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Figure 1: Bistro scene with ~30,000 area lights rendered with indirect lighting only, at 2560x1440 and 1 sample per pixel (spp): diffuse global
illumination with next event estimation (NEE) (left), with our world-space reservoir caching (middle), and a spatiotemporal denoiser (right).

ABSTRACT
Path-traced global illumination of scenes with complex lighting
remains particularly challenging at real-time framerates. Reservoir-
based resampling methods for light sampling allow for significant
noise reduction at the cost of very few shadow rays per pixel. How-
ever, current image-space approaches to reservoir reuse do not scale
to sample lighting at further bounces, as is required for efficiently
evaluating indirect illumination.

We present a novel approach to performing reservoir-based spa-
tiotemporal importance resampling in world space, allowing for
efficient light sampling at arbitrary vertices along the eye path. Our
approach caches the reservoirs of the path vertices into the cells of
a hash grid built entirely on the GPU. Such a structure allows for
stochastic reuse of neighboring reservoirs across space and time
for efficient spatiotemporal reservoir resampling at any point in
space.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.
SA ’21 Technical Communications, December 14–17, 2021, Tokyo, Japan
© 2021 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-1-4503-9073-6/21/12. . . $15.00
https://doi.org/10.1145/3478512.3488613

CCS CONCEPTS
• Computing methodologies→ Rendering; Ray tracing.

KEYWORDS
global illumination, hash grid, ray tracing, reservoir resampling

ACM Reference Format:
Guillaume Boissé. 2021. WORLD-SPACE SPATIOTEMPORAL RESERVOIR
REUSE FOR RAY-TRACED GLOBAL ILLUMINATION. In SIGGRAPH Asia
2021 Technical Communications (SA ’21 Technical Communications), De-
cember 14–17, 2021, Tokyo, Japan. ACM, New York, NY, USA, 4 pages.
https://doi.org/10.1145/3478512.3488613

1 INTRODUCTION
Reservoir-based Spatiotemporal Importance Resampling (ReSTIR)
[Bitterli et al. 2020] recently introduced some exciting improve-
ments for sampling complex scene lighting for ray-traced direct
illumination, which Rearchitecting Spatiotemporal Resampling for
Production [Wyman and Panteleev 2021] further optimizes, mak-
ing the technique suitable for use in real-time applications such as
games.

ReSTIR GI [Ouyang et al. 2021] is an extension of the algo-
rithm for global illumination that resamples the paths themselves to
achieve interesting noise reduction for indirect lighting. However,
the approach does not allow sampling of the lighting distribution for
secondary vertices as effectively as ReSTIR does for direct lighting,
which is desirable to reduce the noise even further.
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Fast path-space filtering [Binder et al. 2018] proposes to use
spatial hashing to efficiently find all neighboring path vertices
within a region of world space in a single grid lookup.

Finally, [Jarzynski and Olano 2020] published a study comparing
the performance of many hash functions executing on the GPU
allowing the fastest hash function at a given quality level to be
selected.

We propose combining the path-space filtering approach from
[Binder et al. 2018] with the light sampling of ReSTIR to perform
reservoir reuse at secondary path vertices. We describe how to
adapt the hash-grid structure to achieve efficient reuse in a single
cache lookup resulting in significant noise reduction in the indirect
illumination of complex scenes.

2 PRELIMINARIES
The ReSTIR technique achieves important noise reduction for direct
lighting of complex scenes by sharing sampling decisions across
neighboring pixels via Resampled Importance Sampling (RIS) [Tal-
bot et al. 2005] and Weighted Reservoir Sampling (WRS) [Chao
1982].

Direct lighting samples are generated for every pixel on the
screen by drawing M samples xi from a poor-quality distribution p,
which is resampled against a higher-quality distribution p̂. [Bitterli
et al. 2020] proposes to use power sampling for p as an easy-to-
sample distribution, but it is interesting to note that any other light
sampling technique can be used to improve the quality of the initial
sample generation. For p̂ we typically want the distribution to be
as close as possible to the lighting function f used for shading.
However, calculating f accurately requires tracing a ray to evaluate
the visibility term, which is prohibitively expensive. Instead, we can
define p̂ as the full lighting termwithout visibility, otherwise known
as the unshadowed illumination. This process allows the generation
of an initial reservoir for each pixel, as shown in Algorithm 1.

class Reservoir
y ← 0 // The currently best light sample

wsum ← 0 // The sum of resampling weights

M ← 0 // The number of streamed samples

W ← 0 // The final resampling weight

functionWRS(xi , wi )
wsum ← wsum + wi
M ← M + 1
if rand () <

wi

wsum
y ← xi

function RIS(pixel q)
Reservoir r
for i ← 1 to M do

generate xi ∼ p

r :W RS (xi ;
p̂(xi )
p(xi )

)

r :W ←
1

p̂(r :y)
· (

1
r :M

· r :wsum)

return r

foreach pixel q ∈ Imaдe do
Reservoir r ← RIS (q)
Imaдe[q] ← f (r :y) · r :W

Algorithm 1: Initial reservoir generation and shading

An interesting property of reservoirs is that they can be com-
bined with one another in a single WRS operation that is mathe-
matically equivalent to having resampled the two combined input
streams while remaining computationally efficient. This allows the
correlations between neighboring pixels to be efficiently leveraged
by reusing reservoirs across space and time in image space.

3 WORLD-SPACE RESERVOIR CACHING
To extend the reservoir reuse to further path vertices, we require a
mechanism to find neighboring vertices efficiently in world space.
Path-space filtering introduces the use of a hash grid to perform fil-
tering of radiance samples by averaging all the values within a cell
[Binder et al. 2018]. This approach is particularly well suited to the
massively parallel nature of GPUs, making it a good candidate for
our reservoir cache. For reservoir reuse however, we want to recom-
bine multiple reservoirs within the vertex neighborhood to achieve
high counts of streamed samples and reduce noise appropriately.

We propose adapting the data structure and, instead, storing lists
of reservoirs in each cell of the hash grid. As we will demonstrate,
this allows for efficient sharing of reservoirs across path neighbors
in world space, thus achieving high numbers of streamed samples
with a low performance overhead. To build this structure efficiently
on the GPU, we have broken the process down into steps as shown
in Algorithm 2.

foreach V er tex v ∈ Paths do
Reservoir r ← RIS (v)
Paths[v] ← r // Store initial reservoir

cell_index ← F indOr Inser tCell (v) // See Section 5

index_in_cell ← atom_inc(cell_counters[cell_index ])
append_buf f er :Append ( < v; cell_index; index_in_cell >)

index_buf f er ← ParallelPref ixSum(cell_counters)

foreach tr iplet ∈ append_buf f er do
base_of f set ← index_buf f er [tr iplet [1]]
scatter_of f set ← base_of f set + tr iplet [2]
cell_storaдe[scatter_of f set ] ← tr iplet [0]

Algorithm 2: Building a reservoir hash grid on the GPU

Incrementing the per-cell counters. For each path vertex v , we
resolve the cell_index within the hash grid and atomically incre-
ment the number of reservoirs in the cell. Additionally, we save
out the return value from the atomic operation; this is the index at
which to scatter the reservoir within the cell storage, which we call
index_in_cell . We store all the required information by appending
the triplet < v, cell_index , index_in_cell > to an append_bu f f er .

Parallel prefix sum. We perform a parallel prefix sum operation
over the cell counters [Harris et al. 2007] and write the results to an
index_bu f f er which effectively stores the base offset for each cell.

Scattering the reservoirs into a compacted stream. We scatter the
reservoirs into their respective locations within the cell_storaдe
buffer. This is done by loading the triplets stored in append_bu f f er ;
we retrieve the cell’s base_o f f set by reading from index_bu f f er
at cell_index to which we add index_in_cell to get the memory
location at which to scatter the reservoir. Note that we only scatter
the index of the reservoir to save on the memory bandwidth.
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