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Fast Ray Tracing with our NAADFs
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Figure 1: Left: Our multilayered cell hierarchy with Nested Axis-Aligned Distance Fields (NAADF's) accelerates ray tracing by an order of
magnitude while allowing editing and non-aligned dynamic entities. Right: Our NAADF's also enable significant improvements of our real-
time global illumination approach in runtime and image clarity, especially when moving the camera, compared to state-of-the-art (Baseline:
ReSTIR GI+SVGF+TAA with color clamping, reference: 8192 spp). The mirror wall (orange outline) and window in A are reflective.
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Abstract

Achieving realistic rendering of 3D scenes in real time using path tracing is challenging due to the high sample count required,
with ray tracing as the bottleneck. Focusing on voxels as a geometry representation offers significant opportunities for opti-
mizations, especially for tracing the rays, but also for computing the samples. We propose a novel multilayered spatial structure
augmented with in-cell axis-aligned distance fields (AADF) operating as caches. Our nested cell structure already accelerates
ray tracing 3-5x compared to the state-of-the-art dense spatial structures, such as variants of directed acyclic graphs (DAG).
Using the AADF's (constructed while rendering) inside the cells, we can double the ray throughput again (total 10x). As an
application, exploiting nested AADFs (NAADFs) also allows us to double the speed of global illumination computations while
significantly reducing artifacts from camera motion, such as flickering, blurring, ghosting, and aliasing, all of which are es-
pecially important in voxel worlds with sharp edges. We achieve this by adapting temporal antialiasing (TAA) to retain the
last 32 frames rather than a single history buffer to create the final antialiased image, since the discretized voxel structure
requires much less memory to store the quantized positions and normals of ray bounces. The sample accumulation for global
illumination is optimized by compressing and separating lit/unlit samples, and we apply 8x8 window spatial resampling based
on a reservoir-based spatiotemporal importance resampling (ReSTIR) method. Our proposed NAADFs support editing with
quick updates to the acceleration in the background, overlays of non-aligned dynamic geometry, and can be easily extended
to support transform-aware compression or to represent huge real-world scans. Retaining many past frames rather than just
combining them opens up new opportunities to remove spatial and temporal artifacts in path tracing for global illumination.

CCS Concepts
» Computing methodologies — Ray tracing; Volumetric models;

CGF 45-2 | 70413

© 2026 The Author(s). Computer Graphics Forum published by Eurographics -
The European Association for Computer Graphics and John Wiley & Sons Ltd.

This is an open access article under the terms of the Creative Commons delivered by

Attribution License, which permits use, distribution and reproduction in any e
medium, provided the original work is properly cited. ™ E U ROG RAPH I cs
= DIGITAL LIBRARY

www.eg.org diglib.eg.org



https://orcid.org/0000-0002-0539-9378
https://orcid.org/0009-0003-5315-3270
https://orcid.org/0009-0006-7895-0462
https://orcid.org/0000-0002-9370-2663
https://orcid.org/0000-0002-2526-7700
https://doi.org/10.1111/cgf.70413

2 of 14 A. Ulschmid & M. Ott & J. Macho & M. Wimmer & S. Ohrhallinger / NAADF

1. Introduction

Voxel-based environments are becoming popular in modern games,
as their discrete structure enables not only highly editable and
dynamic worlds but also permits quick procedural generation or
model creation, which can easily be crowd-sourced. Their appeal
lies especially in their inherent support of volumetric operations,
which easily permits complex physical interactions such as real-
time terrain editing, fluid simulations, and other dynamic object
interactions. However, when rendering geometric structures, e.g.,
using path tracing to simulate global illumination, voxel engines
are constrained by either high memory usage or slow ray traver-
sal, limiting their scalability and responsiveness. Various methods
have been proposed to balance memory usage and the traversal ef-
ficiency of a simple grid. Sparse Voxel Octrees (SVO) and Directed
Acyclic Graphs (DAG) exploit the redundancy of similar geometry
to compress the data, while signed distance functions (SDF) store
the nearest distance to the surface as a precalculation to accelerate
ray marching. Both approaches have limitations: while SVOs and
DAGs require complex traversal logic that does not perform well
on the GPU, e.g., by very frequently loading pointers randomly
from global memory, SDFs lack the directional information that
can drastically accelerate ray tracing because it describes the ex-
tent of empty space in the respective directions.

In our approach, we propose applying axis-aligned distance
fields (AADF) within nested (NAADF) cells to accelerate ray
traversal while efficiently compressing the geometry in a multilay-
ered cell hierarchy, further reducing redundancy through hashing.
Contrary to SDFs, our AADFs store the distances for the six axis-
aligned directions, limited to their cell bounding box, so only a few
bits are required. These axis-aligned distances, perfectly suited for
the nature of voxel worlds, together with cache-efficient storage and
the spatial hierarchy, enable ultra-fast ray traversal with just a small
memory usage trade-off. Compared to SVOs or DAGs, NAADFs
can be edited much faster because they have only 3 layers. Their
separate buffers mean no restructuring is required, and recomput-
ing only the affected AADFs adds minimal overhead that can be
hidden during rendering. Furthermore, NAADFs permit overlaying
non-aligned dynamic geometry with little overhead.

Independent of the scene representation, accurately computing
global illumination in real time remains a challenging problem.
Traditional methods have approached this using a variety of ap-
proximations, including baked lighting, screen-space techniques,
and simplified light-transport models [RDGK12]. Path tracing, on
the other hand, offers a unified framework that naturally includes
effects such as reflections, soft shadows, and caustics. However,
real-time rendering of these global illumination effects with path
tracing is slow and thus currently limited to only a few (1-4) sam-
ples per pixel (spp). Due to these constraints on the sampling rate,
various artifacts arise, such as aliasing and noise. Over time, mul-
tiple spatiotemporal approaches for antialiasing, denoising, and re-
sampling have been developed to mitigate these artifacts. For tem-
poral reuse, data from previous frames is accumulated and stored
in so-called history buffers. Most previous approaches only used a
single history buffer due to their high memory usage. We reduce
the memory footprint of each sample, enabling us to store the past

32 frames, while further optimizing spatial sample reuse based on
the axis-aligned voxel structure.

Additionally, discarding all samples at the end of each frame
would be inefficient, as light transport typically exhibits coher-
ence across neighboring pixels and frames. Resampling both spa-
tially and temporally exploits this coherence by enabling the se-
lection and reweighting of samples based on their contributions
to the final image. This can significantly reduce noise while stay-
ing within the strict performance constraints of real-time rendering.
Recent reservoir-based spatiotemporal importance resampling (Re-
STIR) approaches, however, do not consider the specific properties
and challenges of rendering voxel worlds. When rendering voxel
worlds, separately storing light sources incurs high overhead, es-
pecially with dynamic entities and editing. Not only would larger
light structures consist of many voxels, but many small emitters
could also be used to model partially glowing phenomena, such as
lava. Thus, we optimized a recent ReSTIR approach, considering
compression opportunities enabled by the voxel structure and per-
forming material-based sampling only.

Our principal contributions are as follows:

o A multilayered distance cache accelerating ray tracing ~ 10-fold

e 2x faster global illumination compared to state-of-the-art ap-
proaches, while also improving image clarity

e Real-time editing and lighting voxel worlds with non-aligned
moving entities

e A voxel-engine implementing the described methods is available
on GitHub [UOM*26]

2. Related Work

In this section, we describe the state of the art in voxel-based geom-
etry structures and distance fields, as well as techniques for reduc-
ing sample-based artifacts in path tracing for global illumination,
such as antialiasing, denoising, and resampling.

2.1. Voxel-based Geometry Structures

Voxels are regularly discretized elements of a volumetric space;
their attributes can range from a single occupancy flag to appear-
ance, such as color, material, density, or other properties. One of the
first approaches to ray tracing voxels was to step through a uniform
grid [AW87], which is fast; however, its cubic storage requirement
is largely redundant for surface representations.

Octrees To address this, trees [Mea82] were applied to ray tracing
[Gla84], removing large unused volumes by hierarchically subdi-
viding for relevant detail. To avoid slow explicit neighbor-finding
for ray marching, a top-down traversal strategy [RULOO] was in-
troduced that uses previously computed parameter values derived
from the ray’s parametric representation to compute the ray-voxel
intersections. With the advent of the GPU, sparse octree traversal
was combined with aggregated voxel storage in the leaf nodes in
the octree [CNLEQ9], represented as a small 3D grid and thus can
be efficiently sampled with hardware acceleration; however, this is
memory intensive, so large scene data have to be loaded on demand
from the CPU. Sparse Voxel Octrees (SVO) [LK10] subdivide oc-
tree nodes only if they contain geometry, and for the required child
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pointers, compress them where possible. The leaf voxels are not
filled but contoured by intersecting surface planes, which improves
visual quality. SVOs are inherently read-optimized and thus are
not well-suited for editing, as that would require at least partial
rebuilding; also, following lots of pointers is not cache-effective.
Smooth Mixed-Resolution GPU Volume Rendering [BHMFO08] en-
ables seamless ray casting across volume bricks of differing reso-
lutions by warping texture coordinates, with a focus on transparent
volume rendering. They store a multi-resolution pyramid that is,
however, similarly to SVOs, read-optimized, prohibiting live edits.

Sparse Voxel DAGs Sparse Voxel Directed Acyclic Graphs
(SVDAG) [KSA13] extend SVOs by merging identical subtrees,
resulting in a directed acyclic graph that reduces memory usage
in redundant scenes, by a factor 5 in one example. However, this is
not very suitable for dynamic scenes, as editing a node would affect
all its references. Two approaches further improve static geometry
reuse: The Symmetry-aware SSVDAG [VMG16] detects subtrees
mirrored about any axis, adding a 3-bit tag, and applies variable-
length pointers from the SVO [LK10]. The recent Transform-aware
TSVDAG [ME25] further adds axis permutations and translations,
allowing shifts beyond the boundary, and the large number of
permutations requires a Huffman-compressed transformation ID.
While more transformations result in increased compression, the
subtree identification becomes overproportionally slower due to the
large search space. To allow editing without decompressing and re-
compressing the entire SVDAG, the HashDAG [CBE20] adds mod-
ified nodes to the tree instead, using a hashmap, but slows perfor-
mance by a factor of 1.5-2. However, this inspired us to use hashing
to reduce redundancy in our method.

Out-of-Core Approaches OpenVDB [Mus13] is widely used to
represent sparse volumetric data for offline rendering. While it is
very efficient at that, its out-of-core structure requires significant
CPU-GPU synchronization, resulting in much worse ray traver-
sal performance. Brickmaps [vWin15] are somewhat similar to our
lowest layer of nodes in that they store a uniform grid of 8% voxels
in 512-bit bricks. However, these bricks are organized in a com-
pressed, out-of-core grid, so a complex levels-of-detail mechanism
is required to stream bricks to the GPU based on occlusion.

Distance Fields Distance fields, whether unsigned or signed
(SDF), are a well-established representation for surfaces or level
sets in computer graphics. They store the distance to the surface for
points in space, often on a uniform grid. However, in their usual
form, they do not store directional information and are therefore
not suitable for efficient ray traversal. Directed Distance Fields
[KBSSO01] store a distance value for each axis direction per grid
point. While at first this seems similar to our method, it represents
only the distance to the surface along a single axis. Our approach
uses six distance field values instead to create an empty bound-
ing box around a cell. Adaptively Sampled Distance Fields (ADF)
[FPRJOO] use an octree to store distances at cell corners, which
are adaptively subdivided based on geometry. The hierarchy of dis-
tances in the ADFs accelerates ray tracing but does not use direc-
tional distances, which reduces its effectiveness, especially in voxel
worlds. NanoVDB [Mus21] offers GPU support for rendering and
simulation, improving performance by linearizing the OpenVDB
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data structure, resulting in a pointer-less tree and switching to in-
core processing when possible. While using SDFs for collision de-
tection and enabling to render SDFs, NanoVDB itself focuses on
general voxel processing. Brixelizer [Adv24] is a sparse distance
field technique on the GPU that can be used to trace rays against
both static and dynamic geometry. It does, however, not use direc-
tional information; therefore, it is comparable to our structure with
just using SDFs instead of NAADFs. Additionally, the Brixelizer
pipeline is optimized for triangle geometry as input and not voxels.

2.2. Artifact Reduction in Path Tracing

The basics of physically-based light transport are given by Ka-
jiya [Kaj86], with an extensive path tracing implementation, PBRT
[PJH23]. While they aim for physical correctness, we prioritize
real-time feedback and thus introduce bias (color inaccuracies in
lighting effects) into the original rendering equation. Many render-
ing approaches compute global illumination using voxel discretiza-
tions but project the results onto triangle meshes for rendering
[CPP24; YS20]. For example, VXGI [Pan15] is a real-time global
illumination implementation using voxel cone tracing, which ap-
proximates indirect lighting by integrating radiance over multiple
levels of a voxel octree. We instead directly display the discretized
world, opting for the voxel aesthetic instead of triangles. Those
triangle-based approaches could, however, benefit from our fast
ray traversal using NAADFs. Both voxel- and triangle-based ap-
proaches suffer from artifacts due to undersampling, and multiple
approaches to mitigate these have been developed over time.

Antialiasing Most spatial antialiasing techniques, such as super-
sampling (SSAA) [HA90], multisampling (MSAA)[Ake93], or
morphological antialiasing (MLAA) [Res09] require the compu-
tation of additional samples or overblur details. Temporal antialias-
ing (TAA), on the other hand, reuses results from previous frames,
while various history-rejection techniques prevent ghosting and
disocclusion artifacts. A recent literature survey on TAA techniques
is given by Yang et al. [YLS20]. Typically, TAA relies on repro-
jection of previous samples using a single history buffer and mo-
tion vectors. In contrast, we reproject and then accumulate mul-
tiple previous samples, accounting for the voxel structure. Build-
ing upon these approaches, there are proprietary machine learning-
based variants (NVIDIA DLSS [NVI25a], AMD FSR [Adv25])),
which perform joint super-sampling and antialiasing to boost frame
rates.

Stable ray tracing techniques, which are closely related to TAA,
have been proposed to improve temporal coherence in interactive
ray tracing [CSK*17]. These methods reproject individual samples
across frames and use dedicated hole-filling or visibility heuristics
to reduce flickering, ghosting, and blurring artifacts. In addition,
sample-caching approaches extend temporal reuse beyond image-
space accumulation [NSL*07]. These methods decouple visibility
from shading and cache samples in screen space, barycentric space,
or world space using different data structures, such as shading at-
lases, voxel hierarchies, or hash-based representations [PJF25].

Denoising Real-time denoising is often performed via spatio-
temporal variance-guided filtering (SVGF) [SKW*17; SPD18], or
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Nvidia Real-Time Denoisers [NVI25b; Zhd21], which are used
in video games such as Cyberpunk. Typical spatial image de-
noisers (bilateral [PKTDO09], non-local means [RKZ12], median
[Wei06]) and their geometry-aware variants [BEM11] also per-
form in real time. Denoisers designed for offline rendering include
approaches based on regression [BRM*16], deep learning-based
filters [CKS*17; Afr25], joint neural denoising, and supersam-
pling [TLP*22], as well as recent statistically-based approaches
[SFWH25]. However, these often require more samples (/232 spp)
to perform well, consume more computational time and memory,
and are thus not suited to a real-time context.

Resampling Bitterli et al. [BWP*20] introduced Reservoir-based
Spatio-Temporal Importance Resampling (ReSTIR) based on ear-
lier work by Talbot et al. [TCEOS]. Since then, there have been
many improvements to the original ReSTIR, the most important
ones for this work being extensions to global illumination (Re-
STIR GI) [OLK*21], enabling indirect lighting, and a generalized
approach allowing correlated samples in long paths with arbitrary
bounces [LKB*22], which, however, aims at unbiased rendering at
interactive framerates. ReSTIR GI performs temporal resampling
by using a history buffer similar to TAA, where reservoirs from
previous frames are reprojected and combined with newly gener-
ated samples. These temporally accumulated reservoirs are used
as candidates for spatial resampling, which randomly selects and
merges a few neighboring reservoirs to further increase sample
reuse. We extend the biased ReSTIR GI approach to benefit from
just material-based sampling, as well as the reduced memory foot-
print of samples due to our optimizations for voxel worlds.

3. Method

The goal of our method is to structure a scene of voxels with color
and material attributes as a hierarchical data structure, enabling ef-
ficient querying, editing, and ray tracing. First, we describe our
multilayered data structure (Section 3.1), how we construct it from
the raw voxels (Section 3.2) and then augment it with the distance
fields (Section 3.3) that operate as a cache to accelerate ray tracing
(Section 3.4). Finally, we describe how we achieve fast scene edit-
ing (Section 3.5) and how we extend it to overlay the scene with
non-aligned dynamic entities (Section 3.6). An implementation of
our methods can be found on GitHub [UOM*26].

3.1. The Multi-Layered Cell Data Structure

Since grids use a lot of memory and octrees or directed acyclic
graphs (DAGs) are prone to pointer chasing, resulting in very many
and, furthermore, slow global memory accesses, we design an in-
between data structure as a shallow hierarchy with large aggre-
gated nodes and organize the raw voxels in this multilayered cell
structure. Then, we augment these cells with axis-aligned distance
fields (AADFs) to accelerate ray marching and, further, we partially
compress the data using hashing to eliminate redundancy, inspired
by DAG variants (see Figure 2). Each voxel is described as a 15-
bit type pointer to a material buffer that stores albedo color along
with emissivity/reflectivity and roughness in 16 bits per entry. We
group 43 voxels into a block, and again 43 blocks into a chunk since
their respective sizes of 64 are well-suited for parallelization on the
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Figure 2: The three layers of cells and their potential states: if
empty (00 or 0), it contains the AADF, if fully uniformly filled (01
or 1), the type, pointing to a material buffer, if mixed (10), a chunk
contains a pointer to 64 blocks, respectively a block to 64 voxels.

GPU. We generalize the three layers of chunks, blocks, and voxels
to call them cells, and each layer is stored in its own buffer. Note
that we also considered a simpler two-layer hierarchy with 8% voxel
blocks, but found that for larger scenes, the third layer improves
compression without degrading performance.

Cells can have three states (empty, uniformly full, or mixed): if
they are empty, we augment them with AADFs; if they are com-
pletely full with uniform voxel types, we just need to store that
single type; and if they are mixed types or partially filled, we store
a reference to a cell in their lower layer. A chunk is represented
by 32 bits, of which 2 bits are for the state. If empty, the remain-
ing 30 bits are used by the AADF with 5 bits for each of the six
directions to indicate how far its empty bounding box extends in
that direction, used for fast ray skipping; if uniformly full, for the
15-bit voxel type; or else a child pointer to a consecutive array of
64 blocks of the chunk in the block buffer. The layout of a block
is similar to a chunk, except that a mixed block points to a hashed
group of 64 voxels in the voxel buffer, permitting deduplication of
blocks with equal voxels, and the AADF has only 2 bits per direc-
tion, as this is sufficient to represent the maximum distance to the
bounding box of the chunk for each block of its 43 blocks. Finally,
a voxel requires only 16 bits since it only has 1 bit of state (full
or empty) and uses the remaining 15 bits for the voxel type or the
AADF (also 2 bits per direction).

3.2. Constructing the Multilayered Structure

When constructing our hierarchy, we simultaneously compress the
data by determining equivalent blocks and uniformly filled chunks.
We process the raw input voxels in chunks on the GPU using groups
of 64 threads, since this matches their 43 blocks. First, we test the
voxels in each block in that chunk to see whether they are all equal;
if so, the block is set to that voxel type. Otherwise, the voxels of
the block are hashed using this function:

H=cy+ 21-620 ci-vi where v;is the voxel type ID at index i

(64—i) 232

with the coefficients ¢; = 31 mod precomputed on the
CPU. As collision prevention, we use open addressing with linear
probing [Knu98]. In an atomic operation, we check the hash slot: If
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Algorithm 1: Multilayered structure generation on GPU

Input: blockID, chunkID, threadlndex
Output: chunkBuffer, blockBuffer, voxelBuffer
// Each thread processes one block
// Each group processes one chunk
voxels < voxellnput[blockID];
hash « getHash(voxels);
if voxels are of uniform type then
‘ block <— uniform type;
else
‘ block <« storeOrReuse(hash, voxels);
end
SyncThreadsOfGroup();
if threadIndex is O then
if blocks are of uniform type then
‘ chunkBuffer[chunkID] <— uniform type;
else
blocksPointer <— getPointerToBlocks();
chunkBuffer[chunkID] < blocksPointer;

N = 7 T O R SR

[~ T Y
B W N =S

15 end

16 end

17 SyncThreadsOfGroup();

18 if blocks are not of uniform type then

19 blockBuffer[blocksPointer + threadIndex] < block;
20 end

itis occupied, we check all voxels for equivalence and reuse the slot
if true; else, we check up to 100 subsequent slots for an empty one
to insert it; otherwise, we add a new block to the buffer. If the buffer
reaches 75% occupancy, we resize it by 100%. Once all blocks have
been hashed, the thread group is synchronized in order to determine
whether all blocks of the chunk are identical and uniformly contain
the same voxel type, which we assign in that case. If the chunk is
entirely empty, we assign it the empty state. If partially filled, the
first thread reserves 64 slots in the block buffer, stores its address
as the child pointer in the chunk, and all threads write the block in
parallel into their respective subsequent slots. The pseudo-code is
shown in Algorithm 1.

3.3. Augment the Cells with AADF's

Our multilayered hierarchy can also be traversed with rays without
computing the AADFs and is already much faster than the state-of-
the-art structures (see Section 5). When loading or editing a voxel
world, the modified cells are queued and the AADFs are computed
(see Figure 3) in the background during rendering, with separate
queues per layer, further speeding up ray tracing.

We define the AADF of a cell as a cuboid bounding box empty
of geometry extending around it by the respective number of cells
in each of the six axis-aligned directions (x+, X-, y+, y-, z+, and z-).
To compute the AADF, we start with a cuboid equivalent to the cell
(all zero values) and expand it iteratively, alternating between the
three dimensions and concurrently expanding in both positive and
negative directions by a single cell, bounded by either the maxi-
mum AADF size or the containing upper-layer cell. If the cells that
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Figure 3: The process of building the AADF for the center cell of
an upper layer is illustrated in 2D. Each column corresponds to
an iteration, expanding alternatingly by one cell into the x and y
dimensions. As the AADFs are similarly expanded for each other
cell as well in each iteration, from the third iteration, the AADFs of
neighbor voxels are merged, resulting in linear construction time.

would be added in the other two dimensions are all empty (and thus
extending the empty cuboid by a slice), we increase the direction
value. As an optimization to avoid complexity from becoming cu-
bic, we synchronize the iterations and dimension expansions for all
cells, which allows us to just merge the cuboid with the respective
cuboid of the neighbor cell instead, resulting in O(3dn) linear time
complexity for n cells and the distance d to the cell boundary.

The value of d is small because, for block or voxel cells, the size
is 4° , 80 d is at most 3, resulting in 3 * 3 iterations in total across the
three axes per cell. The maximum distance d = 3 is stored in 2 bits
of the AADF. For chunks, the distance can be much larger, since it
is only limited by the size of the voxel world. However, since we
store only 5 bits per direction, the AADF can store values up to 31
(chunks), corresponding to 496 voxel distances. This results in 3 *
31 total iterations per chunk and a good trade-oft between skipping
enough voxels in ray marching and a fast AADF construction time.

Furthermore, construction time is not critical, as the modified
cells are queued separately for each cell type and their AADF is
computed in the background. For each queue, the iterations+axes
computations are synchronized to allow the reuse of the already
computed neighbor cells’” AADFs. Since chunks have more itera-
tions than blocks or voxels, we will create separate 3 x 31 queues,
one per iteration. In our implementation, we handle one queue per
frame, but this can be easily adjusted. Changing the axis order dur-
ing construction may result in different cuboid regions, but this is
rare, e.g., when AADF edges align with edges in the voxel world.
This change would also average out over many AADFs. There-
fore, we have not measured the performance impact of changing
the axis-order computation.

3.4. Ray traversal

For ray marching, we use a method based on Digital Differential
Analyzer (DDA), which advances along one axis and computes the
increments for the other dimensions [AW87]. To take advantage of
the empty bounding box spanned by the AADF, we improve on
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DDA to advance many voxels along multiple axes (see Figure 1)
in a single iteration to jump to the intersection point by computing
which axis the next intersection point occurs on. We then advance
the ray to this position, which lies on the boundary of two voxels,
and use the previously intersected axis to determine whether we
have hit the next voxel; otherwise, we continue with the next itera-
tion. We start with the highest layer, the chunk that contains the ray
origin. If the cell is empty, we use the AADF to intersect the empty
volume with the ray, advancing its position. If the cell is mixed, we
continue on the lower layer, and if a cell is full, we compute the
intersection properties of the ray and terminate the traversal.

3.5. Editing the Data Structure

To simplify editing operations, we keep a copy of the world (vox-
els, blocks, and chunks) on the CPU. These data are also typically
needed for other purposes on the CPU (e.g., path finding, colli-
sion detection, event triggers). After the initial world generation on
the GPU, the data is copied to the CPU. From then on, any voxel,
block, or chunk change is synced from CPU to GPU. When a chunk
changes from empty to non-empty or vice versa, any AADFs in the
surrounding volume of 632 chunks need to be reset. Otherwise, ray
tracing could skip regions with voxels, leading to undesired arti-
facts. If multiple chunks change, their surrounding volume can eas-
ily overlap. This is why we use a flood fill algorithm to mark each
chunk for recomputation only once. As a further optimization, we
perform the flood fill in groups of 43 chunks. The marked chunk
groups are then reset and gradually recomputed in the background.

3.6. Adding Dynamic Entities to the Voxel World

Using our data structure makes it easy to add non-aligned dynamic
entities to the voxel world. We do this by extending each chunk
with an additional 32-bit value that consists of a 24-bit pointer to
an extra buffer and an 8-bit counter of the number of entities over-
lapping a chunk. The extra buffer contains the entity instance data
for all the chunks, where each entry consists of the entity ID, posi-
tion, rotation, and a pointer into a separate entity voxel buffer. Each
voxel of an entity occupies 32 bits and also contains AADF values
to improve ray traversal performance. Because many chunks may
contain the same entities, the same pointer is used across chunks to
eliminate redundancy. This computation is performed on the CPU
by first adding the entities to the chunks in which they overlap.
Afterwards, we use hashing to deduplicate chunk entity instances.
Lastly, the entity instance buffer and the affected chunks are synced
with the GPU.

During ray traversal, when a chunk contains such entities, that
chunk index is saved. After the ray traversal of the main scene is
completed, all entity instances for the saved chunks are iterated and
checked for a ray hit. This is first done with their bounding box
and if needed, the voxel volume of the entity is traversed using
its AADF values. Note that AADFs of chunks must not contain
chunks with entities, as these could be skipped during ray traversal.
We address this by tracking chunks that change from empty to non-
empty (as we do with edited chunks) and vice versa, triggering the
reset of AADFs around chunks that change due to entity movement.
We measured the basic performance penalty of handling entities at
about 10%.

| Y Y Y

Create n . Post-
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Gobuffor > TAA P Resampling B Denoiser H processing

| 4

Figure 4: Overview of our global illumination pipeline. Our long-
term memory TAA is performed at the beginning, as its output in-
forms global illumination and guides the denoiser. Tone mapping
is applied in a post-processing step.

4. Application: Accelerating Global Illumination

To enable real-time applications, such as video games, that display
a voxel world with global illumination effects via path tracing, we
need a fast approach tailored to the benefits and challenges of voxel
rendering. Ray traversal during sample generation, as well as direc-
tional visibility checks, are time-consuming and can benefit from
our fast NAADF data structure.

An overview of the global illumination pipeline is shown in Fig-
ure 4. Real-time rendering applications commonly use deferred
rendering, where in the beginning, geometrical information is
stored in so-called G-Buffers. We simplify the G-Buffer creation
by exploiting the quantization of our voxel structure: Instead of po-
sition, depth, and normal buffers, we store each plane a ray bounced
off at (3-bit normal, 14-bit distance along the normal). Specifically,
the primary ray path is stored by recording up to four planes the
ray bounced at until a non-specular surface is hit, including the last
one. When the final position or depth is needed, we first compute
the original ray with the camera transformation and pixel position.
Together with the stored planes, the full path is then reconstructed
by reflecting the ray along these planes. A 2D example of this can
be seen in Figure 5. Material and entity properties are stored in
separate buffers.

After G-Buffer creation, we perform temporal antialiasing
(TAA) (Section 4.1), global illumination (GI) via path tracing with
resampling (Section 4.2) and denoising (Section 4.3). Within each
pixel, we jitter the position of the generated samples to further
improve sampling of the distribution and reduce aliasing, thereby
avoiding staircasing and Moiré pattern artifacts. While jittering and
TAA consider the albedo, all other steps (resampling, denoising)
work with only the indirect illumination.

4.1. Long-term Memory Temporal Antialiasing

Due to the discrete, grid-like structure of voxel worlds, aliasing oc-
curs more often, particularly in the distance and at edges between
voxels. The goal of anti-aliasing methods is to remove artifacts such
as jaggedness and flickering. TAA addresses these issues via tem-
poral accumulation instead of spatial filtering or super-sampling.
Standard TAA uses a single history buffer to store previous sam-
ples and reprojects them into the current frame for accumulation.
The reprojection is achieved via a transformation from a preced-
ing frame for both the camera and any entities. Invalid samples are
rejected based on color clamping: a previous sample is rejected if
it falls outside the color range of a 3x3-pixel neighborhood of the
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Figure 5: When hitting a specular voxel, primary rays can bounce
up to three times, while secondary rays can bounce up to two times.
By storing the intersection planes rather than the final position di-
rectly, we can also easily compute the virtual path, which is needed
for reprojections or projections.

current sample. Color clamping is sensitive to noise and is there-
fore not suitable for path tracing [SKW*17].

Additionally, in the presence of moving objects or a moving cam-
era, disocclusion artifacts and blurring can occur, as all previous
frames are blended into a single history buffer. The reprojection it-
self is also discretized, so it never aligns perfectly, further amplify-
ing the blurring. These errors in the history cannot be differentiated
via a single accumulated value.

We perform TAA at the beginning of our pipeline (see Figure 4),
right after shooting the primary rays, thus relying on depth rejec-
tion, which is not sensitive to noise in the radiance. We store every-
thing needed to accumulate a sample in only 64 bits (See Figure 6).
The color is stored with 8 bits per channel with an exponential com-
pression using this function:

f(x) = 12log,y (350 +2~

We use a 16-bit floating-point value to store the distance to the
first non-specular hit of the primary ray. Five bits are used to store
the material’s roughness, and 3 bits for the final normal. The re-
maining 16 bits serve as an additional hash for further validation
during the accumulation process. The hash is created from the ma-
terial type and normals of each specular reflection from primary
rays. Thus, one 1440p frame requires 29 MB, compared to 59 MB
for standard TAA. The lower memory requirement per frame en-
ables us to store the past 32 frames within an acceptable amount of
memory, rather than relying on a single history buffer. Accessing a
long history of samples enables more faithful reprojection and re-
jection of invalid samples, thereby avoiding blurring, while trading
off memory and achieving negligible runtime (see results, Table 4)
for improved quality. A single history buffer also indirectly models
an exponential falloff, generally giving less weight to older samples
due to blending. We can instead assess importance on a sample-by-

255
12

)+255 with x € [0,100]
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Figure 6: One TAA sample requires 64 bits. The sample position is
reconstructed using the distance, the pixel location in the texture,
and the camera matrix from the previous frame. The hash, normal,
and roughness are used for extra validation. Each color channel
uses an exponential compression.

sample basis, for example, based on changes in viewing angle for
reflective materials.

For our depth-based rejection, we pre-process each pixel by cal-
culating the minimum and maximum depth values in its 3x3 neigh-
borhood. Next, we compute the same hash for each pixel as we
did for the samples. When a sample has been reprojected from the
current frame, its depth is verified against the precomputed range,
and its hash must match one of the 9 neighboring pixels, otherwise,
it will be rejected. Additionally, the sample is projected into the
current frame to verify that the new pixel location is close to the
original location (a radius of 1 pixel is used). If a sample is not
fully diffuse, its roughness and changes in direction are used to re-
duce its contribution during movement. Reprojection is performed
by selecting the closest matching pixel in the 3x3 neighborhood
(not the current pixel) to avoid flickering, especially at edges where
jittering can cause unstable depth variations. Any projections or re-
projections are performed by using the virtual position of a sample
(See Figure 5).

4.2. Resampling Pipeline

Separately storing light sources introduces a high overhead in voxel
worlds. Thus, we can only rely on material-based sampling rather
than additional light-source sampling. This adds additional chal-
lenges to resampling, as often no light source is hit and thus many
samples with little radiance contribution are generated. While our
approach is based on ReSTIR GI [OLK*21], we improve temporal
accumulation and spatial resampling by designing a method tai-
lored to the specific problems of material-based sampling. Addi-
tionally, ReSTIR GI produces more noise when jittering is used, as
temporal pixel reservoirs are often reset during validation checks,
leading to an effective 1 spp sampling rate in areas with frequent
normal changes, whereas our adapted method is agnostic to jitter-
ing.

ReSTIR GI resamples in the temporal domain from pixel reser-
voirs, which are built from a single history buffer stored as a tex-
ture, and for efficiency, are also utilized during the spatial pass.
Storing samples not within a single history buffer, but directly,
would allow filtering each sample individually, removing the above
problems. Normally, this would be infeasible due to huge memory
requirements (48 bytes per sample, at least 30 frames when adher-
ing to the original paper’s implementation).
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Figure 7: The required sample data for resampling is split into
three parts. Lit samples require both primary and secondary hit
data, while unlit samples only need primary hit data. Valid lit sam-
ples from temporal resampling are converted into refined samples,
which are then used in spatial resampling.

Sample Generation To optimize computational resources, we
leverage the accumulated sample count from our long-term mem-
ory TAA to selectively generate samples only where necessary.
Newly revealed or disoccluded pixels receive priority, while previ-
ously sampled pixels are excluded as their sample count increases.
If new samples are needed, secondary rays with at most 3 bounces
are generated.

Sample Compression Each sample typically needs to store color
and material information, as well as the paths to the creation and
sample points for resampling. If a sample is unlit, it does not con-
tribute to the final radiance; we do not need to store any color or
sample-path information. To still be able to reject an unlit sample,
though, we cannot just store the number of unlit samples. Thus, un-
like ReSTIR GI, we store lit and unlit samples separately as lists
in structured buffers, rather than in textures. Unlit samples consist
of only primary hit data (16 bytes), while lit samples require both
primary and secondary hit data (32 bytes) as it can be seen in Fig-
ure 7. Primary hit data reuses the intersection planes from the G-
buffer. The pixel position and frame index are stored explicitly as
the samples are not arranged in a texture. For secondary rays, their
path to the first non-specular hit is stored similarly by recording up
to three planes (including the last non-specular hit) at which the ray
bounced. Instead of a pixel position, this also requires storing the
initial ray direction for later reconstruction.

To further conserve memory, we store only every eighth unlit
sample, weighted eight times (a higher compression ratio would
introduce additional noise due to the high weighting factor). Thus,
with four frames worth of storage (i.e., four times the pixel count
of the render target), we can accumulate at least 32 frames for un-
lit samples (more with fewer spp). As is typically the case, few lit
samples are generated due to material-based sampling, the buffer

for the lit samples can also be rather small (we chose two frames’
worth of storage), while still storing information from a large num-
ber of past frames (maximum 64 frames).

Temporal resampling The generated and stored samples are pro-
jected into 8x8 disjoint screen-space pixel regions, rather than using
reservoirs as in ReSTIR GI. During this step, up to 32 lit samples
are stored for each region in an extra buffer, while unlit samples are
simply incremented in a region-specific counter. This increases the
probability of finding lit samples and reduces noise, especially in
regions with less temporal accumulation. Of the stored lit samples,
those with very low brightness contribute little to the final image.
To further filter these 32 samples per region, we compare each sam-
ple to the maximum brightness in its region. Based on the bright-
ness ratio, we remove weakly lit samples while compensating for
this by increasing the brightness of the remaining samples by the
removal probability. Finally, up to eight remaining lit samples are
refined (see Figure 7) and stored in a separate buffer for spatial
resampling. If more than eight samples remain, we discard them.
While this introduces some bias, it can drastically reduce fireflies
and improve the performance of the spatial pass, for example, in a
scene with a dim sky during sunset and a very bright, but far-away,
light source.

Spatial Resampling For spatial resampling, ReSTIR GI runs 3 it-
erations, each of which performs a visibility check. We optimize
this by running 12 iterations instead, while only the final selected
sample is tested for visibility, as this is the most computationally
intensive task. Compared to ReSTIR GI, we also do not start with
an initial sample, as this significantly reduces fireflies. Although it
removes the fallback sample in case no valid neighboring sample
is available, we found that this is largely mitigated by the improved
efficiency in finding lit samples and being able to perform more
iterations because we only shoot a visibility ray for the final se-
lected sample, rather than for each tested one as ReSTIR GI does.
Our spatial resampling method then operates in screen-space by
randomly selecting an 8x8 region in each iteration within an adap-
tive radius for each pixel, sampling, verifying (including material
and geometry checks), and weighting them before combining the
results, similar to ReSTIR GI. See Algorithm 2 for pseudo-code.

4.3. Denoising

While antialiasing addresses artifacts already present in the noise-
free albedo, our denoising step is applied exclusively to remove
noise from the indirect illumination result. As a final step in our
pipeline, we thus apply a sparse bilateral filter [Wei06; PKTD09]
(kernel size 21, 6 = 10) in screen space to the indirect illumina-
tion. The filter step is split into a successive horizontal and vertical
kernel. At random, on average, every second pixel is processed, al-
lowing a larger kernel size to filter more medium-frequency noise.
A bilateral filter typically consists of two components: color and
geometry. To measure color similarity, we use the result from our
TAA, normalized by the material’s albedo, and convert it to a lu-
minance value. For the geometric weight, we account for differ-
ences in normal directions and depth (again stored as an intersec-
tion plane) to further reduce edge bleeding. The denoiser result is
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Algorithm 2: Spatial resampling for each pixel

Input: Pixel position p, surface s, sample count N
Output: color

1 Ry < 0;

2 for i = 0 to maxlterations do

3 Randomly choose a neighboring region r,

4 Retrieve region info I, from r,

5 if I, invalid with s then

6 | continue

7 end

8 Randomly select lit sample R, from 7, and extract data
9 if geometry of R, invalid then

10 ‘ continue

11 end

12 | Compute and verify Jacobian |Jg, R, |

13 Cn < Ry.color - (I litCount /I .totalCount)
14 Pn < TargetFunction(Ry, ¢n)/|JR, R, |

15 Ry < Merge(Rs, Ry, pn)

16 end

7 if sample of R; is not visible from s then
18 return 0

19 end

20 return ConvertToColor(Ry)

-

then added to the computed TAA color and stored as part of the
32-frame TAA history.

Alternatively, we provide an implementation of SVGF
[SKW#*17]. While SVGF removes noise more aggressively, it
tends to overblur details and consumes more resources (442 MB,
7.46 ms at 1440p). Our denoiser is much less resource-intensive
(89 MB, 0.67 ms at 1440p) and preserves more details, albeit at the
cost of increased noise. We leave the choice of denoising variant to
the user, e.g., based on visual preference.

5. Evaluation

We evaluated our method on an AMD Ryzen 9800X3D with
NVIDIA RTX 3090 Ti with 24 GB of VRAM. All computa-
tions were implemented as compute shaders using the MonoGame
[Mon25] framework, which is based on DirectX 11, except for
editing operations and entity logic, which are performed on the
CPU; therefore, the buffers are constantly synchronized between
the CPU and GPU. First, we demonstrate how our proposed data
structure compares to state-of-the-art voxel-based geometry struc-
tures in terms of runtime and memory usage, providing construc-
tion times. We then detail the performance of our GI application
in terms of quality, memory usage and runtime. Two representa-
tive known scenes were used for all tests, the first is SAN MIGUEL
[L1a09] and the second is OASIS [Phynd]. We used a map size of
1024 x 512 x 2048 voxels. Further, we constructed an artificial test
scene OASISX240 with 16384 x 8192 x 16384 (= 2 tera) voxels
to show how our method performs in huge scenes. Tests for our
data structure were conducted at 2160p resolution (3840x2160) to
reduce potential CPU bottleneck, while the application has been
tested at 1440p resolution (2560x1440). For our own implementa-
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Figure 8: Comparison of primary ray performance shows that our
method outperforms state-of-the-art algorithms by factors 7-20x.

tion, we also tested it with SDFs (Chebyshev distance) as well as
without distance fields to demonstrate the efficiency of our AADFs.

5.1. Analysis of NAADF Performance

We compare the runtime and memory usage of our proposed
method with commonly used data structures, namely a simple uni-
form grid, an SVO [LK10], and an SVDAG [KSA13]. Our method
is first used without any distance fields to demonstrate the advan-
tage of our nested approach, then augmented with a signed distance
field (SDF), and finally with our full-fledged NAADEF.

Runtimes

Note that symmetry- and transform-aware SVDAGs are slower
than the baseline SVDAG [KSA13], as they focus on compression,
so we are not comparing their runtimes here, only with the baseline.

Figure 8 and Table 1 compare the performance of several state-
of-the-art spatial data structures: Our nested spatial hierarchy al-
ready doubles ray performance without any distance fields. While
adding SDFs only results in a significant increase for primary rays
(permitting quick approaching of the surface rather than leaving it),
augmenting our data structure with the NAADFs shows a total 7x
speed-up for primary rays and up to 10x for secondary rays.

While a comparison of construction time with CPU-based
state-of-the-art algorithms is a bit unfair, since we construct our
NAADFs on the GPU, we still report construction times for our
scenes in Table 2, split into the multilayered structure and the
AADFs.
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Structure SAN MIGUEL OASIS 0ASI1SX240
Prim. Sec. Prim. Sec. Prim. Sec.
Grid 794 100 286 47 OOM OOM
Octree 1076 249 828 263 OOM OOM
SVDAG 1074 250 822 263 OOM OOM

Ours+noDF 2254 1018 1349 1000 208  28.6
Ours+SDF 4459 1050 3485 1244 1626 665
Ours+AADF 7029 2105 5924 2821 2765 817

Pipeline step Memory Time
Antialiasing TAA S9MB  0.16 ms
Ours (16 samples) 501 MB  0.84 ms
Ours (32 samples) 973 MB 1.42 ms
Resampling ReSTIR GI 590MB  6.83 ms
Ours 509MB  5.37 ms
Total pipeline  Baseline 811 MB  27.4 ms
Ours (32) w/o denoising 1645 MB 12.8 ms

Table 1: Primary and secondary ray performance (Mrays/s) at
2160p. Best results per column in bold. For some methods the per-
formance could not be computed as they ran out of memory (OOM).

Data structure SAN MIGUEL  OASIS OASISX240
Grid 350ms 350 ms  out-of-memory
Octree 6.3s 6.2s out-of-memory
SVDAG 6.6s 6.5s out-of-memory
Ours structure 203 ms 200 ms 87.6s
Ours AADF 6.2ms 7.3 ms 1.97s

Table 2: Construction time comparison between Grid, Octree,
SVDAG, and our approach. The AADF computation here is not ex-
ecuted in the background but rather as fast as possible.

Memory usage

Structure SAN MIGUEL OASIS 0AS1SX240
Grid 20GB 2.0GB out-of-memory
Octree 60.1 MB 104.5MB out-of-memory
SVDAG 38.5 MB 36.5 MB  out-of-memory
Ours (total) 75 MB 51.9 MB 3419 MB
Chunks 1 MB 1 MB 2147 MB
Blocks 7.9 MB 11.3 MB 1271 MB
Voxels 66.1 MB 39.5 MB 39.5 MB

Table 3: Memory usage comparison between Grid, Octree,
SVDAG, and our approach (split into chunks, blocks, and voxels).

Table 3 shows a comparison of memory usage, with our NAADF
compression rates competitive with octrees and requiring only
slightly more memory than the SVDAG. It should be noted that
for the Oasis240 scene, SVDAG runs out of memory because we
use multiple trees arranged in a grid. This can significantly reduce
compression but speeds up ray traversal by lowering the tree depth
significantly.

5.2. Global Illumination

We compare our long-term memory TAA approach with standard
TAA using color clamping in YCgCo space and apply a Catmull-
Rom filter during reprojection. As color-clamped TAA is sensitive
to noise, we compare both renderings: a pure albedo with hard

Table 4: Comparison of video memory usage and performance be-
tween our approach and baseline (ReSTIR GI+TAA) at 1440p using
SAN MIGUEL as a test scene.

shadows from the sun (Figure 9 bottom) and full GI with our de-
noising and resampling method applied (Figure 9 top). We do not
apply SVGF as it introduces additional blurring, reducing the clar-
ity of the comparison, and use our less noisy resampling method.
Generally, color clamping is sensitive to noise, while depth rejec-
tion is less effective on edges, where a sample’s normal or depth
frequently changes. However, even in noise-free albedo rendering,
blurring and ghosting still occur with color-clamped TAA, unlike
our long-term memory TAA, which accounts for the complex ge-
ometry of the voxel structure, especially at greater distances.

For resampling, we compare with ReSTIR GI [OLK*21] (Algo-
rithm 4) without bias correction (see Figure 10). We present both
real-time and offline (32-frame accumulation, same as our TAA)
renderings to demonstrate that our approach does not generate tem-
porally correlated samples, unlike ReSTIR GI, which depends on
an initial sample for each pixel. However, resampling based on a
1 spp input as the initial temporal sample results in increased fire-
flies and noise. In contrast, our approach avoids reliance on a noisy
initial sample, thereby reducing such artifacts, but lacks a fallback
sample, leading to minor color inaccuracies such as local darken-
ing.

Our approach is faster than ReSTIR GI, as our spatial resam-
pling is more efficient due to memory coherency and testing visi-
bility only once per pixel (see Table 4 and 5). Our implementation
also requires less memory, even though overall more samples are
stored. This is due to each sample requiring less memory, and Re-
STIR GI having to do double-buffering of the temporal and spa-
tial reservoirs. Overall, our pipeline performs twice as fast, as can
be seen in Figure 1 and Table 5, as we effectively only generate
0.25 — 1 spp per frame during resampling by basing sample gener-
ation on the accumulation rate of TAA, while maintaining similar
visual quality (see Figure 1 and 10).

5.3. Limitations

The Monogame framework we used is based on DirectX11, which
restricts us to a 32-bit limit on the pointers in the buffers and a max-
imum resolution of 2 trillion voxels, but this is just a technical limit
that can easily be eliminated by moving to another graphics API, as
we have shown with a very large scene, that performance is propor-
tional to size. A limiting factor in some scenes is that voxelization
of textures results in a large number of distinct voxel types. This
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Figure 9: Comparison of our long-term memory TAA approach with color-clamping TAA during movement (top: full GI with our denoiser
and our resampling method, bottom: albedo plus hard shadows). An aliased version is rendered without jittering. Ours exhibits almost no
blurring or ghosting. In the full GI rendering, the TAA input is still not completely noise-free after denoising. Thus, using color clamping
creates blurring, flickering, ghosting, and unwanted color changes. Even for noise-free input images, as can be seen in the lower comparison,
blurring still occurs. For this scene, OASIS is aligned into a 8x7 grid.

ReSTIR GI Ours

1 spp 1 frame 32 frames 1 frame 32 frames Reference

Figure 10: Comparison of our resampling approach with ReSTIR GI (reference: 8192 spp without denoising). Our result contains signif-
icantly less noise and fireflies. This is especially noticeable when accumulating the result for 32 frames, as our output is not temporally
correlated, unlike ReSTIR GI. Compared to the reference, some darkening can be observed in difficult areas (B, C), as we do not have a
fallback sample.
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Pipeline step Ours Baseline
0.25 spp 1 spp 1 spp

Atmosphere 0.12 ms 0.12 ms
Primary 0.71 ms 0.71 ms
TAA reproject (32 samples) 1.22 ms

Secondary select 0.10 ms

Secondary trace 491 ms 19.4 ms 19.4 ms
Resampling logic 0.02 ms

Resampling region mask 0.09 ms

Resampling project lit 0.6 ms

Resampling project unlit 0.47 ms

Resampling refine regions 0.08 ms

Resampling temporal Y 1.26 ms 0.52 ms
Resampling spatial 4.11 ms 6.31 ms
Resampling total 5.37 ms 6.83 ms
Denoise 0.67 ms 7.46 ms
TAA merge 0.2 ms

TAA 0.16 ms
Postprocess 0.15 ms 0.15 ms
TAA total 1.42 ms 0.16 ms
Total 12.78 ms  27.16 ms  27.37 ms
Total (with denoise) 1345ms 27.83ms 34.83 ms

Table 5: Frame time breakdown of our approach and the base-
line (ReSTIR GI+TAA+SVGF) at 1440p using SAN MIGUEL as a
scene. Columns-spanning Cells indicate spp-independent costs.

reduces compression, and the increased memory consumption fur-
ther reduces performance due to fewer cache hits. Scenarios with
a high number of entities or extensive area editing can introduce
CPU limitations due to the required CPU-GPU synchronization,
but large editing operations could be GPU-accelerated if needed.

As our approach for global illumination is more biased than Re-
STIR GI, some areas with complex geometry exhibit noticeable
darkening. However, this is offset by reduced noise, flicker, and
blurring enabled by our novel long-term temporal antialiasing and
resampling approaches. Note that soft shadows from the sun are not
handled during resampling, resulting in slightly increased noise.
Another minor drawback of our approach is increased memory us-
age, primarily due to storing many samples for our long-term mem-
ory TAA, which performs better on higher-end graphics hardware
with large enough cache sizes and sufficient memory bandwidth.
All introduced improvements exhibit around 32 frames of notice-
able temporal lag in the indirect lighting (mainly when changing
shadows from the sun or editing light sources), due to depth rejec-
tion during antialiasing and the failure to validate samples during
resampling.

6. Conclusion

We propose a multilayered data structure with a carefully balanced
hierarchy between depth and node size to maximize ray tracing per-
formance for voxel worlds, and augment it with axis-aligned dis-
tance fields computed and cached on the fly, resulting in an order-
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of-magnitude faster ray tracing than state-of-the-art algorithms.
The additional memory requirements are partially offset by hash-
ing voxels to compress identical subsets of the voxel world. As an
application, we demonstrate improvements in global illumination
and temporal antialiasing (TAA), resulting in significantly reduced
noise, especially with complex geometry, as our approach is ag-
nostic to jittering. Our adapted TAA method requires more mem-
ory and is more computationally demanding, but does not introduce
any blurring or flickering during movement.

In future work, we plan to explore optimizing CPU computations
for editing operations and entities or entirely moving these to the
GPU. We will also investigate extending our hashing of identical
voxel blocks, similar to symmetry- or transform-aware SVDAGsS,
further reducing memory requirements. This could accommodate
huge scenes, e.g., from real-world scans, while we also consider
out-of-core extensions. In this regard, adding the option for vox-
els to reference a 3D texture instead of always embedding material
properties in each voxel would drastically increase hashing effi-
ciency in certain scenes. Furthermore, we will explore applying our
approach to triangle-based worlds by tiling them into voxels for ac-
celerated rendering, while also enabling geometry queries, collision
detection with dynamic entities, and fluid simulations. Regarding
our GI application, we will investigate adding sample validation
to our resampling approach and implementing some approach of
color clamping in TAA to help mitigate the temporal lag. We will
also examine how the bias of our resampling approach can be mit-
igated without introducing additional noise.
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