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Abstract
3D mapping systems are crucial for creating digital represen-
tations of physical environments, widely used in autonomous
robot navigation, 3D visualization, and AR/VR. This paper
focuses on OctoMap, a leading 3D mapping framework us-
ing an octree-based structure for spatial efficiency. However,
OctoMap’s performance is limited by slow updates due to
costly memory accesses. We introduce OctoCache, a soft-
ware system that accelerates OctoMap through (1) optimized
cache memory access, (2) refined voxel ordering, and (3)
workflow parallelization. OctoCache achieves speedups of
45.63%~88.01% in 3D environment construction tasks com-
pared to standard OctoMap. Deployed in UAV navigation
scenarios, OctoCache demonstrates up to 3.02× speedup and
reduces mission completion time by up to 28%. These results
highlight OctoCache’s potential to enhance 3D mapping ef-
ficiency in autonomous navigation, advancing robotics and
environmental modeling.
CCS Concepts: • Computer systems organization →
Real-time systems.

Keywords: Caching, Mapping Systems, IoT, UAV Autonomy,
OctoMap
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1 Introduction
3D mapping systems serve as digital representations of 3D
space, capturing real-world settings or objects to facilitate
the creation of intricate models and immersive experiences.
They are fundamental to various fields, including robotics,
computer graphics, and 3D vision applications [7, 13, 21, 23,
37, 38]. For example, in robotic applications, 3D mapping
systems typically gather data from sensors like LiDAR and
depth cameras that continuously scan the surroundings. This
data is periodically collected, processed, and integrated into
a 3D representation model (i.e., maps).

Currently, OctoMap [26] and its derivatives [12, 16, 40, 43]
have emerged as a widely used mapping system in au-
tonomous navigation [5, 41, 57, 58], search and rescue op-
erations [50, 51], and scanning and mapping tasks [9, 52].
By leveraging OctoMap’s clear delineation of occupied, free,
and unknown spaces, robot/UAV applications can achieve
safe, collision-free navigation. Furthermore, thanks to its
memory-efficient internal representation of extensive 3D
environments, OctoMap is suitable for various edge devices
with limited memory capacity.

Although there has been notable progress in deploy-
ing OctoMap across various hardware and software plat-
forms [28, 60], the OctoMap software continues to be a sig-
nificant performance bottleneck in the entire autonomous
navigation pipeline. Our experiments with MavBench [8]
show that OctoMap can consume up to 72% of the total run-
time in a realistic UAV autonomous navigation workflow.
The primary bottleneck is due to its distinctive octree struc-
ture. To represent spatial occupancy, OctoMap seamlessly
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Figure 1. OctoCache Overview. faster voxel update by generating
high (e.g., >95%) cache hits and fewer (e.g., 0.125X) memory visits
in the cache compared with octree.

divides the entire space into uniformly sized, fine-grained
voxels1. During a voxel update, OctoMap executes a root-to-
leaf round-trip traversal in its octree to find the correspond-
ing leaf node and update its occupancy information. This
process involves multiple memory accesses, resulting in con-
siderable latency, particularly when using high-resolution or
long-range sensors for mapping and navigation. Moreover,
robot navigation requires multiple queries to the voxel oc-
cupancy information, which cannot proceed until OctoMap
finishes the voxel updates. As queries occur after the updates
are completed, a slow update can result in Octomap missing
the deadline (e.g., UAVs want to detect an oncoming obstacle
and alter the path to avoid collisions). When a slow update to
OctoMap occurs, UAVs may reduce their flight speed, leading
to task inefficiencies and battery drains [32, 46].
We tackle the software optimization problem in this pa-

per to ensure mapping compatibility with various edge de-
vices [47–49]. Ideally, an OctoMap software platform should
achieve: (1) lowmapping systemupdate latency, enabling
faster navigation queries to improve robot agility in obsta-
cle detection; (2) query consistency that guarantees same
query result and APIs as the vanilla OctoMap; and 3) low
extra resource overhead (i.e., CPU and memory footprints)
for running on resource-constrained edge devices such as
NVIDIA Jetson TX2 [47].
In this paper, we introduce OctoCache, an innovative

caching layer built on top of OctoMap to enhance the runtime
efficiency of OctoMap. Driven by the significant duplication
of input voxels, the primary concept of OctoCache to re-
duce voxel update latency is by caching recently accessed
voxels and their occupancy values before reaching the
octree on the critical path. As illustrated in Figure 1, we
initially construct a flattened, table-based cache to handle all
voxel updates, requiring fewer memory accesses compared
to the costly octree. Also, we arrange the evicted voxels from
the cache using the Morton Code ordering2 [54] of their
3D coordinates and then update them to the octree. This is
because different orderings of the same voxel set result in

1A voxel is a 3D cube in space.
2Morton Code transforms 3D integer coordinates into a single-dimensional
integer. A Morton Code order means arranging voxels in ascending order
based on their individual Morton Code.

varying levels of data locality and lead to different total up-
date times to the octree. Furthermore, we demonstrate that
the Morton Code order can optimally leverage data locality
and minimize the overall update time. Lastly, we postpone
the octree update process to another CPU thread and execute
it concurrently with other functions. This enables queries to
experience lower latency as they do not need to wait for the
octree update of voxels evicted from the cache.
To guarantee query consistency, the cache always stores

voxel coordinates with the accumulated occupancy value
(as a mini “octree”), instead of the most recent occupancy
values. Thus, the cache can provide correct results upon
cache hits, and any query upon a cache miss is redirected
to the back-end octree. Also, we use one mutex to ensure
that octree reads and octree writes are mutually exclusive in
time, which eliminates the possibility of data racing. To guar-
antee resource efficiency, we evict records from the cache
bucket size beyond a threshold. Such eviction of outdated
voxel records from the cache ensures that the cache memory
overhead remains below a threshold.

We evaluate the performance of OctoCache on a UAV sim-
ulation platform [8] using different UAV types, environments,
mapping resolutions, and sensing ranges to test its capabili-
ties comprehensively. Our evaluation ensures robust results
applicable to various real-world scenarios. We conduct ex-
periments on a Jetson TX2 [47], an edge computing platform
widely used for UAV applications due to its balance of power
efficiency and computational capability. Our results show
that OctoCache improves OctoMap runtime by 45.63% to
88.01%, highlighting OctoCache’s ability in handling varying
complexities and scales of mapping tasks. For example, deal-
ing with different mapping resolutions, sensing ranges, and
obstacle densities. With the OctoCache-powered mapping
system in the pipeline, the task completion time is reduced
by up to 28%, allowing the UAV to achieve greater agility
through faster computation and improve efficiency in time-
sensitive missions such as search and rescue or surveillance.

In summary, we present three main contributions:
• Introduction of a general software cache method to accel-
erate OctoMap updates while ensuring query consistency
and efficient resource utilization.

• Theoretical demonstration that the sequential order based
on Morton Code optimally supports voxel insertion into
the octree and leverages the cache to reorganize the evic-
tion voxel sequences.

• Integration of OctoCache into the complete autonomous
navigation process of UAVs.
We have open-sourced our code at [1].

2 Background and Related Work

We start with an overview of 3D mapping systems. We then
discuss the details of OctoMap and the related work.
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(a) Voxel grid map (b) Point cloud
Figure 2. Visualization of two dense map examples.

2.1 3D Mapping Systems

Dense map and sparse map: Mapping systems opt for
either dense or sparse maps based on their ability to rep-
resent the complete 3D environment. Examples of dense
maps include voxel grid maps (Figure 2(a)) [15, 35], point
clouds (Figure 2(b)) [20, 53], etc. Dense maps facilitate accu-
rate collision detection and motion planning by providing
comprehensive spatial information.

Conversely, sparse maps such as SLAM [4, 21, 36, 44, 55],
3D meshes [11, 27] and elevation maps [19, 33, 34] lack infor-
mation about the entire 3D space, which facilitates faster sur-
face feature extraction and design processes [7, 10, 23, 25, 37].
As a type of voxel grid map, OctoMap (and its variants) are
preferred in robot autonomy applications due to their ability
to accurately represent occupied, free, and unknown spaces
simultaneously.
Mapping systems in autonomous robot navigation
workflow (Figure 3): Autonomous robot workflows con-
sist of three stages: perception, planning, and control. In the
perception stage, sensor data (e.g., LiDAR, depth cameras) is
converted into point clouds and voxel information, which
updates the mapping system. The planning stage generates
collision-free paths by querying the map, checking voxels
along potential trajectories for obstacles. The control stage
adjusts rotors to follow the planned trajectory. This cyclic
process ensures continuous environmental updates as the ro-
bot/UAV moves. Compute latency in this workflow is critical
for task efficiency [22, 24, 30, 56]. The mapping system sig-
nificantly impacts overall performance. If a mapping system
update is too slow, the queries in the planning stage will have
to be delayed, and thus a robot/UAV will take a longer time
to detect an obstacle. To ensure collision avoidance, UAVs
typically will reduce their flight speed to accommodate the
slow update of the mapping system, resulting in increased
mission completion time and higher battery/energy usage.

2.2 OctoMap

OctoMap [26] is a popular dense map that uses voxels with
occupancy values to represent spatial occupancy. Each voxel
has a central coordinate < 𝑥,𝑦, 𝑧 > and side length 𝑑 . The
mapping boundary is a 3D cubic space centered at < 0, 0, 0 >

with side length 𝐷 . The entire cubic space is considered
as one large voxel. The voxel is recursively decomposed
into 8 smaller voxels with side lengths halved. For exam-
ple, this large voxel is decomposed into 8 smaller voxels
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data

Rotor 
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On board computation workflow

3. Control 
stage

Control rotors, 
let the 

robot/UAV 
follow a 

desired path
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stage
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Interpret 
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Mapping system (e.g. OctoMap)

Update 
[Write] 

Query after update 
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A collision-
free path

72% E2E 
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Figure 3. A typical robot autonomous navigation pipeline. The
mapping system can take up to 72% of the end-to-end runtime [8].
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Figure 4. Workflow of OctoMap. OctoMap can support voxel
queries only after the current generation process finishes.

with side length 𝐷
2 and centered at < ±𝐷

4 ,±
𝐷
4 ,±

𝐷
4 > re-

spectively. The decomposition process applies to each voxel
until its side length reaches a predefined mapping resolution
(e.g., 0.05m). In OctoMap, each voxel 𝑣 is stored along with
a float-type occupancy value 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣) (i.e., 𝑙𝑜𝑔𝑜𝑑𝑑𝑠 as
specified in OctoMap [26]) denoting the probability that this
space is occupied by an obstacle. OctoMap sets 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣)
bounded by𝑚𝑖𝑛𝑜𝑐𝑐 and𝑚𝑎𝑥𝑜𝑐𝑐 so that it can deal with dy-
namic environments [26]. There is a pre-defined threshold 𝑡
where 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣) ≥ 𝑡 denotes an occupied voxel, while
𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣) < 𝑡 denotes a free voxel. The initial occupancy
value is set to 𝑡 .

The OctoMap workflow has two main components: ray
tracing and octree, as shown in Figure 4. When the sensor de-
livers a new point cloud3, OctoMap performs ray tracing and
then updates voxels to the octree. The ray tracing function4
converts the point cloud into a voxel batch of occupied and
free voxels based on the obstacle surface information, as de-
tailed in Section 3.1. In robot/UAV applications, following the
OctoMap process, there are functions such as path planning
functions that involve querying specific voxel occupancy.
OctoMap supports queries from the octree data structure.
Notably, if there is an ongoing OctoMap generation process,
the query must wait until it finishes. This guarantees the
query is always performed on the latest mapping informa-
tion. Meanwhile, it also renders a high latency for queries.
Octree [39, 59] is a memory-efficient data structure to

store and represent multiresolution voxel information. There
are three types of nodes in octree (Figure 5): occupied,
free, and null. An occupied node represents a voxel 𝑣 with
𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣) ≥ 𝑡 , while a free node represents a voxel 𝑣
with 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣) < 𝑡 . The null node represents a voxel
entirely in the unknown space and thus has no occupancy

3A point cloud is a large set of 3D coordinates. Each coordinate represents
a sampled point on the obstacle surface scanned by the sensor.
4Ray tracing is performed towards each point in the point cloud, usually
from a top-left to bottom-down order.
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Figure 5. The node (memory) visit pattern of querying and updat-
ing in the octree. Both demand a root-to-leaf traversal and cannot
be run in parallel due to data racing.

Table 1. Existing work and their features.

Related Work Hardware/
Software

Addressing Oc-
tree bottleneck

Resource
efficiency Flexibility

OMU [28] Hardware ✓ ✓ ×
OctoMap-RT [43]
NanoMap [18]

GPU OctoMap [42]
Hardware × ✓ ✓

Naive software
parallelization Software × ✓ ✓

VoxelCache [29] Software × ✓ ✓
Skimap [12] Software ✓ × ✓

OctoCache (Ours) Software ✓ ✓ ✓

value. Each node corresponds to a voxel in the 3D space.
The root node 𝑁0 represents the entire cubic mapping space,
which is the largest voxel. Each node apart from the leaf
nodes has 8 children, denoting 8 smaller voxels split from it-
self. The occupancy value of each node equals the maximum
among its 8 children. To save memory, a node will have all
its children pruned if they have the same occupancy value.
Octree updates and queries both require root-to-leaf

node traversal in the octree in the worst case (Figure 5).
To query voxel 𝑣 , OctoMap computes the location of
node 𝑁𝑣 based on 𝑣 ’s 3D coordinate, then traverses from
the root node to 𝑁𝑣 and returns a boolean value based
on whether 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣) < 𝑡 . This query path visits
nodes 𝑁0, 𝑁𝑥 , 𝑁𝑦 , and 𝑁𝑣 . To update voxel 𝑢, OctoMap
first searches for node 𝑁𝑢 . The occupancy value is up-
dated as 𝑚𝑎𝑥 (𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣) − 𝛿 𝑓 𝑟𝑒𝑒 ,𝑚𝑖𝑛𝑜𝑐𝑐 ) if 𝑢 is free, or
𝑚𝑖𝑛(𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣) +𝛿𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 ,𝑚𝑎𝑥𝑜𝑐𝑐 ) if 𝑢 is occupied. Here,
𝛿 𝑓 𝑟𝑒𝑒 and 𝛿𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 are predefined heuristics reflecting the
map’s sensitivity to free or occupied voxel updates. After up-
dating 𝑁𝑢 , a trace-back from 𝑁𝑢 to the root node 𝑁0 updates
all ancestor nodes, with each ancestor’s occupancy value
based on the maximum among its children. This update path
sequentially visits nodes 𝑁0, 𝑁𝑥 , 𝑁𝑦 , 𝑁𝑢 , 𝑁𝑦 , 𝑁𝑥 , and 𝑁0.
The root-to-leaf traversal constraint prevents parallelizing
updates or queries, as simultaneous operations on the same
node could cause data races. For example, querying 𝑣 while
updating 𝑢 may race on nodes 𝑁0, 𝑁𝑥 , and 𝑁𝑦 .

(a) FR-079 corridor (b) Freiburg Campus (c) New College

Figure 6.OctoMap generation workflow decomposition on 3 public
datasets [2]. The octree update is the major bottleneck, especially
at high resolutions.

2.3 Existing Efforts in Accelerating OctoMap

Table 1 summarizes existing efforts to speed up OctoMap.
Our work uniquely advances prior art by simultaneously ad-
dressing the octree bottleneck in terms of resource efficiency,
flexibility, and the construction of a dense map.
Hardware acceleration: Several hardware accelerators so-
lutions have been proposed to accelerate OctoMap. For in-
stance, OMU [28] is a hardware accelerator designed to en-
hance parallel ray tracing and octree updates. Nevertheless,
these solutions require dedicated special hardware, limiting
the scalability needed to accommodate the diverse compu-
tation platforms employed in different robots/UAVs. Other
hardware efforts focus on accelerating ray tracingwith GPUs,
including NanoMap [18], OctoMap-RT [43], and GPU-
accelerated OctoMap [42]. However, we identify that the
primary bottleneck of the mapping system lies in voxel up-
dates (as discussed in Section 3), and accelerating ray tracing
has limited performance improvements.
Software optimizations: The need for flexibility drives
improvement in the software design and implementation of
OctoMap. The effort closest in spirit to our work is Voxel-
Cache [29]. VoxelCache introduces an additional indexing
data structure to enhance octree query and update speeds by
quickly locating voxels from the index. However, VoxelCache
does not address the key octree performance bottleneck, as
queries still need to wait for all voxel updates in the octree to
complete. For each voxel update, an expensive octree traver-
sal is still required. In comparison, our objective is to quickly
cache the recent voxel and allow queries to be served im-
mediately thereafter, before these updates are completed in
the octree. Moreover, our caching creates an opportunity to
optimize the order of voxel updates to the octree for reduced
total update time. Alternative software solutions strive to
substitute the octree with more computationally efficient
data structures [6, 12, 45]. However, these improvements are
undesired (e.g., Skimap [12] utilized a tree+linked list data
structure which demands a much higher memory overhead.).
Existing software solutions fall short in addressing the

performance bottlenecks of OctoMap. Our goal is to revisit
the software optimizations to address the key bottleneck in
OctoMap while remaining flexible and resource-efficient.
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3 update batches.

3 OctoMap Bottleneck Analysis
We analyze the bottlenecks of OctoMap by running experi-
ments on an NVIDIA Jetson TX2 device using three public
datasets [2]. As depicted in Figure 6, we demonstrate the
runtime breakdown of OctoMap: octree update is a main bot-
tleneck, where the entire update time accounts for more than
86% of the total OctoMap runtime. In particular, when the
mapping resolution increases (e.g., 0.1m or higher resolution
is generally used for indoor environments), this bottleneck
can reach as high as 93%~96%. Moreover, when hardware
accelerators that improve ray tracing speed are in place, the
octree update accounts for 99% of the total runtime [28].
The slow update of the mapping system impedes fast au-
tonomous navigation for robots/UAVs. To understand why
the octree update is slow, we have two key observations
based on our profiling results.
• Numerous duplicated voxel updates: The octree up-
date process involves repeatedly updating the same voxels
multiple times, leading to inefficient utilization of compu-
tational resources.

• Slow updates for each voxel: The update operation for
individual voxels within the octree is computationally
expensive, further exacerbating the overall slowdown of
the octree update.
These observations provide insight into potential avenues

for optimizing the OctoMap algorithm and alleviating the
performance bottleneck. In the remainder of the section, we
analyze these observations and discuss the design opportu-
nities.

3.1 High Duplication in Voxel Updates

The voxel duplication exists both intra each update batch
and inter consecutive update batches.

High voxel duplication intra each update batch stems from
the creation of voxels via ray tracing. In ray tracing, a straight
ray shoots from the sensor < 𝑥0, 𝑦0, 𝑧0 > to each coordinate
< 𝑥 ′, 𝑦 ′, 𝑧 ′ > in the point cloud. Each voxel on this straight
line is free, while the last voxel containing < 𝑥 ′, 𝑦 ′, 𝑧 ′ >

is occupied as this coordinate denotes an obstacle surface.
Since these rays form a conical shape and intersect some
common voxels near the source, they result in numerous
duplicate free voxels close to < 𝑥0, 𝑦0, 𝑧0 >. However, since
the point-cloud density is significantly higher than the voxel
resolution, multiple points fall within the same voxel. During

(a) Morton Code (MC) based on root-to-
leaf path.
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Figure 9. Morton code [54] example for a binary tree. The root
node is empty and each child node is marked as 0 or 1 depending
on whether it’s a left or a right child node. The Morton code is
generated by combining tree node codes from a root-to-leaf order
in binary. Tree nodes with small Morton code differences share
more common ancestors.

ray tracing, each of these points is converted into an occu-
pied voxel as they represent samples on the obstacle surface.
Consequently, these points lead to multiple duplicate occu-
pied voxels. The duplication rate within each update batch
varies from 2.78 to 31.32×.

High voxel overlap inter consecutive update batches origi-
nates from the sensor’s scanning pattern. Assuming a UAV
is using OctoMap, Figure 7 shows a general scanning pattern
when the UAV flies along a given trajectory. To ensure that
the UAV can detect newly emerged or incoming obstacles
along the trajectory, the UAV carries out constant scanning
during flight time, instead of just scanning anew when reach-
ing the current mapping boundary. This usually results in a
high overlap between the voxels generated by continuous
scans. Figure 8 shows the cumulative distribution of the over-
lap ratio of non-duplicate voxels between three consecutive
updates. For two of the three datasets, over 80% of voxels in
each update are duplicated from the previous three updates.
For the Freiburg campus dataset, this number drops to 40%,
but it remains reasonably high. When considering duplicate
voxels, this overlap ratio will be even higher.

Design opportunity 1: The aforementioned observations
present a chance to design a fast cache as an additional
layer preceding the octree, aimed at producing cache hits
for repeated voxel updates. Searching and updating a voxel
within the cache should require significantly fewer mem-
ory accesses compared to the deep octree. Furthermore, by
allocating a cache of appropriate size and retaining the dupli-
cated voxels within it, numerous cache hits can be generated,
substantially reducing the need for searches in the octree.

3.2 Slow Per-Voxel Update

Apart from the high voxel volume, another bottleneck is
the significant delay per voxel update, which is caused by
frequent memory accesses and an inefficient order of voxel
updates in the octree.

Numerous memory accesses for each voxel update: Updating
a voxel requires a root node to leaf node round-trip visit in
the octree, involving up to 32memory accesses for a standard
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(a) FR-079 corridor (b) Freiburg Campus (c) New College

Figure 10. Per-voxel octree update time overhead based on dif-
ferent voxel orders. The per-voxel insertion speed has a positive
correlation with the F value in Section 4.3. Ordering voxels by
Morton Code gives the fastest insertion speed to the octree.

16-level octree. This situation deteriorates further when the
map resolution increases and the octree depth expands.

Voxel sequence order affects octree update speed: Since each
voxel update requires a traversal from the root to a leaf node,
an optimal voxel ordering can leverage the data locality
of tree nodes more effectively when updating the octree.
Figure 9 illustrates a binary tree, which serves as a simplified
model for the octree. Leaf nodes with smaller Morton Code
bit-value difference (e.g., the 2 blue nodes in Figure 9(b))
share more common ancestor nodes, and can result in more
CPU cache hits if they are updated together to the octree. In
contrast, updating a blue node and a yellow node together
does not give as many cache hits. Consequently, grouping
voxels with a shorter “shortest-path distance in the tree”
can better exploit data locality. In Section 4.3, we prove that
inserting the voxels into the octree by theirMorton Code [54]
order provides optimal data locality and thus optimizes the
tree update speed.

In a NVIDIA Jetson TX2 testbed, we evaluate tree update
performances with various voxel update orders, as shown
in Figure 10. We have evaluated with orders of 1) random
shuffle, 2) sorting of voxels by their X, Y, and Z coordinates,
respectively5, 3) Morton code order of their 3D coordinates,
and 4) the original order in OctoMap generated from ray trac-
ing. We insert 5M voxels into an empty octree and compute
the mean value with the [10%,90%] confidence interval over
100 runs on 3 public datasets. All results indicate a positive
correlation between the data locality (i.e., F defined in Sec-
tion 4.3) of the voxel sequence and per-voxel insertion speed.
Across all 3 datasets, voxel sequences ordered by Morton
Code consistently show the best insertion speeds, ranging
from 1.38×~1.34× faster than the original order in OctoMap
and 1.97×~3.32× faster than the worst case where all voxels
are randomly ordered.

Design opportunity 2: Our cache design enables an op-
portunity to arrange specific eviction orders of these
voxels before updating into the octree. Our result show
leveraging the cache to reorder the voxel sequence by Mor-
ton Code can accelerate the slow octree update procedure.

5e.g., XYZ order sorts all voxels first by X coordinates. Voxels with the same
X are further sorted by Y coordinates, and then Z.

4 OctoCache

This section details the design of OctoCache. First, we out-
line the primary design objectives for the system. Then, we
discuss a strawman serial hash-based OctoCache design to
demonstrate the basic cache workflow and associated data
structures. Next, we present an improved caching strategy
using the Morton code as voxel ordering. Lastly, we describe
a multithread OctoCache to enhance performance by paral-
leling the cache and the tree in different threads.

4.1 Design Goals and Key Ideas

Our objective is to develop a cache to reduce the number
of duplicated voxels and optimize the voxel update order
in the octree. Specifically, we aim to address three design
challenges.
• Low map update (write) latency: The low latency re-
quirement comes in two aspects. Firstly, there should be
a small wait time until the queries on the current voxel
batch can be served. This enables quicker detection of
obstacles in the current scan data. Secondly, the entire
mapping system generation process should also be faster.
As the mapping system keeps taking in point clouds from
the sensor, a faster mapping system pipeline can support
a higher rate of sensor input.

Key ideas: Our approaches are three-fold: (1) We build
a cache to store newly arrived voxels and the occupancy
values. Once the cache update finishes, the cache supports
voxel queries from the path planner without the need to
wait for the completion of octree updates. (2) In cache
eviction, we use Morton Code to organize voxel orders
for faster updates to the octree. We index the voxels by
the Morton Code of their 3D coordinates during cache
insertion and evict outdated voxels sequentially from the
cache. Thus these evicted voxels can form a Morton Code
order which best speeds up octree update (Section 4.3).
(3) We run the octree updates with ray tracing and cache
eviction in parallel. This can give an even shorter mapping
system generation time by overlapping the workflow of
consecutive update batches (Section 4.4).

• Query (Read) consistency: The voxel query result and
query interface from OctoCache should match that from
OctoMap for streamline integration. Our new design shall
return the same occupancy value when querying any
voxel, and the query API should be consistent so that
other functions that demand the voxel query from the
storage can remain unchanged.
Key ideas: The cache maintains the accumulated oc-

cupancy values of the voxels in the same way as the oc-
tree does. This ensures the cache can serve queries inde-
pendently without octree upon cache hits, different from
other cache-based index services [29]. Meanwhile, any
voxel evicted from the cache will overwrite its occupancy
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Figure 11.Workflow of serial OctoCache.

Compute Morton Code index

𝑀(𝑣𝑥, 𝑣𝑦, 𝑣𝑧)%w = 1

Insert free voxel 𝑣  (𝑣𝑥, 𝑣𝑦, 𝑣𝑧 )

Octree

𝑣𝑥, 𝑣𝑦, 𝑣𝑧

Update Cell

Buckets

𝜏=2

𝑎𝑥, 𝑎𝑦, 𝑎𝑧 𝑏𝑥, 𝑏𝑦, 𝑏𝑧

0.1

0.9 0.2

Evict voxels

𝑎, 0.9 , (𝑏, 0.2)

Figure 12. Cache insertion (voxel 𝑣) and eviction (voxel 𝑎, 𝑏) exam-
ple of a cache with𝑤 = 5 buckets and eviction threshold 𝜏 = 2.

value to the octree to ensure that octree can serve consis-
tent query upon cache miss (Section 4.2). We use a mutex
to schedule the reads and writes of octree. The mutex
is locked when thread 2 starts executing octree update.
The lock is not released until thread 2 finishes. Thread 1
locks the mutex and starts executing cache insertion, and
releases it when the query finishes. This eliminates the
possibility of data races.

• Low extra resource overhead: The mapping systems
usually run on edge devices on robots and UAVs with
limited memory and computation resources. For example,
an NVIDIA Jetson TX2 [47] has 8GB RAM and 6 CPU cores.
The new design should incur reasonable extra memory
and CPU resources.
Key ideas: To control the memory overhead, we set a

predefined threshold to limit the maximum voxel records
in the cache after eviction. This allows us to control the
memory overhead throughout runtime (Section 4.2). For
the CPU overhead, OctoCache requires only one extra
CPU core, which is available under most robot/UAV appli-
cations (Section 4.4).

4.2 Strawman Serial OctoCache

We start with a complete workflow of a strawman OctoMap
design as depicted in Figure 11, including insertion, query,
and eviction policies. The detailed runtime analysis of this
workflow is shown in Figure 13(a). With the help of the
cache, we do not need to wait for the slow octree update for
querying the current batch. Instead, the latency is the cache
insertion time, which is fast. We further show how to utilize
a dedicated cache design to maintain query consistency and
low memory overhead.

4.2.1 Cache insertion and query: The key idea is to
record the accumulated occupancy value together with the

voxel ID (3D coordinates) in the cache data structure. During
the cache insertion, the incoming voxel will have its occu-
pancy value added to the accumulated value recorded in
the cache. Therefore, the cache itself can serve a consistent
query result as the vanilla Octomap returns. Additionally,
any outdated voxel evicted from the cache will have its oc-
cupancy value overwritten into the backend octree. This
ensures query consistency upon any cache miss.
Implementation details (Figure 12): The cache con-
tains an array of 𝑤 buckets. Each bucket contains a vec-
tor of cells. Each cell stores a voxel’s 3 coordinates (𝑢𝑖𝑛𝑡8_𝑡
type) and one float-type accumulated occupancy value. In
cache insertion, we map an incoming voxel 𝑣 to a bucket
with a hash function ℎ(𝑣)%𝑤 where 𝑤 is the width of the
bucket array. We set 𝑤 always as a power of 2 to accel-
erate the mod operation. After locating the bucket, we
search through its cells to determine if we have a cache hit
𝑣, 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣). Upon a cache hit, we update the occupancy
value as 𝑚𝑎𝑥 (𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣) − 𝛿 𝑓 𝑟𝑒𝑒 ,𝑚𝑖𝑛𝑜𝑐𝑐 ) if 𝑣 is free, or
𝑚𝑖𝑛(𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑣) +𝛿𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 ,𝑚𝑎𝑥𝑜𝑐𝑐 ) if 𝑣 is occupied. Upon
a cache miss, we first search the octree to verify if a record
of 𝑣 exists. If found, we denote the occupancy value obtained
as 𝑜𝑐𝑡𝑟𝑒𝑒 (𝑣), which is the accumulated occupancy value of
voxel 𝑣 . We retrieve (𝑣, 𝑜𝑐𝑡𝑟𝑒𝑒 (𝑣)) from the octree, write
it into a new cell in the bucket, and update it by 𝛿 𝑓 𝑟𝑒𝑒 or
𝛿𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 . Otherwise, if voxel 𝑣 is not found in the octree,
we will simply create a new cell in this bucket and write in
(𝑣, 𝑡 +𝛿𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 ) or (𝑣, 𝑡 −𝛿 𝑓 𝑟𝑒𝑒 ), depending on 𝑣 ’s occupancy
status.

4.2.2 Cache eviction: The key idea to control the memory
overhead is defining a threshold 𝜏 for bucket size upon cache
initialization. 𝜏 denotes the maximum number of distinct
voxels per bucket after processing. In the insertion process,
we allow each bucket to hold more than 𝜏 records because
multiple records can collide into the same bucket. As the size
of the cache will not grow beyond an update batch during
the cache insertion process, the extra memory overhead is
still under control.
Implementation details (Figure 12): Upon cache eviction,
we search through each bucket in the cache. If a bucket size
is above 𝜏 (i.e., holding more than 𝜏 voxel recorders), we evict
the earliest inserted records until the bucket size goes down
to 𝜏 . All evicted voxels with their accumulated occupancy
values form a batch and will be written into the octree.

4.3 Morton Code-based OctoCache

The previous design ensures a faster cache update time than
the octree. However, it does not guarantee a shorter mapping
system generation time, which includes updating evicted
voxels into the octree. Updating the octree with fewer voxels
evicted from the cache may still take longer than the octree
update in the basic OctoMap workflow (some (bad) random
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Figure 13. Serial and parallel OctoCache runtime decomposition.
Path planning & query (Optional) appears in robot autonomy
navigation but not in 3D environment construction. The bar size
mimics runtime portions.

voxel ordering can potentially take a longer time, as pre-
viously discussed in Section 3.2 and Figure 10). Hence, we
use Morton Code-based cache policy to order evicted
voxels based on their Morton Code, which facilitates
octree update. The key idea is to index the voxel based on
the Morton Code of its 3D coordinates to locate a bucket in
the cache. Meanwhile, in the cache eviction stage, we still
apply the sequential eviction policy to evict outdated voxels
from the cache. Therefore, we can let the evicted voxels form
a Morton Code order which best facilitates the octree update.

Below, we first give a proof sketch of why organizing vox-
els with theirMorton Code of 3D coordinates gives the fastest
octree update speed. Then we introduce the implementation
details.

Intuitively, we use a formula to count the number of com-
mon ancestors shared by each two adjacent voxels in the
sequence. This formula can be used to estimate how much
data locality a voxel sequence can utilize when inserting
them into the octree. Because updating a voxel at the finest
resolution demands a round-trip root-to-leaf visit in the oc-
tree, a higher number of common ancestors shared always
implies a faster update speed and vice versa. We provide a
proof sketch and defer the detailed proof (Lemma A2~A6) to
supplementary materials (open sourced at [1]).
Notations: Denote 𝑁 leaf nodes in a perfect 𝑙-level octree6:
𝑎1, 𝑎2, ..., 𝑎𝑁 . Denote 𝐴(𝑎1, 𝑎2, ...𝑎𝑛) as the closest common
ancestor of leaf node 𝑎1, 𝑎2, ..., 𝑎𝑛 . Denote 𝐷 (𝑎, 𝑏) as the dis-
tance between leaf node 𝑎 and 𝑏, which is twice as the dis-
tance between 𝑎 or 𝑏 and node 𝐴(𝑎, 𝑏)7. 𝑆 represents an
ordering of the 𝑁 leaf nodes.
Main theorem (Morton code optimality): Ordering the
leaf nodes 𝑎1, 𝑎2, ..., 𝑎𝑛 by the Morton Code of their 3D coor-
dinates is one of the optimal sequence 𝑆∗ that minimizes the
following formula:

F (𝑆) = 𝐷 (𝑎1, 𝑎2) + 𝐷 (𝑎2, 𝑎3) + ... + 𝐷 (𝑎𝑁−1, 𝑎𝑁 )
Proof sketch:
6All leaf nodes are on the same level in a perfect octree.
7In a perfect octree, the distance between node 𝑎 and node 𝐴(𝑎,𝑏) equals
the distance between node 𝑏 and node 𝐴(𝑎,𝑏)

• We give a proof sketch for a uniform depth octree here.
We prove that the theorem also holds true for any non-
uniform depth of octree, and the proof is deferred to the
supplementary materials [1].

• For any three leaf nodes randomly picked, {𝑎, 𝑏, 𝑐},
𝐴(𝑎, 𝑏), 𝐴(𝑎, 𝑐), 𝐴(𝑏, 𝑐) can be at most two different inner
nodes. (Lemma A2)

• For any three leaf nodes randomly picked, {𝑎, 𝑏, 𝑐},
𝐷 (𝑎, 𝑏), 𝐷 (𝑎, 𝑐), 𝐷 (𝑏, 𝑐) can be at most two different num-
bers. (Lemma A3)

• For any non-leaf nodes 𝑎 and 𝑏 at the same level, the dis-
tance between any descendent leaf node of 𝑎 and 𝑏 is
always the same. This value is always larger than the dis-
tance between any two descendent leaf nodes of 𝑎. (Lemma
A4)

• For any non-leaf nodes 𝑎 and 𝑏 at the same level, the
descendant leaf nodes of 𝑎 and 𝑏 can only have at most
one pair neighboring in an optimal sequence. (Lemma A5)

• For each non-leaf node 𝑎 in the complete tree, all descen-
dent leaf nodes of 𝑎 should always be arranged together in
an optimal sequence 𝑆∗. This holds true for non-leaf nodes
at any level in the tree. (Lemma A6)

• Voxel ordering that meets Lemma A6 all give the same F
value. Ordering the voxels by their Morton Code is one of
these orderings and thus is one optimal sequence.

Implementation details: To insert voxel 𝑣 , we replace the
location function 𝐻 (𝑣)%𝑤 with𝑀 (𝑣)%𝑤 , where the Morton
code 𝑀 (𝑣) is calculated from 𝑣𝑥 , 𝑣𝑦 , and 𝑣𝑧 . Here, we give
a detailed example of Morton code calculation. For voxel 𝑣
with coordinates (1, 5, 3), we first calculate the binary value
of 𝑣𝑥 , 𝑣𝑦 and 𝑣𝑧 as 0012, 1012, and 0112 respectively. After-
ward, we concatenate all the bits together from the highest
to the lowest in the order of 𝑥,𝑦, 𝑧, which forms 0002 for the
highest level bits, 110 for the mid-level bits, and 1112 for the
lowest level bits. Putting them together, we have 0001101112.
Eventually, we convert this binary number into a decimal
𝑀 (𝑣)=167 as the final output. The insertion process con-
cludes by updating voxel 𝑣 and its occupancy value into the
167𝑡ℎ bucket.

4.4 Parallel OctoCache: Further Speed Up

Although the cache saves the number of voxels updated
to the octree by serving a large number of cache hits, we
still observe that the octree update is a major bottleneck on
the critical path (see runtime profiling in Section 6.2). As
reasoned in Section 2.3, deploying multiple CPU cores to
parallelize octree does not help due to data imbalance. As
shown in Figure 13(b), we use another CPU core to run
octree update in parallel with ray tracing and cache
eviction, which will not cause data racing. The key idea is
to use a mutex to partition operations involving octree reads
and writes. Specifically, cache insertions and queries require
memory reads from octree. An octree update involves updat-
ing the octree nodes as memory writes. Cache eviction and



OctoCache: Caching Voxels for Accelerating 3D Occupancy
Mapping in Autonomous Systems ASPLOS ’25, March 30-April 3, 2025, Rotterdam, Netherlands

ray tracing operations have no access to octree data struc-
ture. This allows executing octree updates alongside cache
eviction and ray tracing without a data racing issue. More-
over, the octree update is usually slower than cache eviction
and ray tracing combined even after duplication check and a
better voxel ordering. Therefore, this parallelization strategy
can achieve the best performance gain.
Implementation details (Figure 14): We build a 2-
threaded design and move the octree update function off
the critical path (thread 1) to another thread 2. To minimize
query latency, queries are executed immediately after cache
insertion completes. The cache eviction and octree insertion
happen after the query of the current batch data finishes. To
correctly undertake the evicted voxel data from the cache, we
build a shared buffer between the two threads to store voxel
coordinates and occupancy values. All voxels evicted from
the cache are enqueued into this shared buffer and dequeued
on thread 2 for octree updates. We implement the shared
buffer using a readerwriterqueue, which supports enqueue
from one thread and dequeue from another thread [14].

OctoCache Generation on thread 1

Path Planning

OctoCache Generation on thread 2

Thread 1

Thread 2

Update voxels
[Write]

Voxel query served by cache first
[Read]

Query octree upon 
cache miss [Read]

Update voxels
[Write]

Ray tracing Morton Code-
based Cache

Shared Buffer

Octree

Evicted voxels in optimal order

Figure 14.Workflow of parallel OctoCache.
The parallel OctoCache design benefits the runtime on

the critical thread (thread 1) by offloading the octree update
function to thread 2. However, this parallelism introduces
two synchronization overheads. 1) Thread 1 can potentially
wait for thread 2 (Figure 13(b)): To eliminate data race, the
cache insertion of the incoming batch (thread 1) needs to
wait for the octree update (thread 2) to finish. This can cause
a waiting time on thread 1 if the octree update takes a longer
time than the total runtime of ray tracing and cache evic-
tion. Based on our evaluation in Section 6.2.2, a larger cache
with more cache hits can decrease this waiting time. 2) Inter-
thread data transmission via the shared buffer has queuing
latency (i.e., enqueue and dequeue): The buffer enqueue oc-
curs during cache eviction on thread 1 where outdated voxels
and their accumulated occupancy value are written into the
buffer. The buffer dequeue happens on thread 2 where voxels
with their accumulated occupancy value are read from the
buffer and written into the octree. Our experiments show
that this queue delay is negligible (Section 6.2.2).

5 Experimental Setup
This section details the experimental setup for UAV au-
tonomous navigation simulation and local 3D environment

construction. Both evaluations were conducted on a Jetson
TX2 [47] with power fixed at 15 watts. The Jetson TX2, a
high-end embedded platform from Nvidia, features a Quad
ARM CPU, an embedded GPU, and 8GB of SRAM. We evalu-
ated four mapping systems: OctoMap, OctoCache, OctoMap-
RT [43]8, and OctoCache-RT. OctoMap-RT employs a dis-
tinct ray-tracing method that eliminates duplicated voxels,
while its octree insertion process remains identical to Oc-
toMap. For fair comparison, we compared OctoMap-RT and
OctoCache-RT end-to-end, with OctoCache-RT using the
same ray-tracing method as OctoMap-RT.

5.1 UAV Autonomous Navigation

We simulate the UAV autonomous navigation task using
MAVBench [8], a closed-loop simulator with an end-to-end
application benchmark suite for UAV system benchmarking.
The operating scenarios, sensors, and UAV kinematics and
dynamics are simulated using the Unreal game engine [17]
on a Windows laptop. The entire computation workflow,
including perception, planning, and control, runs on a Jetson
TX2. Both computers are connected to the same router for
low-latency communication.We exhaustively test the system
using two types of UAVs, four simulation environments, a range
of sensing ranges, and various mapping resolutions.
Two types of UAVs: 1) AscTec Pelican: 1872g weight, rotor
pull power 3600N, and 2) DJI Spark: 350g weight, rotor pull
power 588N. Both UAVs have 50Hz FPS sensors.
Four simulation environments (Figure 15): Openland is
a structured outdoor environment with a goal 100m away.
Farm is an unstructured outdoor environment with a goal
50m away. Room is an indoor environment with a goal 12m
away. Factory is a mixed outdoor and indoor environment
with a goal 70m away. We rank the task difficulty as Room >
Factory > Farm > Open land.
Sensing ranges and mapping resolutions: We use the
parameter setting as suggested in [8]. The baseline <sensing
range, mapping resolution> for OctoMap vs OctoCache are:
Openland <8m,1m>, Farm <4.5m,0.3m>, Room <3m,0.15m>,
Factory <6m,0.5m>. As OctoMap-RT and OctoCache-RT
have a much shorter runtime and can support even higher
resolutions, their baselines are: Openland <8m,0.04m>, Farm
<4.5m,0.02m>, Room <3m,0.01m>, Factory <6m,0.03m>. In
real-world applications, the sensing range and mapping reso-
lution may vary according to application and robot hardware
demands. Therefore, our test runs are based on a range cov-
ering the baseline parameter choices.
Cache setup: The cache contains 512K buckets. Each bucket
holds at most 𝜏 = 4 cells after eviction. Thus, the cache size
is constrained to 14MB (each cell contains 3D coordinates
with 3 bytes and an occupancy value of 4 bytes). The cache
setup is the same for OctoCache and OctoCache-RT.
Evaluation metrics:
8Since OctoMap-RT is not open-source, we reimplemented their algorithm
on the Jetson TX2 CPU.
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(a) Openland (b) Farm (c) Room (d) Factory

Figure 15. TheMAVBench testbed includes 4 different environment scenarios, covering both indoor & outdoor, and structured & unstructured
environments.

Table 2. Details of OctoMap 3D scan datasets.

Dataset Point
Cloud # Resolution Nonduplicate

Voxel #
Duplicate
Voxel #

FR-079
corridor 66

0.1m 6.26M 196.1M
0.2m 1.07M 101.1M
0.4m 1.8M 54.5M
0.8m 35.1K 29.5M

Freiburg
campus 81

0.1m 209.5M 2042M
0.2m 36.03M 1030.9M
0.4m 5.8M 525.3M
0.8m 1.02M 273.1M

New
college 92361

0.1m 317.4M 883.6M
0.2m 95.9M 448.9M
0.4m 28.2M 231.4M
0.8m 8.8M 122.8M

(1) End-to-end runtime: The UAV autonomous navigation
workflow includes point cloud generation, ray tracing, map-
ping system update, collision checking, motion planning,
etc. During the whole flight time, the end-to-end runtime of
each cycle may vary due to different input data volumes. We
calculate the average runtime over the entire process.
(2) UAV flight velocity: Flight velocity is determined by

UAV physics and how fast the UAV can compute. Krishnan
et al. give a model [30] to compute the max safe velocity
bound using UAV’s sensing range, sensor FPS, UAV’s weight,
rotor pull power, computation platform power, and system
end-to-end runtime. Under the same UAV platform, a faster
perception stage (i.e., mapping system update) allows the
UAVs to react to obstacles in a shorter time and achieve
higher safe flight velocities.
(3) UAV task completion time:Mission completion time is

Navigation path distance
UAV speed , indicating how soon the UAV can reach

the goal safely based on its navigation algorithm. Prior ef-
forts [3, 31] have demonstrated that mission completion time
is the critical end-to-end metric that users care about and
can reflect the correlation impacts of several factors. It also
directly correlates with energy usage because 95% of the UAV
energy is consumed by the rotor during the entire flight [30].

5.2 3D Environment Construction

The workflow of 3D environment construction mirrors Fig-
ure 4: Multiple point cloud data are read from static files,
transformed into voxels, and inserted into the octree/our
cache. We compare the performances of OctoMap vs. se-
rial OctoCache vs. parallel OctoCache, and OctoMap-RT vs.
serial OctoCache-RT vs. parallel OctoCache-RT.

(a) System end-to-end runtime

Openland Farm Room Factory
Scenario

0
3
6
9

12
15

Ta
sk

 c
om

pl
et

io
n 

tim
e 

(s
)

DJI-OctoMap
DJI-OctoCache

AscTec-OctoMap
AscTec-OctoCache

(b) Task completion time
Figure 16. System end-to-end runtime, max flight velocity, and task
completion time comparison between OctoMap / OctoCache based
UAV systems.

Datasets: We study three public 3D scan datasets [2] under
nine different resolutions: from 0.1m to 0.9m. These static
datasets consist of pre-collected point clouds based on a fixed
sensing range. Therefore, we can only demonstrate various
input data by choosing different mapping resolutions. The
details for each dataset are depicted in Table 2.
Cache setup: For fairness of evaluation, we pick an appro-
priate size of the cache as 3 to 4× of the average number of
non-duplicate voxels in each update batch. The bucket size
threshold 𝜏=4. The cache set up is the same for OctoCache
and OctoCache-RT.
Evaluation metrics: (1) Runtime: This includes the total
runtime of the mapping system generation (i.e., constructing
a 3D map using all 3D scan data), and the decomposition of
each function runtime (i.e., ray tracing, octree/cache update,
cache eviction). (2) Cache hit rate: The cache hit rate is calcu-
lated with the average number of cache hits in each update
batch.

6 Evaluation Results
In general, OctoCache significantly enhances OctoMap per-
formance in both UAV autonomous navigation and 3D en-
vironment constructions, especially under high mapping
resolution and long sensing range scenarios.

6.1 UAV Autonomous Navigation

We show in a logical order that OctoCache improves the map-
ping system generation, UAV autonomous system runtime,
UAV max safe flight velocity, and task completion time.

6.1.1 End-to-end runtime on UAV autonomous nav-
igation: OctoCache demonstrates universal perfor-
mance gains over OctoMap across all scenarios, partic-
ularly under high-resolution and long-sensing-range
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Figure 17. System end-to-end runtime, max flight velocity, and task
completion time comparison between OctoMap-RT / OctoCache-RT
based UAV systems.

conditions. Figure 16(a) shows that the OctoCache-based
system is 1.78×, 3.02×, 2.95×, and 1.98× faster than the
OctoMap-based system in end-to-end runtime. Figure 17(a)
indicates that the OctoCache-RT-based system is 1.33×,
1.53×, 1.51×, and 1.45× faster than the OctoMap-RT-based
system in end-to-end runtime. Figures 18(a) and 18(c) reveal
that for high-resolution and long-sensing-range settings, the
OctoCache-based system is 2.46× faster than OctoMapwith a
4m sensing range and 0.15m resolution, and 3.66× faster with
a 3m sensing range and 0.1m resolution. Even under low-
resolution and short-sensing-range scenarios, OctoCache
outperforms OctoMap, e.g., 1.02× faster with a 2m sensing
range and 0.15m resolution, and 0.85× faster with a 3m sens-
ing range and 0.1m resolution. OctoCache-RT consistently
outperforms OctoMap-RT, achieving a 37× speedup under a
high resolution of 0.01m.

The performance gain is primarily attributed to the
saving in mapping system update (the octree/cache
update). The gap between the end-to-end runtime and the
mapping system runtime includes point cloud generation,
ray tracing, collision checking, motion planning, etc. Fig-
ure 18(a), 18(c), 19(a), and 19(c) shows that the mapping
system update (i.e., octree update) is a major bottleneck in
both OctoMap and OctoMap-RT, accounting for up to 92%
and 61% of runtime, respectively, in high-resolution and long-
sensing-range scenarios. Replacing the octree with a cache
improves critical path runtime and reduces waiting latency
for subsequent mapping system queries.

6.1.2 Flight speed & mission completion time: Fig-
ures 16(b) and 17(b) show task completion times for 4 scenar-
ios, calculated by dividing distance by the max safe flight ve-
locity achievable within computation speed. The OctoCache-
based system reduces task completion times by 13%, 27%,
28%, and 19% compared to the OctoMap-based system on an
AscTec UAV. OctoCache-RT improves task completion times
by 14%, 12%, 13%, and 15% over OctoMap-RT. No improve-
ment is observed for DJI Spark UAV in Openland and Factory
environments, as the bottleneck shifts to UAV rotor power
rather than computation. Figures 18(b), 18(d), 19(b), and 19(d)
show safe flight velocities and task completion times under
varying sensing ranges and resolutions. OctoCache achieves

Ray
tracing

Cache
insertion

Cache
eviction

Octree
update

En-
queue

De-
queue

FR-079 7.248 16.442 0.289 6.860 0.017 0.050
Freiburg
campus 80.126 463.252 14.894 285.061 0.834 1.936

New
college 11.094 15.188 1.023 15.308 0.229 0.798

Table 3. Inter-thread data transmission overhead (in seconds).

up to 1.65× and 1.72× flight velocities of OctoMap, saving
39% and 42% time, respectively. OctoCache-RT is 25% and
17% faster than OctoMap-RT in two scenarios. Additional
scenarios are detailed in the supplementary material.

6.2 3D Environment Construction

These evaluations focus on the microbenchmarks: A detailed
runtime decomposition allows us to probe into the improve-
ment gains from caching and parallelization.

6.2.1 Total runtime of 3D environment construction:
Figure 21 shows the total runtime when using OctoMap,
OctoCache, and OctoMap-RT, and OctoCache-RT. Across
all 3 datasets and 9 resolutions, we observe a consistent im-
provement when using OctoCache (Figure 24(a), 24(b), 24(c)).
The serial OctoCache has a 1.03× to 2.06× improvement
compared with OctoMap under 0.1m resolution. We also see
a significant improvement when using parallel OctoCache
over serial OctoCache at higher resolutions. When zoom-
ing into the resolution range of 0.1 to 0.3m, we see an extra
0.16× to 0.33× gain from the parallel OctoCache over the
serial design. The performance gain using OctoCache-RT
over OctoMap-RT is also consistent, and is up to 2.51× faster
under high resolutions (Figure 21(a), 21(b), 21(c)). The paral-
lel design also worked on OctoCache-RT with an extra 34%
gain on a resolution of 0.1m.

6.2.2 Runtime decomposition: We decompose the run-
time into ray tracing, octree update, cache insertion, and
cache eviction. Additionally, buffer enqueue (thread 1) and
buffer dequeue (thread 2) components handle parallel Oc-
toCache communication. Table 3 shows negligible enqueue
and dequeue overhead compared to other components.9 In
OctoCache, thread 1’s cache insertion waits for thread 2’s
octree update to finish, creating a waiting gap (Figure 22(b)).
Figure 22 shows cache insertion in OctoCache is 5.85×, 2.57×,
and 3.34× faster than octree updates in OctoMap. Thread
2’s octree update overhead is only 9.7%, 16.9%, and 23.8% of
OctoMap’s workflow due to fewer voxel updates handled by
the octree. OctoCache-RT’s cache is up to 5.12× faster than
OctoMap-RT’s octree. Thread 2’s octree update is faster in
OctoCache-RT by using the cache to reduce duplicate octree
visits. End-to-end improvement is significant when octree
updates dominate in OctoMap-RT. The parallel OctoCache
/ OctoCache-RT design does not fully benefit from moving
the octree bottleneck to thread 2 due to synchronization
overhead, specifically the waiting time (i.e., gap) on thread

9Parameter settings for Table 3 match Figure 22.
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Figure 18. OctoMap vs. OctoCache when varying sensing ranges and resolutions using AscTec Pelican UAV. (a),(b) fixed sensing range=3m
with resolutions from 0.1 to 0.2m. (c),(d) fixed resolution=0.15m with sensing ranges from 2m to 4m.
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Figure 19. OctoMap-RT vs. OctoCache-RT when varying sensing ranges and resolutions using AscTec Pelican UAV. (a),(b) fixed sensing
range=3m, varies resolution from 0.01 to 0.05m. (c)(d) fixed resolution=0.03m, varies sensing range from 2m to 4m.
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Figure 20. OctoCache vs. OctoMap on 3D environment construc-
tion.

1 to ensure data consistency. The potential gain is limited
by 𝑚𝑖𝑛(𝑇𝑟𝑎𝑦𝑡𝑟𝑎𝑐𝑖𝑛𝑔 + 𝑇𝑐𝑎𝑐ℎ𝑒𝑒𝑣𝑖𝑐𝑡𝑖𝑜𝑛,𝑇𝑂𝑐𝑡𝑟𝑒𝑒𝑢𝑝𝑑𝑎𝑡𝑒 ), with more
significant improvements when 1) these runtimes are close,
and 2) they constitute a large portion of the serial runtime.
Figure 22(c) shows an optimal scenario with over 30% im-
provement. In cases with a large runtime gap on thread 1
(Figure 22(b)), the additional gain from parallelizing Octo-
Cache is small, indicating a need for a larger cache to increase
hits and further reduce octree update overhead on thread 2.
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Figure 21. OctoCache-RT vs. OctoMap-RT on 3D environment
construction.
6.2.3 Cache hit ratio and per-voxel insertion speed:
Figure 23 gives a detailed analysis of the cache hit ratio corre-
sponding to the cache size and the octree memory overhead
after all voxel updates. On dataset 3, using a cache of only
0.23% of the octree size achieves a more than 93% cache hit
rate. We also observe from Figure 23(a) and 23(b) that using
a cache size above a threshold stops the hit rate from increas-
ing. This denotes that we have utilized all duplications inter
and intra the update batches. Using a larger-sized cache not
only generates more cache hits but also reduces the time of
searching in each bucket as there will be fewer collisions of
voxels in one bucket.
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Figure 22. Runtime decomposition. The number of voxels inserted
into the octree is listed together with the octree update runtime.
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Figure 24.Map construction time and cache hit ratio with 𝜏 .

6.2.4 Evaluation on cache shape (𝜏): We ask given a
fixed cache size limit 𝑀 , what is the best cache shape? The
shape of the cache depends on 2 parameters, the number
of buckets 𝑤 and maximum number of voxel tuples in a

bucket 𝜏 . The cache size 𝑀 is contained as 7 ×𝑤 × 𝜏 after
cache eviction as each voxel tuple takes 7 bytes. As 𝑤 is
always the power of 2 as explained in Section 4.2, we test
𝜏=1, 2, 4, 8, 16 in the following evaluation. Figure 24 shows
that the optimal 𝜏 is between 2 and 4 for most datasets. We
reason that extreme 𝜏 values (too small or too large) hurt
runtime: a) A small 𝜏 limits cache capacity, causing early
evictions and more cache misses due to hash collisions. For
example, with 𝜏 = 1, two voxels mapped to the same bucket
will force an eviction, increasing misses. b)A large 𝜏 increases
insertion overhead, as more comparisons are needed per voxel
insertion. However, with a 𝑤 close to the number of non-
duplicate voxels, most buckets contain ≤ 4 voxels due to
the scanning pattern and Morton code mapping. Thus, we
choose 𝜏 = 4 as a reasonable bucket size when the cache is
3–4× the number of non-duplicate voxels per batch.

7 Conclusion
The slow update speed in OctoMap is a major bottleneck
for robot and UAV applications, caused by large voxel data
volume and inefficient per-voxel updates. To address this,
we introduced OctoCache, which enhances OctoMap by: 1)
creating a flattened cache to reduce memory accesses for du-
plicated voxels, 2) implementing a Morton Code-based cache
policy to optimize octree updates, and 3) parallelizing oc-
tree updates with ray tracing and cache eviction. OctoCache
maintains query and API consistency while adding mini-
mal memory and CPU overhead, making it suitable for low-
powered edge devices. Evaluations on a UAV autonomous
navigation platform show that OctoCache reduces end-to-
end runtime and improves task completion time by up to
28%. In 3D environment construction, OctoCache achieves
up to 3.02× speedup over OctoMap.
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