixel values 𝑝 which are vectors
containing the red, green and blue values. Both MSE and MAE
are commonly used to quantify the per pixel difference in color
between two images. Bitterli et al. used the Relative Mean Absolute
Error(RMAE) metric. They explained their preference for the metric
over MSE because it is less sensitive to outliers. The more recent
work by Wyman and Panteleev uses MSE but did not explain their
choice further. We decided to use MAE because it is less sensitive
to outliers and also include MSE to be comparable to other works.

𝑃𝑆𝐸 (𝑝1, 𝑝2) = (𝑝1𝑟 − 𝑝2𝑟 )2 + (𝑝1𝑔 − 𝑝2𝑔 )2 + (𝑝1𝑏 − 𝑝2𝑏 )2 (1)

𝑀𝑆𝐸 (𝑃1, 𝑃2) =
1

|𝑃1 | ∗ 3
∗

∑︁
𝑝1∈𝑃1,𝑝2∈𝑃2

𝑃𝑆𝐸 (𝑝1, 𝑝2) (2)

𝑃𝐴𝐸 (𝑝1, 𝑝2) = |𝑝1𝑟 − 𝑝2𝑟 | + |𝑝1𝑔 − 𝑝2𝑔 | + |𝑝1𝑏 − 𝑝2𝑏 | (3)

𝑀𝐴𝐸 (𝑃1, 𝑃2) =
1

|𝑃1 | ∗ 3
∗

∑︁
𝑝1∈𝑃1,𝑝2∈𝑃2

𝑃𝐴𝐸 (𝑝1, 𝑝2) (4)

While the metrics above are excellent for comparing two images
quantitatively, it only considers pixel color difference between the
two images. The MAE or MSE values do not indicate if distracting
artifacts are present.

The OpenCL kernel execution time values are an indication of
performance and allows us to determine if our implementation
runs in real time. The frame time is sum of the kernel execution
times for every kernel in our pipeline. Real time in games is not
well defined but we hope to achieve a stable frame time below 17ms
which roughly equals 60 frames per second.

3.4 Method of evaluation
To validate if our voxel ReSTIR implementation is correct we calcu-
late the MSE and MAE values between each image and the ground
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truth image. We repeat this process for the GfxExp implementa-
tion. We calculate the MSE and MAE values between each image
rendered with GfxExp and the ground truth image. We deem our
implementation correct if the MAE values for our implementation
are similar or lower than the MAE values for the GfxExp imple-
mentation.

4 IMPLEMENTATION
In this section we explain our implementation of Voxel ReSTIR in
the WrldTmpl8 framework as well as the design choices we made.
In Section 4.1 we describe necessary details about the WrldTmpl8
framework. In Section 4.2 we explain the grouping of emitters
into brick emitters which is a feature unique to voxel worlds. In
Section 4.4 we describe our implementation of the initial candidate
sampling and temporal resampling. In Section 4.6 we describe our
implementation of the spatial resampling. Lastly, in Sections 4.7
to 4.9 we describe our design choices for the sample count per pixel,
the reservoir data structure and the weighting of temporal samples
respectively.

4.1 WrldTmpl8
We implemented Voxel ReSTIR in the WrldTmpl8 framework. This
framework supplies us with an easy to manipulate grid of 10243 vox-
els which can be accessed on the CPU and GPU. By default this grid
can be read from and written to on the CPU and will automatically
be synced to the GPU to be read from there. This means we have
easy low level control over the voxel world. The framework has a
simple loop which calls an update function as well as the OpenCL
kernels that form the rendering pipeline every frame. The frame-
work provides optimised accelerated ray-grid query methods which
enables fast prototyping of ray tracing workloads. And finally, the
availability of motion vectors assisted us in the implementation of
temporal reprojection for the Voxel ReSTIR implementation.

As mentioned before each voxel stores a 12 bit color value which
includes 4 bits per color channel. Together with this 12 bit color
value we store 4 bits for emission strength. In our implementation
this means we can only use integer emission values from 1 to 15
however this could easily be changed to assign a different range of
emission strength values with 4 bit precision.

4.2 Brick lights
Reducing the number of light sources is a simple way of reducing
variance as less light source candidates have to be considered for
a shading point. Reducing the number of light sources with loss
of information is however hardly possible in polygon scenes with
complex emitting geometry. In voxel worlds this is another story.
We can simply group a block of emitting voxels into a single light
source as long as the block is homogeneous.

The WrldTmpl8 framework works with a multi-level grid. A
top level grid of 1283 contains bricks which contain a voxel color
value if the brick is a homogeneous volume of voxels or an index
into the bottom level grid otherwise. To keep the implementation
simple we decided to use this feature with the aforementioned
idea of grouping emitting voxels to implement brick lights. A brick
light is a single light source which represents 83 emitting voxels.
In our implementation the brick light needs to be aligned with a

brick in the top level grid however this is only the case to quickly
recognize bricks of emitting voxels and does not have to be a hard
requirement in future implementations.

4.3 Direct light sampling
ReSTIR by Bitterli et al. only considers direct lighting and so does
our Voxel ReSTIR implementation. We implemented two ways to
sample a voxel emitter: as point light or as area light.

When the emitters are considered as point lights a candidate
light will simply always be sampled using the center point of the
voxel or brick. Naturally this results in hard shadows but it also
results in lower variance as well as higher performance. The latter
are discussed in Section 6.4.

When sampling the emitters as area light we generate a random
point on the surface of the emitter and sample the emitter given
that point. Our emitters are either single voxels or brick lights, both
of which are cubes. We consider each side of the 6 sides of the
emitter as area lights and importance sample these sides using the
solid angle given the shading point and a random point on the side.
Much like other solid angle sample techniques this technique also
suffers when the shading point is near the emitter surface as the
solid angle approaches 0. This issue is commonly solved using MIS
at the cost of an extra visibility check. By sampling the emitters
as area lights we are able to render soft shadows and converge to
the ground truth. The trade-off is lower performance and higher
variance.

4.4 Candidate generation
Our Voxel ReSTIR rendering pipeline has a stage for initial candidate
generation and temporal resampling. In this stage we generate 32
candidates and importance sample these candidates using weighted
reservoir sampling. We test if the chosen candidate is occluded.
If it is occluded we reject the reservoir and set the weight of the
reservoir to 0.

Next we use temporal reprojection to retrieve the reservoir for
the current pixel from last frame. The reprojection is done using
motion vectors and rejected when the reprojected pixel depth from
last frame is not within 10% of the depth of the current pixel or if the
normal is not equal to the normal of the current pixel. Since we only
work with 6 normals in a voxel world we decided to only accept
normals in this step that are equal. If the reprojection is accepted
we combine the reservoir from last frame with the reservoir of the
current frame.

We decided to do initial sampling using 32 candidates as proposed
in Bitterli et al.. These candidates are uniformly generated from
the pool of lights. We did not implement a method to generate the
candidates using importance sampling however implementing such
method using for example alias tables could prove to be beneficial
as it could increase the average quality of the pool of candidates.

4.5 Target PDF
For our target PDF 𝑝 we simply use the unshadowed path contri-
bution, as shown in Equation (5). In this equation 𝑥 is the selected
candidate light to sample from, 𝜌 is the BSDF term, 𝐿𝑒 is the emitted
radiance, and 𝐺 is the geometry term which include the inverse
squared distance and cosine terms. This PDF is used when filling
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the reservoirs during initial candidate sampling. The unshadowed
path contribution is a 3 component vector as it contains red, green,
blue values so we take the magnitude of this vector as value for our
PDF.

𝑝 (𝑥) = 𝜌 (𝑥)𝐿𝑒 (𝑥)𝐺 (𝑥) (5)

Algorithm 1 Point on voxel using importance sampling
Input: Shading point 𝑝 , Center of voxel 𝑐
Result: Point on voxel 𝑝𝑣 , weight𝑤
1: 𝑁𝑢𝑚𝑏𝑒𝑟𝑂 𝑓 𝑆𝑖𝑑𝑒𝑠 ← 6
2: 𝑆𝑜𝑙𝑖𝑑𝐴𝑛𝑔𝑙𝑒𝑠 ← new Array[𝑁𝑢𝑚𝑏𝑒𝑟𝑂 𝑓 𝑆𝑖𝑑𝑒𝑠]
3: foreach side 𝑠 ∈ Voxel:
4: 𝑝𝑠𝑢𝑟 𝑓 𝑎𝑐𝑒 ← pointOnSide(𝑠)
5: 𝑆𝑜𝑙𝑖𝑑𝐴𝑛𝑔𝑙𝑒𝑠 [𝑠] ← solidAngle(𝑝 , 𝑝𝑠𝑢𝑟 𝑓 𝑎𝑐𝑒 )
6: 𝑝𝑑 𝑓 ← createPdfFromValues(𝑆𝑜𝑙𝑖𝑑𝐴𝑛𝑔𝑙𝑒𝑠)
7: weight𝑤 , side 𝑠 ← importanceSample(𝑝𝑑 𝑓 )
8: 𝑝𝑣 ← randomPointOnSide(𝑠)
9: return 𝑝𝑣 ,𝑤

In the case of area light sampling we also importance sample
the sides of the emitter. The PDF corresponding to this importance
sampling is included in our target PDF in the form of 𝑤 in Algo-
rithm 1. This results in our target PDF being a compound PDF, as
shown in Equation (6) where 𝑤 (𝑥) is the weight resulting from
picking a point on 𝑥 using Algorithm 1.

𝑝 (𝑥) = 𝜌 (𝑥)𝐿𝑒 (𝑥)𝐺 (𝑥)𝑤 (𝑥) (6)
In the case of point light sampling we use Equation (6) but with

𝑝𝑣 = 𝑐 which is the center of the voxel, and𝑤 (𝑥) = 1.

4.6 Neighbour selection
Our Voxel ReSTIR rendering pipeline has a stage for spatial resam-
pling which is performed after the initial and temporal resampling
stage. In this stage we resample the reservoir for the current pixel
based on the reservoirs of neighbouring pixels. We sample 5 random
pixels in a 30 pixel disk around the current pixel. If the neighbouring
pixel has a depth within 10% of current pixel depth and the same
surface orientation we combine the reservoir of that pixel with the
reservoir of the current pixel. As discussed before we only have
6 surface orientations in a voxel world so we only accept surface
orientations that are equal.

It is also possible to use world space distance between a neigh-
bouring pixel and the current pixel to determine if we should reject
it. The current heuristic which accepts pixels within 10% of the
current pixel depth is not perfect and it is possible to spot darkening
bias for pixels at greater depth.

4.7 Evaluated sample count
Our implementation traces 3 rays per pixel. The first ray is used to
trace the albedo image. The second ray is a shadow ray traced after
the initial candidate sampling to determine if the chosen light source
is occluded. The third and final ray is tracedwhen shading the pixels,
to determine if the chosen light source is occluded. Bitterli et al.
propose using 5 reservoirs per pixel for shading and therefore trace

more rays per pixel. Wyman and Panteleev shows however that
this is mostly wasteful so we decided to use a single reservoir per
pixel. The implementation does not support multiple samples per
reservoir.

4.8 Reservoir storage
We store a single reservoir per pixel which is filled during the initial
candidate generation stage and resampled using spatiotemporal
resampling.

The reservoir structure we employ holds the sum of weights
of all samples seen, the number of samples seen, the index of the
chosen sample into the pool of lights, the adjusted weight for the
chosen sample, the position on the surface of the chosen emitter,
1

𝑝𝑑𝑓
where 𝑝𝑑 𝑓 is the PDF value from importance sampling the

sides of the emitter, the normal at this position on the surface of
the chosen emitter and the weight of the chosen emitter. This is
different from the structure described by Bitterli et al. which only
stores the sum of weights, the number of samples , the index of
the chosen sample and the adjusted weight. We included more
information to keep track of the information around the chosen
emitter as the structure passes through multiple kernels.

4.9 Temporal weighting
As described in Bitterli et al. the temporal reuse leads to unbounded
growth of reservoirs. Similar to Bitterli et al. we combat this effect
by reweighting the reservoir when it exceeds 20× the number of
samples seen compared to the current reservoir. This also prevents
the reservoir from going stale as a large sum of weights due to a
large number of samples seen would cause the probability to keep
reusing previous samples to be disproportionately high.

5 RESULTS
In this section we show the results obtained using our implemen-
tation and the GfxExp application. Renderings and timings were
obtained using an AMD R5 5600x CPU, NVIDIA GTX 1080 GPU
and 16GB of RAM. We used OpenCL profiling functions to measure
kernel execution times.

As discussed in Section 3 we use four scenes. We show the results
of using our Voxel ReSTIR implementation on various scenes with
32 candidates (𝑀 = 32) and compare our implementation to GfxExp,
the reference ReSTIR implementation, as well as a ground truth
image, which is calculated using a single bounce so only direct
lighting is considered. All scenes rendered with the two ReSTIR
algorithms use both temporal and spatial resampling. For spatial
resampling we use 5 taps in a 30 pixel radius as described in Sec-
tion 3.2. The images are rendered with a static camera after more
than 20 frames. This provides an artificial advantage as we are
temporally super-sampling a single view, however this advantage
is shared across every test setup. We show the kernel execution
times in milliseconds in Tables 1 and 2. In Table 3 we show the
measured error values for each setup.

We use the following four scenes for our tests, which emphasize
various characteristics of the used algorithms.

The mountain scene has a large number of small dim lights and
simple geometry yet with many occlusions. Due to the nature of the
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Figure 3: Left: 256 bricks emitters. Right: 131072 voxels emitters Figure 4: Cornell box scene with 256 emitting bricks

Figure 5: Flying apartments scene 1 Figure 6: Flying apartments scene 2

geometry Voxel ReSTIR cannot effectively apply spatial resampling.
In general this should result in noise and a darker image as for
many pixels no relevant candidate can be found to sample from.

The scene with emissive text has complex emitting geometry.
The emissive letters and numbers are formed by light emitting
voxels. The letters embedded into the walls are enclosed on all sides
but one. The emissive numbers on the floor indicate the depth of
the scene in voxels.

The flying apartments scene consists of complex geometrymixed
with many emissive voxels and most closely represents a scene in
a voxel game. This scene has a mix of emissive voxels of different
colors. The complex geometry creates many occlusions and restricts
the effectiveness of reuse across pixels. Even so the scene has flat
surfaces where spatial reuse is effective and the algorithm has the
ability to generate high quality samples.

The Cornell box scene has a single large light source in the top
which consists of many emitting voxels which can be grouped into
bricks to reduce the number of emitters. This scene is a standard
scene in computer graphics research. It is most ideal for ReSTIR
compared to the other scenes, as the many voxel emitters are trian-
gulated into only 20 emitters using greedy meshing. This means
that ReSTIR samples from a pool of lights much smaller than the

pool of lights used by Voxel ReSTIR. This is the only scene where
we could easily group existing emitting geometry into voxel bricks.

In Figure 3 we demonstrate the difference between using a large
number of individual emitting voxels and grouping such voxels as
emitting bricks. In both cases the scene has the exact same geome-
try and should converge to the same result. However, in real-time
the case of brick lights should be favored as the number of lights is
much smaller. A smaller number of lights allows for better cache
utilization as well as a higher quality candidate sampling, as the
number of candidates is closer to the number of lights. The differ-
ence is mostly visible in occluded regions as well as on surfaces near
the light sources. Both images have been rendered using 𝑀 = 32
and area light sampling. We show the effect of grouping emitting
voxels into bricks on execution times in Tables 1 and 2.

In Figure 4 we show the same scene but here we demonstrate
the difference between ReSTIR and Voxel ReSTIR. On the left we
demonstrate the result using ReSTIR, in the middle we show the
result using our Voxel ReSTIR implementation, and on the right we
show the reference image. The difference in variance can be seen
best in occluded regions such as the area where the sides of the
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Figure 7: Emissive letters scene 1 Figure 8: Emissive letters scene 2

boxes meet the floor. Areas where geometry changes such as the
corners between the ceiling and the walls also show a darkening
effect.

In Figures 5 and 6 we demonstrate the difference between ReSTIR
and Voxel ReSTIR using the flying apartments scene. As noted
before the spots with most noise are in places where geometry
is inconsistent such as corners. Another point of interest is the
highlights near voxel lights. This can be seen best for the bright
white voxel lights in the lower half of Figure 5, as well as the bright
white voxel lights on the edge of the bridge in Figure 6.

Figures 7 and 8 show the difference between ReSTIR and Voxel
ReSTIR using the emissive letters scene. This scene contains com-
plex emissive geometry and complex geometry in the middle of the
scene. The emissive numbers on the floor denote the depth and are
useful to compare the effectiveness of the method at greater depth.
Note the difference in noise on the floor near the number in the back
compared to the noise on the floor near the number in the front.
The numbers show a gradual change in color but otherwise have
the same emissive strength. The purpose of the complex geometry
in the middle is to show the level of noise when there are generally
little emitters, each placed at a distance. The comparison between
the three methods is best made by looking at the level of noise on
the floor as it is visible for each method in the figures.

In Figure 9 we demonstrate the difference between ReSTIR and
Voxel ReSTIR using the mountain scene scene. This scene works
especially well to compare the three methods as the geometry
visible in each section is roughly equivalent. Areas of note are
highlights on the surfaces near the lights and the gradual change
in brightness of the image for each section as the depth increases.
The floor close to the camera also serves as a clear indicator in the
different levels of noise each method can achieve.

We show the difference in kernel execution times between the
two methods in Table 1.

Figures 10 to 13 show the impact of varying numbers of candi-
dates. For an overview of impact on performance of this setting,
see Table 2.

In Figure 10 we demonstrate the Cornell box scene when us-
ing various number of initial candidates. This scene, in contrast to

Figure 9:Mountain scene 1

following scenes, has a relative small number of lights as well as
simple geometry. The impact of using a small𝑀 should be insignif-
icant as the initial candidate sampling as well reuse provide a high
quality sample.

Figure 11 shows the flying apartments scene when using various
number of initial candidates. When looking closely at this Figure
one can see that, as𝑀 gets smaller, there are many fireflies scattered
across the image even for surface points that are not in near vicinity
of a light. This scene has a mix of complex geometry and large flat
surfaces as well as a large number of light sources. The impact
of using a smaller 𝑀 is best visible near lights that are in close
proximity of complex geometry or near lights that are far from the
camera. This is where the quality of the candidate sampling is most
prominently visible.

In Figure 12 we demonstrate the emissive letters scene when
using various number of initial candidates. This scene, in contrast to
the mountain scene, has large flat surfaces and a significant smaller
number of lights. Specifically largely open regions such as the floor
surface demonstrate the impact, or lack thereof, of using a smaller
number of𝑀 .
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Figure 10: Cornell box scene with 256 emitting bricks Figure 11: Flying apartments scene 2

Figure 12: Emissive letters scene 1 Figure 13:Mountain scene 2

In Figure 13 we demonstrate the mountain scene when using
various number of initial candidates. As noted before the moun-
tain scene with its distinct geometry hampers spatial reuse. As
spatiotemporal reuse is a mechanism to effectively resample many
more samples than the initial candidate sampling, having a scene
where reuse is not effective demonstrates the impact of a smaller
number of initial candidates best.

In Figures 14 to 17 we test the impact on image quality of the
point and area light sampling process.

In Figure 14 we demonstrate the difference between point and
area light sources using the Cornell box scene. The difference is
best observed on the upper parts of the walls where artifacts from
point light sampling are clearly visible. This scene shows the short
comings of point light sampling best as the small number of light
sources are in close proximity. Many flat surfaces allow for visibility
reuse through spatiotemporal reuse.

In Figure 15 we demonstrate the difference between point and
area light sources using the flying apartments scene. The difference
is best observed on the railing of the bridge. The highlights of the
voxel close to this railing are missing. Occlusion artifacts are also
prominent on the floor of the bridge near the edges.

In Figure 16 we show the difference between point and area light
sources using the emissive letters scene. The many lights embed-
ded into the wall cause this scene with otherwise little occlusions
to suffer from obvious occlusion artifacts when using point light
sampling. Note the difference in brightness between the left and
middle parts of the image.

In Figure 17 we demonstrate the difference between point and
area light sources using the mountain scene. There are obvious
occlusion artifacts on the floor near the lights in the case of point
light sampling. When using point light sampling the highlights are
not as well defined due to these artifacts. Note the level of noise in
corners, especially well visible in the corners close to the camera,
as both methods struggle in such cases.

In Table 1 we show the difference in kernel runtime between the
methods. Note that only the initial candidate sampling stage differs
between the two methods. The other stages share the same code
paths and should result in roughly equal kernel execution times.

Appendix A contains more images using the same scenes in a
similar setting as the figures discussed in this section.



Thesis INFOMGMT, 21/22, University Utrecht Xander Hermans

Figure 14: Cornell box scene with 256 emitting bricks Figure 15: Flying apartments scene 2

Figure 16: Emissive letters scene 1 Figure 17:Mountain scene 1

6 DISCUSSION
As outlined in Section 3 our goal is to determine if our voxel Re-
STIR implementation produces valid results. To do this we compare
images rendered using our method to the results obtained by us-
ing the ReSTIR implementation in GfxExp in Section 6.1. Next we
discuss the performance of our implementation as well as the im-
pact of varying the number of candidates in Section 6.2. Lastly, in
Sections 6.3 and 6.4 we discuss the effect of features unique to our
implementation in terms of performance and image quality.

6.1 ReSTIR and Voxel ReSTIR
In Figures 4 to 9 we showed the comparison between ReSTIR and
our Voxel ReSTIR implementation. The difference in noise between
the two implementations is clearly visible. Voxel ReSTIR produces
images with lower overall noise. This is confirmed by the MAE
values, which can be found in Table 3. A clear example of the
difference in noise produced by the two techniques can be seen on
the bridge in Figure 6 which is almost noise free when using Voxel
ReSTIR.

An interesting point of note is that the ReSTIR image suffers from
a lot of dark noise, which means no relevant light could be sampled

or the chosen light is occluded. This is can be seen best in Figures 4
and 6. On the other hand the Voxel ReSTIR image has significantly
less black noise but does suffer from fireflies as can be seen well in
Figure 4 on the white wall in the back near the light. This can be
attributed to the target pdf used by Voxel ReSTIR being a compound
pdf. This compound pdf importance samples the emitting voxels
as well as the side of the voxel using the solid angle. Both ReSTIR
implementations are biased implementations which suffer from
darkening bias. This is most noticeable in highly occluded regions
such as near the walls of the apartments in Figure 5 or at a greater
pixel depth such as higher up the mountain in Figure 9. Figure 9
seems like a worst case scenario as the large number of lights often
leads to a low quality candidate sampling and the complex geometry
prevents effective reuse of neighbouring pixels. Figures 4, 7 and 8
show scenes with little occlusion and as such Voxel ReSTIR is able
to perform well with little to no darkening from bias.

In terms of performance both the ReSTIR and Voxel ReSTIR im-
plementation are not quite able to perform in real time. As shown in
Table 1 the Voxel ReSTIR implementation is faster for the Mountain
and Emissive letter scenes (Figures 7 to 9) whereas the ReSTIR im-
plementation is faster for the Flying apartments and the Cornell box
scenes (Figures 4 to 6). Both implementations have a wide range
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mountain landscape emissive letters flying apartments cornell box

Area light sampling
No. emissive voxels 9408 1249 18080 256 (bricks) 131072
albedo (ms) 1.09 1.24 0.90 0.86 0.93 0.85 0.93 0.94
32 candidates (ms) 77.36 68.80 98.13 74.39 100.82 83.44 56.46 82.19
spatial reuse (ms) 23.83 14.38 27.45 18.31 21.74 18.97 14.23 15.77
shading (ms) 12.91 5.50 8.71 6.19 7.85 8.02 3.93 4.04
total time (ms) 115.18 89.92 135.20 99.75 131.35 111.28 75.55 102.94

Point light sampling
No. emissive voxels 9408 1249 18080 256 (bricks) 131072
albedo (ms) 1.03 1.21 0.94 0.88 0.97 0.89 0.91 0.95
32 candidates (ms) 22.65 11.30 15.87 12.20 15.15 14.71 11.12 11.05
spatial reuse (ms) 23.87 14.63 27.52 18.60 22.65 20.74 14.79 16.35
shading (ms) 12.49 5.58 8.95 6.09 7.52 7.93 3.67 3.94
total time (ms) 60.03 32.73 53.28 37.78 46.29 44.28 30.49 32.29

GfxExp
No. emissive tris 31356 2872 19890 20
albedo (ms) 10.94 9.04 5.90 5.46 8.11 10.25 3.90
32 candidates (ms) 136.56 87.36 157.07 117.83 61.15 49.23 22.98
spatial reuse (ms) 7.66 4.95 8.19 5.22 6.03 5.74 3.97
shading (ms) 15.15 9.45 7.19 5.80 13.57 12.21 3.40
total time (ms) 170.31 110.79 178.35 134.31 88.85 77.43 34.25

Table 1: In this table we show the kernel execution times for the stages of our rendering pipeline and GfxExp. The kernel execution times
are profiled using OpenCL profiling functions in milliseconds. The albedo stage serves as primary ray intersection stage, also known as
the G-buffer stage. The 32 candidate stage is the initial candidate and temporal reuse stage. Our default number of initial candidates is 32.
Temporal reuse is enabled in every scenario we profiled. 1 brick light is 83 emissive voxels.

of candidate sampling time which can indicate cache thrashing
as explained by [61]. This would explain why candidate sampling
is generally done faster with fewer light sources when the num-
ber of iterations (candidates) in the kernel remains the same. The
greedy meshing technique used to convert the voxel worlds to poly-
gon worlds also works in favor for the ReSTIR implementation for
scenes with very simple geometry such as the Cornell box scene
(Figure 4). The number of light sources is brought down from 256
bricks (or 131072 voxels) to just 20 emissive triangles.

6.2 Varying the number of candidates
In Bitterli et al. the authors chose 32 initial candidates per pixels as
middle ground between performance and quality. We are interested
if we can achieve acceptable amounts of noise when resampling
using a lower number of initial candidates. Since the number of
candidates has significant impact on the execution time of the
candidate sampling stage, as can be seen in Table 2. In this table
we can see that the MAE when using just 8 candidates is within
10% of the MAE when using 32 candidates. As seen in Figures 10
to 13 the difference between using various number of candidates is
small and even using just 1 candidate gives good results. Using 1

candidate results in a MAE lower than the equivalent MAE when
using GfxExp with 32 candidates, however the noise becomes more
evident.

In Figure 11 the number of fireflies are more obvious when using
1 candidate compared to 32 candidates. A firefly is often caused
by sampling a sample with a high adjusted weight as the adjusted
weight is used to weight the contribution of the sample when
shading a pixel. The adjusted weight is inversely related to the
target pdf value of the selected candidate. If we happen to sample a
side of an emitting voxel with relatively small solid angle, out of
the total solid angle of the voxel, the target pdf value is small and
the adjusted weight value is large. However, since the pdf value is
relatively small, the probability to retain this candidate becomes
smaller as we resample more candidates. This explains why fireflies
are less obvious when increasing the number of candidates. On the
other hand, in Figure 12 there are little to no fireflies as many of
the emissive voxels are enclosed which leaves only a single side
of the voxel visible to the scene. The variance in target pdf values
when sampling these voxels is eliminated by the visibility check.
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mountain landscape emissive letters flying apartments cornell box

Area light sampling
No. emissive voxels 9408 1249 18080 256 (bricks) 131072
32 candidates (ms) 77.36 68.80 98.13 74.39 100.82 83.44 56.46 82.19
16 candidates (ms) 39.07 30.73 40.82 31.26 41.32 33.98 25.67 37.61
8 candidates (ms) 27.93 15.54 20.53 15.53 19.43 18.80 12.45 17.20
1 candidate (ms) 15.05 6.03 14.74 10.60 8.78 9.55 5.96 6.85

Point light sampling
No. emissive voxels 9408 1249 18080 256 (bricks) 131072
32 candidates (ms) 22.65 11.30 15.87 12.20 15.15 14.71 11.12 11.05
16 candidates (ms) 19.98 8.65 12.17 9.51 10.99 10.93 7.30 8.95
8 candidates (ms) 17.98 7.14 11.19 8.29 9.57 9.70 5.36 7.56
1 candidate (ms) 12.26 4.50 12.83 9.10 7.35 8.35 4.58 5.57

GfxExp
No. emissive tris 31356 2872 19890 20
32 candidates (ms) 136.56 87.36 157.07 117.83 61.15 49.23 22.98

Table 2: In this table we show the kernel execution times for the candidate sampling stage with various number of candidates. Note that this
stage includes temporal reuse.

One important thing to mention is that static images such as our
figures cannot convey the annoyance from temporal noise at a low
number of candidates.

The ideal number of candidates is depends on the amount of
noise that is deemed acceptable. The amount of acceptable noise
depends on how much noise can be filtered by a denoiser imple-
mentation, as the amount of noise is likely too distracting to use
our implementation in a game without a denoiser. Unfortunately
we did not test our setup in conjunction with any denoiser imple-
mentations.

As shown in Table 2 the performance gain when using a smaller
number of candidates is significant. Again, this could indicate a
bandwidth bottleneck such as cache thrashing. Note that the initial
candidates are uniformly generated in our implementation. Using
importance sampling to generate initial candidates could lead to
reduced noise, especially for a smaller number of candidates. How-
ever, this improvement is limited by the difference in importance of
different light sources. Which is often not very big in voxel worlds,
as most light sources are simply single voxels with similar emission.

6.3 Voxel point lights or area lights
When considering voxels as area lights we need to consider a point
on the voxel to sample from. As described in Section 4.4 we do so by
importance sampling the solid angle for the sides of the voxel. Doing
so results in some performance overhead as can be seen in Table 1.
The candidate sampling kernel execution time for 32 candidates for
point light sampling is significantly lower than the 32 candidates
sampling kernel for area lights. This brings the performance almost
in the range of real time for our system. Sampling voxels as point

lights may be desirable for some applications such as games which
put high priority on performance.

Sampling voxels as point lights does result in some noticeable
artifacts. Since the sample point is always at the center of the voxel
some occlusions occur which should not occur. Such occlusions
can be observed clearly in Figure 17 on the ground near the lights,
in Figure 14 on the walls near the light and in Figure 15 on the
side of the bridge. Many candidate samplings lead to high potential
contributing candidates which subsequently do not pass the visibil-
ity test. The same holds for spatial and temporal resampling. The
visibility reuse leads to selection of occluded candidates. As a result
hard shadows form and lead to occlusion artifacts.

Scenes with many lights and little occlusions such as Figure 16
still suffer from such occlusion artifacts albeit much less obvious.
Visibility reuse still leads to shadows in places there should not be
such as the shadow on in the back on the left wall of Figure 16.

In return the amount of noise is lower as the sampling point
for a given light source is always at the same point in space. The
noise does not change as much over time as it does when sampling
area lights as the sampling point on the emitting voxel remains
consistent. This generally results in a lower amount of perceived
noise which can be beneficial when the final image is not denoised.

6.4 Brick lights
One of the features unique to using a voxel world is being able
to group geometry easily as a cluster of voxels. This can be done
without loss of detail assuming the cluster of voxels is the a homoge-
neous group of voxels. As described in Section 4.2 we implemented
this to group blocks of 83 equal emitting voxels into a single brick
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mountain landscape emissive letters flying apartments cornell box

Area light sampling
No. emissive voxels 9408 1249 18080 256 (bricks) 131072
32 candidates MSE 0.0045 0.0048 0.0009 0.0013 0.0116 0.0110 0.0252 0.1660
16 candidates MSE 0.0063 0.0080 0.0097 0.0022 0.0086 0.1117 0.0086 0.0127
8 candidates MSE 0.0088 0.0127 0.0026 0.0015 0.0841 0.0381 0.0068 0.0536
1 candidate MSE 0.0252 0.0157 0.0058 0.0039 0.0520 0.4294 0.0135 0.0111
32 candidates MAE 0.0301 0.0199 0.0059 0.0067 0.0235 0.0220 0.0111 0.0142
16 candidates MAE 0.0311 0.0207 0.0060 0.0068 0.0239 0.0230 0.0111 0.0139
8 candidates MAE 0.0322 0.0216 0.0059 0.0068 0.0253 0.0237 0.0110 0.0143
1 candidate MAE 0.0354 0.0236 0.0061 0.0070 0.0277 0.0260 0.0114 0.0145

Point light sampling
No. emissive voxels 9408 1249 18080 256 (bricks) 131072
32 candidates MSE 0.0047 0.0043 0.0005 0.0010 0.0055 0.0068 0.0118 0.0140
32 candidates MAE 0.0346 0.0215 0.0075 0.0089 0.0290 0.0254 0.0396 0.0430

GfxExp
No. emissive tris 31356 2872 19890 20
32 candidates MSE 0.0760 0.0526 0.0279 0.0047 0.0379 0.0527 0.0217
32 candidates MAE 0.0491 0.0316 0.0133 0.0101 0.0410 0.0406 0.0279

Table 3: In this table we show the error values for our renders when compared to the ground truth.

light source. Only the Cornell box scene contains a setup of emitting
voxels that could be turned into brick lights.

In Figure 3 we show the difference between using 256 brick lights
on the left and the equivalent 131072 emitting voxels on the right.
As can been seen in this figure, grouping the voxels as bricks leads
to less noise. The smaller number of lights in the pool of lights leads
to a candidate sampling more representative of the entire pool.

In Tables 1 and 2 we show the MAE values and kernel execution
times for both setups. Grouping emitting voxels into single light
sources outperforms the equivalent setup both in MAE as well
as kernel execution time of the candidate sampling. This can be
explained by the smaller number of light sources when grouping
emitting voxels, as the time to sample candidates increases with
the number of light sources.

As mentioned before, using a form of importance sampling when
generating initial candidates could improve the results of grouping
voxels into bricks even further as the difference in importance
between a brick light and a voxel light is substantial. Sadly we did
not manage to implement a form of importance sampling for initial
candidates.

7 CONCLUSION
Wehave implemented two variants of Voxel ReSTIR in theWrldTmpl8
framework. Our point light Voxel ReSTIR implementation considers
voxel lights as point lights and is able to deliver low noise images
at near real-time performance on our system at the cost of artifacts
common to point light sampling, such as hard shadows. It is able to

outperform a ReSTIR implementation in terms of required comput-
ing time. Our area light Voxel ReSTIR implementation considers
voxel lights as area light sources and is able to deliver low noise
artifact free images at the cost of a performance hit over our point
light Voxel ReSTIR implementation. We showed that our area light
Voxel ReSTIR implementation outperforms a ReSTIR implemen-
tation for polygon scenes in terms of image quality and in most
cases in terms of computing time. Our algorithms rely on the same
simple image-space data structures as ReSTIR and are suitable for
GPU implementation.

We exploit the fact that voxel light sources consist of six emitting
sides. We use this to our advantage by importance sampling the
sides during candidate sampling and incorporating this into the
potential contribution of the light source which is used as our target
PDF. Another property of the voxel world we explored is grouping
voxel light sources positioned in a 83 homogeneous cube into a
single light source. This reduction of the number of light sources
proved fruitful as it leads to higher quality candidate sampling as
well as faster candidate sampling.

In short our contributions are:

• A literature study about the current state of computer graph-
ics using voxel acceleration structures, as well as the state
of the art solutions to the many lights problem.
• An implementation of Voxel ReSTIR1 and description of our
implementation.

1Voxel ReSTIR repository: https://github.com/xanderhermans/WrldTmpl8
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• A comparison between ReSTIR and Voxel ReSTIR. Demon-
strating visual differences side by side as well as error values
in relation to a path traced reference image.

7.1 Limitations and future work
It would be interesting to explore different sizes of grouping of ho-
mogeneous space of light sources. This results in further reducing
the number of light sources. The difference in potential contribu-
tion of the grouped lights can be exploited when using importance
sampling for candidate generation. The performance impact of
grouping homogeneous spaces can be kept low by using multilay-
ered data structures such as the two layer grid in WrldTmpl8. This
two layer grid allows us to check in constant time if a brick of 83
voxels is homogeneous.

As described before, area light sampling becomes problematic
when the angle to the emitting surface approaches 0. Using MIS can
alleviate this problem at the cost of tracing an extra ray, however
tracing an extra ray is relatively cheap for a voxel world. Exploring
the possibility of implementing MIS together with Voxel ReSTIR
could further reduce noise with limited overhead.

We have shown that Voxel ReSTIR achieves better quality images
than ReSTIR and we attribute this to the fact that we effectively
importance sample the side of the light source with best potential
contribution. Due to the cube shape we always have at least one
side with a positive solid angle. It could be worthwhile to group
emitting surfaces for ReSTIR, for example based on what mesh they
originate from. It would serve as a form of stratification over the
orientation of emitting surfaces. Although this increases the time
complexity of the candidate sampling it could lead to higher quality
candidate sampling, as it is more likely to sample surfaces with
different normal vectors. Sampling emitting surfaces with different
normal vectors means a higher probability of at least one surface
with potential contribution greater than 0.

The time used for the candidate sampling stage has high variance.
As Wyman and Panteleev noted this is most likely due to cache
thrashing. It could be interesting to explore the candidate sampling
improvement and other improvements as suggested byWyman and
Panteleev and how these improvements could be applied to Voxel
ReSTIR.

Our implementation relies on image-space methods for resam-
pling. This is visible as small and dim emitters at a distance are
generally undersampled. By using a world-space approach such as
ReGIR one can improve the candidate sampling and resampling in
such cases. If this could be applied to Voxel ReSTIR it could improve
image quality as well as possibly exploit the data structure used
to store the voxels as it similar to the structure used to store the
reservoirs in world space.
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APPENDIX A

Figure 18: Cornell box scene with 131072 emitting voxels. For error
values refer to Table 1

Figure 19: Flying apartments scene 1

Figure 20: Emissive letters scene 2 Figure 21:Mountain scene 1
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Figure 22: Cornell box scene with 131072 emitting voxels Figure 23: Flying apartments scene 1

Figure 24:Mountain scene 2 Figure 25: Emissive letters scene 2

Figure 26:Mountain scene 2
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