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Department of Computer Science, KU Leuven, Belgium∗

Abstract

Voxel-based rendering has recently received significant attention
due to its potential in the context of efficiently rendering massively
large and highly detailed scenes. Unfortunately, few or no scenes
are available in the form of sparse voxel octrees. In this paper, we
present an out-of-core algorithm for constructing a sparse voxel oc-
tree from a triangle mesh. Our algorithm allows the input triangle
mesh, the output sparse voxel octree, and, most importantly, the
intermediate high-resolution 3D voxel grid, to be larger than avail-
able memory. We demonstrate that our out-of-core algorithm can
construct sparse voxel octrees from triangle meshes using only a
fraction of the memory required by an in-core algorithm in roughly
the same time, and that our out-of-core algorithm can also handle
extremely large triangle meshes.

CR Categories: I.3.3 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Graphics data structures and data types
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1 Introduction

Voxels have recently received significant attention as a generic rep-
resentation for geometry and appearance in the context of voxel-
based rendering. Examples include the GigaVoxels system of
Crassin et al. [2009], and the Efficient Sparse Voxel Octrees of
Laine and Karras [2010a]. Voxel-based renderers typically operate
on high-resolution voxel data stored compactly and hierarchically
as sparse voxel octrees (SVO’s). Significant advantages of sparse
voxel octrees include their regular nature, which makes them easy
to work with, and their hierarchical nature, which makes them well
suited for level-of-detail. Voxel-based rendering therefore has sig-
nificant potential in the context of efficiently rendering massively
large and highly detailed scenes. Unfortunately, few or no scenes
are available in the form of sparse voxel octrees. Researchers
have creatively worked around this limitation, for example by aug-
menting existing data with details using noise, and by using frac-
tals which can be subdivided infinitely [Crassin et al. 2009]. The
main problem with converting massively large and highly detailed
triangle-based scenes into sparse voxel octrees is the size of the in-
termediate high-resolution voxel data, which typically exceeds the
available memory.

In this paper, we present an out-of-core algorithm for constructing
a sparse voxel octree from a triangle mesh. Our algorithm allows
the input triangle mesh, the output sparse voxel octree, and, most
importantly, the intermediate high-resolution 3D voxel grid, to be
larger than available memory. More specifically, the technical con-
tributions of our work are:
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• an out-of-core voxelization algorithm that consumes the input
triangle mesh and produces an intermediate high-resolution
3D voxel grid in Morton order, using a partitioning scheme
for efficient IO (Sec. 4); and

• an out-of-core sparse voxel octree construction process that
consumes the intermediate high-resolution 3D voxel grid in
Morton order and produces the output sparse voxel octree,
using an optimization for efficient empty node processing
(Sec. 5).

We demonstrate that our out-of-core algorithm can construct sparse
voxel octrees from triangle meshes using only a fraction of the
memory required by an in-core algorithm in roughly the same time,
and that our out-of-core algorithm can also handle extremely large
triangle meshes.

2 Related work

Sparse voxel octree construction. Several voxel-based render-
ing systems have recently been proposed, for example, the ray-
casting framework of Gobbetti et al. [2008], the GigaVoxels system
of Crassin et al. [2009], and the Efficient Sparse Voxel Octrees of
Laine and Karras [2010a]. However, these systems mainly focus on
efficiently rendering rather than constructing sparse voxel octrees.
Gobbetti et al. [2008] presented a GPU ray-casting framework for
interactive out-of-core rendering of massive volumetric datasets.
However, they do not address the construction of the volumetric
dataset. Crassin et al. [2009] proposed an approach to efficiently
render large volumetric data sets, based on an adaptive data repre-
sentation depending on the current view and occlusion information.
However, they do not explicitly address sparse voxel octree con-
struction. Laine and Karras [2010a; 2010b] provided an in-depth
discussion of various aspects of voxel-based rendering systems, in-
cluding benefits and drawbacks, storage space requirements, com-
pact data structures, efficient ray-casting algorithms and data man-
agement. They proposed a top-down slice-based method for con-
structing sparse voxel octrees. However, their method is not out-of-
core, since the initial build data of the root node can be arbitrarily
large.

Other tree construction methods. Salmon et al. [1997] pre-
sented a tree construction method in the context of N-body simu-
lation that uses the space-filling Peano-Hilbert curve to build a tree
in a top-down fashion. However, their method is designed for an
unordered set of points, while our method is designed for a regu-
lar voxelization. Kontkanen et al. [2011] presented an octree con-
struction method in the context of coherent out-of-core point-based
global illumination and ambient occlusion which is somewhat sim-
ilar to ours. However, their octree construction method is designed
for an unorganized set of points with highly varying density.

Voxelization. Over the years, a large number of voxelization
methods have been proposed. Representative examples include the
methods of Huang et al. [1998], Fang et al. [2000], Eisemann and
Décoret [2006], Zhang et al. [2007], Schwarz and Seidel [2010],
and BINVOX [Nooruddin and Turk 2003; Min 2012]. For a recent
overview, we refer to Schwarz and Seidel [2010]. However, these
methods typically require a large amount of memory and output an



Figure 1: Morton order (see Sec. 2).

uncondensed 3D voxel grid, while our method is out-of-core and
outputs a compact sparse voxel octree. A notable exception is the
work of Schwarz and Seidel [2010], which includes a novel octree-
based sparse solid voxelization approach. However, even though
the memory requirements are greatly reduced, their method is still
limited by the available memory.

Morton order. Morton order [Morton 1966] (see Fig. 1) is a lin-
earization of an n-dimensional grid that corresponds to the order in
which the leaf nodes of the corresponding 2n-tree (i.e., quadtree in
2D or octree in 3D) are encountered when performing a post-order
depth-first traversal of the tree. The Morton code corresponding to
a grid cell or a leaf node is its index in Morton order. Morton order
is hierarchical: the Morton order for a higher level of the tree corre-
sponds to the Morton order of the coarser version of the grid. Mor-
ton order can be obtained by hierarchically subdividing a z-shaped
space-filling curve, and is therefore also called z-order. The Morton
code of a cell in the n-dimensional grid can easily be obtained from
the Cartesian coordinates of the cell using bitwise operations.

3 Overview

Our algorithm consists of two processes: (1) the voxelization pro-
cess and (2) the sparse voxel octree construction process (see
Fig. 2). The voxelization process consumes the input triangle mesh
and produces an intermediate high-resolution 3D voxel grid. The
sparse voxel octree construction process consumes the intermedi-
ate high-resolution 3D voxel grid and produces the output sparse
voxel octree.

The main insight of our method is that the sparse voxel octree con-
struction process can perform its task in a streaming manner with a
space complexity that is logarithmic in the size of the sparse voxel
octree if the intermediate high-resolution 3D voxel grid is orga-
nized in Morton order. This effectively makes the sparse voxel oc-
tree construction process out-of-core: The input is consumed and
the output is produced in a streaming manner, and the amount of
memory required is logarithmic in the in- and output. The impli-
cation for the voxelization process is that the intermediate high-
resolution 3D voxel grid must be produced in Morton order as well.

We will now explain the voxelization process (Sec. 4) and the sparse
voxel octree construction process (Sec. 5) in detail. We will explain
these processes considering only the geometry of the 3D triangle

mesh, we will later briefly consider its appearance (Sec. 6).

4 Voxelization

In this section, we explain the voxelization process of our algo-
rithm in detail. This process consumes the input triangle mesh in
a streaming manner and produces the intermediate high-resolution
3D voxel grid in Morton order, which will later be consumed by the
sparse voxel octree construction process.

The voxelization process is made out-of-core by partitioning the
high-resolution 3D voxel grid into subgrids that fit into the available
memory. This process consists of two subprocesses that are exe-
cuted sequentially: (i) the partitioning subprocess and (ii) the actual
voxelization subprocess. The partitioning subprocess partitions the
triangle mesh according to the subgrids in a streaming manner. This
boils down to testing each triangle against the bounding box of ev-
ery subgrid. The triangle mesh partitions are temporarily stored on
disk. The actual voxelization subprocess sequentially processes the
subgrids. For each subgrid, the corresponding triangle mesh parti-
tion is consumed in a streaming manner, and the subgrid is output
in Morton order. As long as each subgrid corresponds to a contigu-
ous range in Morton order, and the different subgrids are processed
in Morton order, the output of this subprocess is the intermediate
high-resolution 3D voxel grid in Morton order.

We assume that the bounding box of the triangle mesh is given. If
this is not the case, it can be computed in a streaming manner. We
determine the size of the subgrids by regularly subdividing the high-
resolution 3D voxel grid until a subgrid fits in the available mem-
ory. We only use power-of-two resolutions for the high-resolution
3D voxel grid. This method yields subgrids that correspond to con-
tiguous ranges in Morton order. We voxelize triangles using the
6-separability surface voxelization variant of the method of Huang
et al. [1998]. This method voxelizes triangles independently, which
allows the triangles to be processed a streaming manner. We only
output the Morton codes of the non-empty cells of the intermedi-
ate high-resolution 3D voxel grid, rather than outputting a boolean
value for all of the cells in Morton order, since typically the large
majority of the cells in the intermediate high-resolution 3D voxel
grid is empty [Lagae and Dutré 2008] (see Tab. 1).

5 Sparse voxel octree construction

In this section, we explain the sparse voxel octree construction pro-
cess of our algorithm in detail. This process consumes the inter-
mediate high-resolution 3D voxel grid in Morton order, which was
earlier produced by the voxelization process, and produces the out-
put sparse voxel octree.

5.1 Basic version

The key insight for the sparse voxel octree construction process is
that Morton order corresponds to a post-order depth-first traversal
of the nodes of the octree. This allows us to construct the sparse
voxel octree from the intermediate high-resolution 3D voxel grid
in a bottom-up manner using a queue of at most 2d (i.e., 4 in 2D
or 8 in 3D) nodes per level of the octree. For example, for a grid
resolution of 20483, only 11 queues of 8 nodes are needed.

We illustrate our algorithm by constructing the sparse voxel octree
for the 42 2D voxel grid in Fig. 1.

1. The cells with Morton codes 0, 1, 2 and 3, which correspond
to the level-2 or leaf nodes with the same Morton codes, are
read from the input and stored in the queue of level 2.



Figure 2: Overview. Our algorithm consists of a voxelization process, which consumes the input triangle mesh and produces an intermediate
high-resolution 3D voxel grid, and a sparse voxel octree construction process, which consumes the intermediate high-resolution 3D voxel
grid and produces the output sparse voxel octree (see Sec. 3).

Figure 3: Sparse voxel octree construction. This is a visualization
of the queues associated with each level after all nodes left of the
cut have been processed (see Sec. 5.1).

2. An internal node with level-1Morton code 0, i.e., the parent of
the leaf-nodes with Morton codes 0− 3, is created and stored
in the queue of level 1, the parent-child relation is recorded,
the non-empty nodes in the queue of level 2 are written to the
output, and the queue of level 2 is cleared.

3. The cells with Morton codes 4, 5, 6 and 7, which correspond
to the level-2 or leaf nodes with the same Morton codes, are
read from the input and stored in the queue of level 2.

4. An internal node with level-1Morton code 1, i.e., the parent of
the leaf-nodes with Morton codes 4− 7, is created and stored
in the queue of level 1, the parent-child relation is recorded,
the non-empty nodes in the queue of level 2 are written to the
output, and the queue of level 2 is cleared.

5. The cells with Morton codes 8−15 are processed in the same
way (see Fig. 3 for a visualization of the queues at this point
in the algorithm), after which the queue of level 1 contains the
internal nodes with level-1Morton codes 0−3, and the queue
of level 2 is empty.

6. An internal node with level-0 Morton code 0, i.e., the root
node, is created and stored in the queue of level 0, the parent-
child relation is recorded, the non-empty nodes in the queue
of level 1 are written to output, and the queue of level 1 is
cleared.

7. The root node is written to output and the queue of level 0 is
cleared.

We provide pseudocode for the sparse voxel octree construction
process in Alg. 1.

Note that the voxelization process only outputs the Morton codes
of the non-empty cells of the intermediate high-resolution 3D voxel
grid (see Sec. 4). However, the full stream of Morton codes is eas-
ily reconstructed from that output. Also note that the sparse voxel
octree is written to output with a good locality of reference, i.e.,
siblings are stored next to each other.

Algorithm 1: SVO construction, basic version.

while input do1

leaf node l← consume(input);2

queues[depth].push back(l);3

int d← depth;4

while d > 0 and queues[d].is full() do5

internal node p← make internal node();6

p.children← (child offsets) queues[d];7

write non-empty elements of queues[d] to disk;8

queues[d].clear();
queues[d− 1].push back(p);9

d- -;10

5.2 Optimized version

Although the algorithm explained in Sec. 5.1 works correctly, a lot
of time is spent processing empty nodes, since typically the large
majority of the cells in the intermediate high-resolution 3D voxel
grid is empty [Lagae and Dutré 2008] (see Tab. 1).

The key insight for optimizing the basic version of the sparse voxel
octree construction process is that pushing back 2d nodes (i.e., 4 in
2D or 8 in 3D) in a queue is equivalent to pushing back a single
node in the queue at the level above, which is much faster. Intu-
itively, this simply means that directly inserting an empty parent
node is more efficient than inserting 2d empty child nodes and then
grouping them.

We provide pseudocode for the optimized version of the sparse
voxel octree construction process in Alg. 2. Although the key in-
sight above is quite simple, applying it over different levels to effi-
ciently insert a large sequence of empty nodes is non-trivial. This
is because an empty node cannot be inserted in a queue as long as
the queues of lower octree levels still contain nodes. The selection
of the queue in which to insert an empty node therefore depends
on both (i) the number of empty nodes to insert rounded down to
a power of 8 (a in Alg. 2), as well as (ii) the depth of the lowest
non-empty queue (b in Alg. 2).

6 Appearance

Our out-of-core algorithm for constructing a sparse voxel octree
from a triangle mesh can easily be extended to handle appearance
data as long as this data is available locally when processing the
triangle mesh, the intermediate high-resolution 3D voxel grid, and
the sparse voxel octree. For example, the voxelization process can
easily interpolate vertex attributes such as colors, normals, and tex-
ture coordinates, and the sparse voxel octree construction process
can easily propagate appearance data such as colors or normals to
higher levels in the sparse voxel octree (i.e., to lower levels of de-
tail). However, global data access to e.g. appearance data is inher-



Algorithm 2: SVO construction, optimized version.

int current morton← 0;1

while input do2

leaf node l← consume(input);3

int nb empty nodes← l.morton - current morton;4

// Use nb empty nodes to add empty nodes to queues5

while nb empty nodes > 0 do6

int a← largest a with 8a < nb empty nodes;7

int b← largest b with queues[b] is not empty;8

int di← max(depth− a, b);9

queues[di].push back(empty node());10

while di > 0 and queues[di].is full() do11

internal node p← make internal node();12

p.children← (child offsets) queues[di];13

write non-empty elements of queues[di] to disk;14

queues[di].clear();15

queues[di − 1].push back(p);16

di- -;17

nb empty nodes← nb empty nodes - 8depth−di18

// Use basic version for non-empty node l19

. . .20

current morton← l.morton;21

ently incompatible with out-of-core algorithms. This limitation can
be alleviated by using a multi-pass approach. For example, the first
pass constructs the sparse voxel octree, and the second pass adds
texture data to the sparse voxel octree.

7 Results, comparisons and discussion

7.1 Results

In Tab. 1 we show several results of our method (see supplemen-
tal material for more results). We have implemented our method
in C++, which required only approximately 1000 lines of code,
including code for IO and benchmarking. We have obtained the
results on a Dell Precision T7500 workstation with an Intel Xeon
X5650 CPU and a 7200 RPM SATA II disk.

To compare our out-of-core algorithm with an in-core algorithm,
we have applied our method to two different types of triangle
meshes: the David model, a single object, and the San Miguel
model, a complete scene. Tab. 1(a) shows the parameters of our
method. We have set the resolution of the intermediate high-
resolution 3D voxel grid to 20483, which requires 8 GB of mem-
ory using a representation of 1 byte per grid cell. We have ap-
plied our out-of-core method with 128 MB and 1 GB of available
memory, which is respectively 64 and 8 times less memory than an
in-core method would require, and using 8 GB of available mem-
ory, which is the amount of memory an in-core method would re-
quire. Tab. 1(g) shows the total time of our method. Our out-of-core
method is roughly as fast as an in-core method, represented by the
case with 8 GB of available memory, irrespective of the amount
of available memory, but uses up to 64 times less memory. Note
that our out-of-core method is sometimes even faster than an in-
core method, even when using less memory, since it simply skips
subgrids that are completely empty.

To show that our method can also handle extremely large triangle
meshes, we have applied our method to the Atlas model, a very
large triangle mesh consisting of approximately half a billion trian-
gles. We have set the resolution of the intermediate high-resolution
3D voxel grid to 40963, which requires 64 GB of memory using a

representation of 1 byte per grid cell. Our out-of-core method can
process this 17.42 GB triangle mesh in roughly 11 minutes using
only 1 GB of memory.

Tab. 1(b) shows the statistics of the input triangle mesh. The trian-
gle mesh is represented using 9 32-bit floats per triangle. Tab. 1(c)
shows the statistics of the voxelization process. The timings are
broken down into time for IO input, partitioning or voxelization,
IO output, and miscellaneous operations that do not belong in the
previous categories. Tab. 1(d) shows the statistics of the intermedi-
ate high-resolution 3D voxel grid. Note that the voxel grid is very
sparse. The 8 GB voxel grid is compactly represented using a 64-
bit Morton code for every non-empty grid cell. Tab. 1(e) shows the
statistics of the sparse voxel octree construction process. The tim-
ings are broken down similarly as for the voxelization process. The
time for the non-optimized version of the sparse voxel octree con-
struction is also given. Note that our optimized version is over two
orders of magnitude faster than the non-optimized version. The
sparse voxel octree construction process consumes only roughly
1.6 MB of memory. Tab. 1(f) shows the statistics of the output
sparse voxel octree. The sparse voxel octree is represented using
24 bytes per node (a 64-bit reference to the first child of the node,
a 1-byte offset for every child of the node, and a 64-bit reference to
the data associated with the node). Tab. 1(h) shows a rendering of
the output sparse voxel octree using a basic voxel-based ray caster
(right side) and a visualization of the output sparse voxel octree ob-
tained by visualizing the number of intersections performed by the
ray caster (left side).

These results show that our out-of-core algorithm can construct
sparse voxel octrees from triangle meshes using only a fraction of
the memory required by an in-core algorithm in roughly the same
time, and that our out-of-core algorithm can also handle extremely
large triangle meshes. Please refer to the supplemental material for
more results.

7.2 Comparisons

Compared to the method of Schwarz and Seidel [2010], the cur-
rent state-of-the-art in sparse solid voxelization on the GPU, our
method is considerably slower. For example, for the XYZ RGB
Asian Dragon model (see supplemental material), our method is
roughly two orders of magnitude slower. However, their method
is not out-of-core, and is thus limited by the available memory.
Also note that their timings do not include IO from disk to CPU to
GPU. In this context, it is important to note that out-of-core meth-
ods including ours are often IO-bound, in which case optimizing
the compute time using the GPU does not make much sense, since
the overall time is dominated by IO anyway.

Compared to the CPU method of BINVOX [Nooruddin and Turk
2003; Min 2012], the (to our knowledge) most popular online tool
for rasterizing a 3D model file into a binary 3D voxel grid, the vox-
elization process of our method is two to three times faster. Also
note that BINVOX is not an out-of-core method.

7.3 Discussion

The partitioning subprocess is not strictly necessary, the full in-
put triangle mesh could simply be streamed through each subgrid.
However, for a large input triangle mesh size and a low amount of
available memory, i.e., a large number of subgrids, this will result
in a large IO input time in the voxelization process.

It is not strictly necessary that the voxelization process and the
sparse voxel octree construction process communicate through IO,
the processes could be directly coupled. However, the time that
could be saved by eliminating this IO (i.e., the sum of time, IO,



David San Miguel Atlas

(a) method parameters

grid resolution 20483 20483 40963

grid size 8 GB 8 GB 64 GB

available memory 128 MB 1 GB 8 GB 128 MB 1 GB 8 GB 1 GB

(b) input triangle mesh statistics

# triangles 8.25 M 7.88 M 507 M

size 284 MB 271 MB 17.42 GB

(c) voxelization process statistics

# partitions / subgrids 64 8 1 64 8 1 64

(c.1) partitioning subprocess statistics

time, IO, input 0.25 s 0.23 s 0 s 0.21 s 0.20 s 0 s 292.80 s

time, partitioning 1.86 s 0.36 s 0 s 1.61 s 0.40 s 0 s 99.85 s

time, IO, output 0.10 s 0.08 s 0 s 0.08 s 0.08 s 0 s 30.88 s

time, misc 0.33 s 0.30 s 0 s 0.29 s 0.29 s 0 s 17.69 s

time, total 2.56 s 0.99 s 0 s 2.21 s 0.98 s 0 s 441.22 s

(c.2) intermediate triangle mesh partitions statistics

# empty part. / subg. 48 0 0 50 0 0 44

(c.3) voxelization subprocess statistics

time, IO, input 0.25 s 0.26 s 0.23 s 0.21 s 0.25 s 0.28 s 52.00 s

time, voxelization 6.57 s 13.90 s 15.06 s 9.05 s 16.64 s 17.66 s 130.88 s

time, IO, output 0.18 s 0.16 s 0.18 s 0.75 s 0.63 s 0.73 s 1.45 s

time, misc 0.45 s 0.66 s 0.30 s 0.64 s 0.92 s 0.56 s 17.81 s

time, total 7.46 s 14.98 s 15.77 s 10.66 s 18.45 s 19.23 s 202.45 s

time, total 10.02 s 15.98 s 15.77 s 12.87 s 19.44 s 19.23 s 643.36 s

(d) intermediate high-resolution 3D voxel grid statistics

# non-empty cells 2.89 M 11.0 M 22.9 M

sparseness 99.97% 99.88% 99.99%

size 23 MB 85 MB 174 MB

(e) sparse voxel octree construction process statistics

time, IO, input 0.23 s 0.80 s 1.52 s

time, SVO const. 0.55 s 1.69 s 4.53 s

(unoptimized version) (471.79 s) (453.25 s) (N/A)

time, IO, output 0.65 s 2.36 s 5.30 s

time, misc 0.25 s 0.90 s 1.80 s

time, total 1.69 s 5.75 s 13.17 s

(f) output sparse voxel octree statistics

# nodes 4.11 M 14.7 M 32.5 M

size 96 MB 338 MB 742 MB

(g) total time 11.72 s 17.67 s 17.47 s 18.63 s 25.19 s 24.99 s 656.52 s

(h) visualization and rendering of sparse voxel octree

Table 1: Results. Our out-of-core algorithm can construct sparse voxel octrees from triangle meshes using only a fraction of the memory
required by an in-core algorithm in roughly the same time, and can also handle extremely large triangle meshes (see Sec. 7.1).



output in Tab. 1(c.3) and time, IO, input in Tab. 1(e)) is very small
compared to the total time (Tab. 1(g)).

8 Conclusion

We have presented an out-of-core algorithm for constructing a
sparse voxel octree from a triangle mesh. We have demonstrated
that our out-of-core algorithm can construct sparse voxel octrees
from triangle meshes using only a fraction of the memory required
by an in-core algorithm in roughly the same time, and that our out-
of-core algorithm can also handle extremely large triangle meshes.

Interesting opportunities for future work include investigating
whether or not combining out-of-core techniques with GPU meth-
ods such as the one of Schwarz and Seidel [2010] is worthwhile,
and extending our method to handle global appearance data (e.g.,
textures) and (possibly non-linear) filtering of appearance data (see
Sec. 6).
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