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ABSTRACT

Simultaneous Localization and Mapping (SLAM) is a crucial component to the push towards full autonomy of
robotic systems, yet it is computationally expensive and can rarely achieve real-time execution speeds on embed-
ded platforms. Therefore, a need exists to evaluate the performance of SLAM algorithms in practical embedded
environments — this paper addresses this need by creating prediction models to estimate the performance that
ORB-SLAMS3 can achieve on embedded platforms. The paper uses three embedded platforms: Nvidia Jetson TX2,
Raspberry Pi 3B+ and the Raspberry Pi 4B, to generate a dataset that is used in training and testing performance
prediction models. The process of profiling ORB-SLAMS3 aids in the selection of inputs to the prediction model
as well as benchmarking the embedded platforms’ performances by using PassMark. The EuRoC micro aerial
vehicle (MAV) dataset is used to generate the average tracking time that the embedded platforms can achieve
when executing ORB-SLAM3, which is the target of the prediction model. The best-performing model has the fol-
lowing results 2.84%, 3.93%, and 0.95 for MAE, RMSE and R? score respectively. The results show the feasibility
of predicting the performance that SLAM applications can achieve on embedded platforms.
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1 INTRODUCTION

Simultaneous Localization and Mapping (SLAM) is the process where a robot or vehicle con-
currently creates a representation of its environment while determining its position within the
environment. SLAM presents two primary challenges: To create an accurate map of the envir-
onment, the robot needs to have an accurate localisation; and to accurately localise a robot in
an environment, an accurate representation of the environment is needed (Kumiawan et al.,
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2016). SLAM implementations consist of four major algorithmic components: landmark ex-
traction, data association, state estimation, and state and landmark update. Each component
has multiple solutions, depending on the environment, sensors used, and the platform it is
implemented on; thus, SLAM is a diverse topic which is often associated with high computa-
tional expense. There are algorithms (Oriented FAST and Rotated BRIEF (ORB) (Rublee et al.,
2011), Scale-Invariant Feature Transform (SIFT) (Lowe, 2004), Speeded-up Robust Features
(SURF) (Bay et al., 2008)) that extract features from the environment to be used with other
algorithms, such as pose (position and orientation) graph optimisation or bundle adjustment
(BA) to estimate the pose and generate a map of the environment.

Eyvazpour et al. (2022) and Barros et al. (2022) illustrate the extensive variety of ap-
proaches to SLAM, reflecting the complexity and diversity of solutions in the field. Barros
et al. (2022) highlight that the main challenges with current SLAM techniques include al-
gorithmic robustness, computational resource usage, and the ability to understand real-world
dynamic environments. In contrast, Eyvazpour et al. (2022) focus on the performance differ-
ences among various SLAM techniques across embedded platforms, emphasising that selecting
an appropriate hardware platform for SLAM implementation requires careful consideration of
factors such as cost, power consumption, computational power, and the specific application.

There is a practical need for SLAM to be implemented on mobile platforms for real-world
scenarios such as search-and-rescue operations, military reconnaissance and attack, and auto-
matic exploration of areas. All these endeavours can be autonomously performed by SLAM.
The building blocks needed to implement SLAM are: sensors, actuators, processors, and al-
gorithms. The processors and algorithms control the flow of information between the sensors
and the actuators. Different sensors can be used in SLAM implementations such as: sonar
(Kleeman, 2003), LiDAR (Kohlbrecher et al., 2011), and various types of camera configura-
tions. The type of robotic platform that is used highly influences the choice of sensors. The
most significant contributors in deciding what system and sensors to use in SLAM are the
cost and the computational load of the required calculations. Sensors such as LiDAR provide
accurate results, but an inexpensive camera can achieve similar results depending on the en-
vironment.

Visual SLAM (VSLAM) has gained popularity over the past years as it can provide a very
detailed representation of the environment in a 3D space, with the disadvantage of being more
computationally expensive due to a large amount of information within an image (Chen et al.,
2018). However, due to the high level of detail, VSLAM can be used for autonomous navigation
and mapping applications. VSLAM can be divided into three categories: monocular, stereo,
and RGB-d, according to the camera types used (Taketomi et al., 2017). Monocular SLAM uses
a single camera as input, thus being the least computationally and physically expensive VSLAM
method. However, monocular SLAM has the disadvantage of the scale ambiguity problem, as
scale cannot be determined from a single camera. Therefore, VSLAM has been expanded into
visual-inertial SLAM (VISLAM), where visual and inertial data are used to obtain more stable
estimation results or, in the case of monocular SLAM, to remove the scale ambiguity problem
(Taketomi et al., 2017).
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Abouzahir et al. (2017) showed that there is a large performance difference when executing
certain SLAM algorithms on an embedded platform versus a high-end desktop computer. The
execution performance achieved by the desktop is 1.8, 6.4 and 2.2 times faster for FastSLAM2.0
(Montemerlo et al., 2003), ORBSLAM (Mur-Artal et al., 2015) and RatSLAM (Milford et al.,
2004) respectively. Nardi et al. (2015) created SLAMBench 1.0, which provided a portable
but untuned KinectFusion (Newcombe et al., 2011) implementation of SLAM in C++ OpenMP,
Cuda, and OpenCL. From a performance comparison of KinectFusion on a high-end computer
and embedded devices, it is found that the high-end machine can achieve a frame rate of
135 frames per second (FPS), while the best performing embedded device is the Nvidia TK1
with a frame rate of 22 FPS. The TK1’s performance is considerably lower than that of the
high-end device, but the authors asserted that this performance could almost be classified
as real-time. Peng et al. (2020) evaluated two popular visual SLAM techniques, ORBSLAM2
(Mur-Artal & Tardds, 2017) and OpenVSLAM (Sumikura et al., 2019), on the 3 Nvidia Jetson
platforms. It is found that the Nvidia Jetson TX2 could run both visual SLAM algorithms within
their real-time constraints. An alternative ORB-SLAM2 algorithm that is modified to use the
power of a GPU is also investigated. The GPU-accelerated ORB-SLAM2 algorithm increased
the performance by 10 FPS while consuming less power than the original algorithm. This
shows that although satisfactory results can be obtained using SLAM on high-end machines,
there is still a performance gap when using them on embedded devices due to their hardware
constraints.

There are three notable benchmarking tools for SLAM: SLAM Hive (Liu et al., 2024), GSLAM
(Zhao et al., 2019), and SLAMBench 3.0 (Bujanca et al., 2019). These software frameworks
enable researchers and developers to evaluate a wide range of SLAM techniques across various
datasets. They focus on critical performance metrics such as accuracy and speed, providing a
consistent basis for comparing the robustness and efficiency of different SLAM algorithms in
diverse environments. However, these benchmarking tools are not capable of estimating the
performance of SLAM algorithms on specific hardware platforms.

This paper makes a two-fold contribution: Profiling ORB-SLAMS3 on the Nvidia Jetson
TX2 to identify the execution bottlenecks, and creating a model capable of estimating the
performance that ORB-SLAM3 can achieve on embedded platforms.

The paper is organised as follows: Section 2 details the hardware and software used within
the study, along with the initial implementation. Section 3 profiles the software to identify its
bottleneck impact on the hardware. Section 4 discusses the experimental design used to create
a model that can estimate the performance of ORB-SLAM3 on embedded platforms. Section 5
provides and discusses the results of the modelling process. Section 6 concludes the study.
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2 HARDWARE AND SOFTWARE IMPLEMENTATION

2.1 Hardware - Embedded platforms

Three embedded platforms were selected for experimentation: the Nvidia Jetson TX2, Rasp-
berry Pi 3B+, and Raspberry Pi 4B. The Jetson TX2 features a heterogeneous multi-processing
environment with two CPU clusters: a dual-core Nvidia Denver 2, optimised for single-threa-
ded performance, and a quad-core ARM Cortex-A57, suited for multi-threaded tasks. In con-
trast, the Raspberry Pi 3B+ and 4B are equipped with quad-core ARM Cortex-A53 and Cortex-
A72 CPUs, respectively.

Table 1 compares these CPUs. The Denver 2, with its superscalar width of seven in Dy-
namic Code Optimization (DCO) mode, offers the highest potential instruction execution per
cycle, surpassing the Cortex-A53, A57, and A72. While the A72 and A57 are “out-of-order”
processors that handle code dependencies more effectively, the “in-order” Denver 2 addresses
these challenges through DCO.

Additionally, the Denver 2’s larger L1 cache and higher associativity reduce miss rates but
increase access times, whereas the Cortex-A53 experiences more conflict misses with quicker
access times. Overall, the Denver 2 provides a balance of lower miss rates with a higher miss
penalty.

The hardware listed in Table 1 was selected for this study due to their status as some of
the most powerful and widely used embedded platforms available today. Each platform fea-
tures multi-core CPUs, facilitating parallel processing. Additionally, the Jetson TX2 includes
a robust GPU that can be leveraged for enhanced performance. ORB-SLAM3 was executed on
all three platforms, and performance metrics captured from which the performance of ORB-
SLAMS3 on similar embedded systems could be estimated.

Table 1: Comparison between embedded platform CPUs

Cortex-A57 Denver 2 Cortex-A53 Cortex-A72
ISA ARMvS ARMvS8 ARMvS ARMvVS8
Superscalar 3 7 with DCO 2 3
(2 without)
Execution order Out-of-order In-order In-order Out-of-order
L1 instruction cache 48 KB 3-way 128 KB 4-way 2 KB 2-way 48 KB 3-way
(set-associative)
L1 data cache 32 KB 2-way 64 KB 4-way 16 KB 4-way 32 KB 2-way
(set-associative)
L2 shared cache 2 MB 16-way 2 MB 16-way 512 KB 16-way 512 KB 16-way
(set-associative)
Operating frequency 2 GHz 2 GHz 1.2 GHz 1.5 GHz
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2.2 Software - ORB-SLAM3

ORB-SLAM is a highly robust feature-based monocular SLAM system that can operate in real-
time in small and large indoor and outdoor environments (Mur-Artal et al., 2015). It also
includes loop closing, relocalisation, and complete automatic initialisation. ORB-SLAM uses
the same features for all SLAM tasks such as tracking, mapping, relocalisation, and loop closing.
The point and keyframes of ORB-SLAM are selected using survival of the fittest, leading to
reconstruction with excellent robustness and compact map generation that only grows if the
scene changes. ORB-SLAM uses ORB features as a feature extractor, which allows for real-
time performance while providing good invariance to changes in viewpoints and illumination
differences (Rublee et al., 2011).

ORB-SLAM is written to use three threads that run in parallel: tracking, local mapping, and
loop closing. The tracking thread is responsible for localising the camera with every frame
and deciding when to insert a new keyframe. The local mapping thread is responsible for
processing any new keyframes and performs local BA to achieve optimal reconstruction of the
camera pose. The loop closing thread searches for loops with every new keyframe.

ORB-SLAM2 (Mur-Artal & Tardés, 2017) was released two years after ORB-SLAM, and
expanded functionality beyond monocular SLAM into stereo and RGB-D SLAM. Another two
years later, ORB-SLAM3 (Campos et al., 2021) was released, which is the first system to per-
form visual, visual-inertial, and multi-map SLAM with monocular, stereo, and RGB-D cameras,
using the pin-hole and fisheye lens models. The fact that ORB-SLAM3 allows the user to use
different SLAM types, with different sensor input types and various camera models, makes it
an ideal SLAM algorithm to investigate. ORB-SLAMS3 is a state-of-the-art algorithm extensively
used in the research community for visual SLAM tasks (Abouzahir et al., 2017; Barros et al.,
2022; Eyvazpour et al., 2022; Peng et al., 2020; Ragot et al., 2019). It is known for its robust
performance and versatility across various applications. ORB-SLAM3 leverages ORB (Oriented
FAST and Rotated BRIEF) features to deliver accurate and efficient SLAM capabilities, making
it a popular choice for research and practical implementations in the field.

The primary objective of this study is to predict the performance of ORB-SLAM3 on an
embedded platform, with a specific focus on execution time. In mission-critical applications
such as search and rescue, reconnaissance, and attack missions, SLAM applications are only
valuable if they can operate in real time.

The way ORB-SLAMS3 is written, the tracking thread is the main thread of execution, and
if the main thread is stalled or slow, the overall performance of ORB-SLAMS3 will be slow. The
important performance metric, therefore, is the tracking thread execution time. The objective
of the model created in this study is therefore to predict the mean tracking time of ORB-SLAM3
on an embedded platform.

2.3 Implementation

Ubuntu 18.04 was installed on all embedded platforms, along with Docker (Docker, 2018) and
Passmark (PassMark, 2024). Passmark was utilised to benchmark CPU performance, provid-
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ing input for the estimation models. Docker enabled the execution of a containerised version
of ORB-SLAMS3 on these platforms. The results from Passmark benchmarking and the contain-
erised ORB-SLAM3 were used to develop a performance estimation model. Figure 1 illustrates
the software setup on the embedded platforms and how the software was used to generate
training and testing data for the performance estimation model.

Embedded Platforms (Nvidia Jetson TX2,
Raspberry Pi 4, Raspberry Pi 3B+)

0S - Ubuntu 18.04 Data to be used in
estimation model
)

. g Estimated
ontainarise: N Trajectory
ORB-SLAM3 Docker & Average tracking
time
./
Performance
Estimation Model
)
Passmark
CPU Configuration Passmark benchmarking
results

o

Figure 1: ORB-SLAM3 embedded implementation illustration

3 PERFORMANCE PROFILING

3.1 ORB-SLAM3 profiling

ARM MAP (ARM, 2024b), which was employed in this study, can expose performance prob-
lems and bottlenecks by measuring the computation over the time of an application, showing
the thread activity, and providing access to the CPU performance measuring unit (PMU) to
count the performance events. Due to licensing constraints, profiling was only done on the
ARM Cortex A57 CPU of the Nvidia Jetson TX2.

Profiling aims to identify bottlenecks in ORB-SLAM3 on the Nvidia Jetson TX2 and to de-
termine program characteristics such as total instructions executed, instruction mix, and cache
performance. The total instructions executed show how many instructions were completed
during program execution. Instructions are commonly divided into four groups: arithmetic,
load, store, and branch. The combination of instruction types is called instruction mix and
indicates what type of instructions are dominant in the program. Cache performance indicates
how many times the cache was accessed and what the cache miss ratio was. These program
characteristics can be used to aid in the selection of inputs into the prediction model.

Since the ARM A57 CPU has only 6 hardware counters available, the events were measured
in four different sets as listed in Table 2 during four separate executions of ORB-SLAM3. Each
group was linked to a specific instruction type, such as arithmetic instructions, load and store
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instructions, cache performance, and branch performance for sets 1-4 listed in Table 2. For
the event description, please refer to ARM (2024a).

Table 2: The set of A57 counted performance events

Set Performance events

CPU-Cycles, Instructions, ASE_SPEC, DP_SPEC, VFP_SPEC
2 LD_SPEC, ST SPEC, Cache-misses, MEM_ACCESS_RD, MEM_ACCESS_WR

L1D_CACHE _RD, L1 CACHE_WR, L2D CACHE_RD, L2D CACHE_WR,
Cache-misses, Cache-references

4  Branch-misses, BR IMMED_SPEC, BR_INDIRECT_SPEC, BR RETURN_SPEC

Using ARM MAP to profile ORB-SLAM3, it was identified that the CPU is constantly working
and not waiting for any other input, indicating that ORB-SLAM3 is compute intensive on the
Nvidia Jetson TX2.

By analysing the function call stack in Figure 2, the FAST function of the OpenCV library
was found to be the most time-consuming. This function is called within ORB-SLAM3’s Com-
puteKeypointsOctTree function, which forms part of the ORBextractorOperator.

| Functions =l
Self time + Total MPI Child  Function =
22.21%E ' HTIRT ) DA 27.4% i ovi:FAST ticv::InputArray, std::vectors, int, bool)

8.2% ([N T nmn 8.2% cv::RowFilter<unsigned char, int, cv::RowNoVec=>::operator{)(unsigned char con...

5.9% 5.9%

5. 1%  [LH W DIkl TN 7.0% 1.9% _ZNK2cvl9SymmColumnVec 32s8uclEPPKhPhi

4.1% [0 0 ni41% cv::comerScore<16>{unsigned char const*, int const®, int)

2.4% FEUTNET TR 1] 3.6% 1.2%  <unknown= from fusr/lib/aarch64-linux-gnu/libpngl6.50.16.34.0

2 304 111 (1N | 2 204 L el wisit b’
Showing data from 1,000 samples taken over 1 process (1000 per process) < Main Thread View

Figure 2: Snippet of ARM Map output of the ORB-SLAM3 function call stack

Figure 3(a) shows that ORB-SLAMS3 is dominated by arithmetic logic unit (ALU) instruc-
tions, followed by load instructions. Figure 3(b) shows that the ALU instructions were domin-
ated by data processing and integer math instructions with relatively few SIMD instructions,
which indicates that ORB-SLAM3 was poorly optimised to use single instruction multiple data
SIMD instructions on the Nvidia Jetson TX2. The high amount of load instructions was due to
the sequence images loaded into the cache hierarchy, for processing by the CPU.

No modifications were made to the ORB-SLAM3 source code to enhance efficiency. How-
ever, there was potential for performance improvement on the Nvidia Jetson TX2 by modifying
the source code to utilise the GPU’s CUDA cores.
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Figure 3: Initial ORB-SLAM3 profiling results

4 EXPERIMENTAL DESIGN

The previous sections described the hardware characteristics of the embedded platforms used
in the study and how software such as ORB-SLAM3 executed on them. This section describes
the creation of a prediction model to estimate the performance of ORB-SLAM3 on embedded
platforms.

4.1 Model inputs and outputs

Since ORB-SLAM3 is CPU-Bounded on embedded platforms, the CPU characteristics were used
as inputs to the model. One method to characterise a CPU is using a benchmark program such
as PassMark which is a collection of CPU stress tests that executes on the CPU to determine its
performance. Table 3 shows the categories that are tested by the PassMark benchmark. The
CPU mark is an overall score that combines all the other categories. The rest of the categories
are individual benchmark test scores where specific programs are executed to test the CPU
performance in a specific category. All tests were done with multi-threading except for the
CPU single-threaded test. These benchmark scores were investigated and reduced to be used
as inputs to the prediction model.

Table 3: PassMark benchmark elements

PassMark benchmark elements

CPU Integer FP Prime Sorting Encrypt Comp Single Physics NEON
Mark Math Math Numbers Threaded

Since the FAST algorithm forms part of the tracking thread and is the bottleneck of ORB-
SLAM3, the maximum performance that ORB-SLAM3 can achieve on an embedded platform
is determined by the speed at which the platform can execute the tracking thread. Thus the
prediction model predicts the average tracking time that ORB-SLAM3 can achieve on a given
platform.
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4.2 Dataset generation for modelling

With the inputs and output defined, data had to be gathered to train and test the model. The
model output was generated by executing the 11 EuRoC MAV sequences on the embedded
platforms. The study had access to three embedded platforms with a total of four different
CPUs: the Nvidia Jetson TX2 (Denver 2 and A57 CPUs), the Raspberry Pi 3B+ (A53) and
the Raspberry Pi 4B (A72). If all 11 sequences were executed on the four different CPUs, the
dataset would only contain 44 data pairs, which could limit the prediction model’s perform-
ance. Thus the number of available CPUs was artificially increased by setting up different CPU
configurations to generate enough data pairs for the model creation.

Generating the different CPU configurations was achieved through over-clocking and un-
der-clocking the different CPU cores and limiting the number of available CPU cores.

Table 4 shows the 39 CPU configurations that were used to generate the prediction model
dataset, by varying the number of CPU cores and CPU core frequencies.

Table 4: List of CPU configurations to be used to generate dataset

CPU Number of cores Core frequencies (GHz) Number of CPU configs
A57 2,4 1.0,1.2,1.4,1.6,1.8,2.0 12
A72 2,4 1.0,1.2,1.4,1.6,1.8,2.0 12
A53 4 1.0,1.2,1.3 3
Denver 2 2 1.0,1.2,1.4,1.6,1.8,2.0 6
TX2 6 1.0,1.2,1.4,1.6,1.8,2.0 6

By executing the 11 EuRoC MAV sequences on the 39 available CPU configurations, the
data set will have 429 data pairs. The prediction model training data comprises 15 parameters
as described in Table 5. It constitutes the CPU name, clock frequency, PassMark benchmarking
results, the executed sequence as 14 model inputs and the average tracking time that the
specific CPU configuration achieved while executing ORB-SLAM3 as model output.

Table 5: Prediction model training data description

Input Parameter Description Input Parameter Description

CPU CPU Name Cores Amount of CPU cores
Frequency CPU clock frequency Mark PassMark CPU score
Int PassMark integer score Float PassMark float score
Prime PassMark prime score Sort PassMark sort score
Encrypt PassMark Encrypt score Comp PassMark comp score
Single PassMark single CPU score Phys PassMark physics score
NEON PassMark NEON score Sequence EuRoC MAV sequence

Output Parameter Description

Tracking Average tracking time
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4.3 Data collection and pre-processing

Two separate steps were followed in collecting data: benchmarking the CPU configuration
and executing ORB-SLAM3 with the 11 EuRoC MAV sequences. Once the CPU frequency
was set, the PassMark benchmark was executed to characterise the performance of the CPU
configuration. Afterwards, the 11 EuRoC MAV sequences were executed on the platform using
a created Docker container that containerised ORB-SLAM3 for the embedded platforms. The
results of the PassMark benchmarking and ORB-SLAMS3 execution are combined in a table
format shown in Table 5. Figure 4 shows the procedure that was followed to generate the
necessary dataset. The data used for training the models can be accessed at https://figshare
.com/s/ec2a3faca0f1311ed7dd.

Combine
results

Yes CPU Yes
Configuration
(i)>39

Dataset with

Sequence(j)>11 size 429 x 15

CPU Execute ORB-
Create Dataset Conflguratlon Be}r)\ac?lsmnz;\?'ll’(lfn SLAM3 with
Sequence (j)

Figure 4: Training data composition procedure

Out of the 15 parameters in the dataset, 14 are chosen as inputs, and the last parameter was
designated output of the model, i.e. the average tracking time that ORB-SLAM3 achieved for
the different EuRoC MAV sequences on the different CPU configurations. It is important to note
that the 14 parameters were immediately reduced to 13, as it was decided to always include
the EuRoC MAV sequence as an input to ensure that the model would have 429 unique data
pairs. If the EuRoC MAV sequence had been left out, there would have been only 39 unique
entries in the dataset. To further reduce the complexity of the prediction model, two feature
selection methods were used: the correlation between the target value and the remaining
inputs and a user-selection method guided by profiling as described in the previous sections.

4.4 Model creation

After the dataset has been generated, the prediction models could be created. Different predic-
tion models were created and evaluated to determine which one performed the best. With the
dataset created, feature selection was applied to it to select the inputs that have a performance
impact on the average tracking time on embedded platforms. The feature selection process
was guided by calculating the correlation between the target and all the inputs and by the
knowledge gained through the literature study and the profiling of ORB-SLAM3. After the
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feature selection process, the dataset was standardised using Python’s StandardScalar module
to ensure that the dataset has zero mean and unit variance.

Two experiments were conducted, Experiment 1 for verification and Experiment 2 for val-
idation. The only difference between the two experiments was the data pairs used to train
and test the models. Experiment 1 used the entire dataset with a ratio of 75:25 split ratio for
training and testing. Experiment 2 was trained on only a subset of the dataset to see how the
models perform on an unseen embedded platform. The subset of training data included the
data pairs of the A72, A53, and Denver 2 CPUs, with the test data being the data from the A57
CPU. The data from the TX2 CPU were removed as it combined the A72 and A57 CPUs per-
formances. This dataset constituted 363 data pairs, of which 231 pairs were used for training
and 132 for testing, effectively creating a training test set with a 63:37 split ratio. If the model
could achieve adequate performance for an unseen embedded platform, the model would be
validated.

Three modelling techniques were used: a simple Linear Regression model, an ExtraTrees
Regressor, and a multi-layer perceptron model, MLP. Linear Regression offers a straightfor-
ward and interpretable baseline, which allowed the assessing of whether a simple modelling
technique could address the problem. The ExtraTrees Regressor was selected for its robustness
and accuracy, combining multiple decision trees to mitigate overfitting and improve general-
isation. The Multi-Layer Perceptron (MLP) was chosen for its capability to capture complex,
non-linear patterns. These models were created using sklearn.linear_ model. LinearRegression,
sklearn.ensemble.ExtraTreesRegressor, and sklearn.neural network. MLPRegressor. The Linear Re-
gression and ExtraTrees models used default settings, while the MLP model was configured
with random_state = 42, hidden layer sizes = 200, and max_iter = 10000. Together, these models
provided a comprehensive evaluation, ranging from basic to advanced approaches. The last
step in the model creation process was to compare the performances of the different models.
Figure 5 shows the steps of the experimental design.

Create

Models
L e N\
Spllt into ) —
Test/Training sets Linear
R Regression
Experiment 1:
Verification -
. —_—
Entire Dataset Model
Generate Apply Feature Standardise — N Ethra Trees Perfo?meance
Dataset Selection Dataset ) N egressor c
Experiment 2: Comparison
Validation - —
Subset of —
Dataset
~—
MLP
—
——

Figure 5: Experimental design method
The performance metrics measured included the mean absolute error (MAE), root mean
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square error (RMSE), and the coefficient of determination, R2.
Table 6 shows the performance metrics criteria that the models had to achieve for verific-
ation and validation.

Table 6: Performance metrics for prediction models

MAE % RMSE % R?

less than 10% less than 10% greater than 0.9

Table 7 summarises the two experiments with their names and their performance criteria.

Table 7: Summary of experiments

Experiment Name Dataset MAE % RMSE%  R?
1 Verification Entire Dataset < 10% < 10% > 0.9
2 Validation Subset < 10% < 10% > 0.9

5 RESULTS AND DISCUSSION

For verification, the entire dataset was used for training and testing, whereas for validation, a
CPU was removed from the dataset to see how the models would perform for unseen CPUs.

5.1 Experiment 1: Verification

With the dataset created, the feature selection method had to be applied to the data to determ-
ine what data fields would be used as input for the prediction models. Firstly, the correlation
between all the inputs of the dataset were correlated to the target of the model, which was
the average tracking time that the embedded platforms achieved during the execution of ORB-
SLAM3. The inputs with the highest correlation to the target were selected as inputs to the
model. Table 8 shows the top five correlation scores with respect to average tracking time for
different model parameters.

Table 8: Correlation coefficient with respect to average tracking time for model
parameters: Experiment 1

Parameter CPU frequency Single thread Float score NEON Sorting

Correlation —0.73 —0.71 —0.64 —0.57 —0.56

As expected, the most significant correlation coefficient belongs to the CPU frequency, as
higher clock frequencies usually mean applications can execute at faster speeds. The second
most significant contributor is the Single Threaded CPU score of PassMark.
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The appropriate inputs of the models were determined by combining the results from the
correlation coefficients and the knowledge gained during Experiment 3.1. From the PassMark
category results, the following inputs were chosen: Single CPU score, Neon Score and integer
score. The Single CPU score was chosen as the tracking thread only executes on a single
core and has the second-highest correlation coefficient. The Neon score was also selected
as the FAST algorithm executes with NEON instructions and contains 19.93% NEON instruc-
tions. The correlation coefficient also showed that the NEON score strongly correlated with
the model’s target. The integer score was the last input, as it is the largest portion of executed
instructions during the FAST algorithm, with 3.71%. Table 9 summarises the inputs that were
used to create the models.

Table 9: Prediction model inputs: Experiment 1

Input CPU frequency Single thread NEON Integer math EuRoC MAV sequence

Python is used to create the prediction models. The data were first standardised using
Python’s StandardScalar module to ensure that the dataset has zero mean and unit variance.
The dataset was also split into a training and test set with a ratio of 75:25 to be used for the
models’ verification.

Different models were created to see what model would provide the best results. Modelling
techniques such as linear regression, ExtraTrees and a simple MLP regressor were used to create
the models. All the models were used from the Scikit-learn library, including LinearRegression
from the linear model module (Scikit-learn, 2024b), ExtraTreesRegressor from the ensemble
module (Scikit-learn, 2024a), and the MLPRegressor from the neural network module (Scikit-
learn, 2024c).

The linear regression model is an ordinary least squares linear regression model with all
the default Python settings. This model was chosen for its simplicity. The ExtraTrees ensemble
methods were chosen as they provide better performance. They are typically made up of more
than one model, and the models learn from each other and they are known for their robustness
(Brownlee, 2020), the default settings were also used. The MLP regressor neural network was
chosen as it has the ability to learn non-linear relationships in the dataset. The hidden layer
size was increased from 100 to 200, and the max iterations to 20000 to allow for convergence.

Table 10 shows the performance of the prediction models.

Table 10: Prediction model performance: Experiment 1

Modelling technique MAE (ms) MAE % RMSE (ms) RMSE % R?

Linear Regression 27.48 10.62 32.76 12.66 0.51
ExtraTrees 7.34 2.84 10.15 3.93 0.95
MLP 9.49 3.67 12.86 4.97 0.93

The ExtraTrees model is the best performing model with an MAE and RMSE percentage of
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2.84% and 3.93% and a R? score of 0.95. The low MAE and RMSE percentages indicate that
the model can make accurate predictions with a small relative error. Both the MAE and RMSE
percentages were calculated by dividing their respective values by the range of the target
training data multiplied by 100. The high R? score shows that the input variables are good
predictors for the target variable. The linear regression model has the worst performance, and
the MLP regressor has a comparable performance to the ExtraTrees model.

Figures 6(a) to 6(c) show scatter plots for the three prediction models plotting the actual vs.
the predicted values. Figure 6(a) shows that the linear regression model is loosely clustered
around the diagonal line and cannot make accurate predictions. It should also be noted that
it struggles to predict targets with a longer average tracking time accurately. Figures 6(b)
and 6(c) are more tightly clustered around the diagonal line, showing their strength in accur-
acy.
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Figure 6: Scatter plots of prediction results for Experiment 1

The performance that the ExtraTrees model achieved verified the model, and confirms the
robustness and performance capabilities of ExtraTrees models. However, the models were
still trained and tested with all of the embedded platforms. In the next section, the models are
validated with some of the embedded platform data not included in the training.

5.2 Experiment 2: Validation

This section validates the models by predicting the average tracking time of ORB-SLAM3 for
an embedded platform that is not present in the training set. To achieve this, the dataset had
been reduced to only include the data gathered from the Denver 2 CPU, A72 CPU and the
A53 CPU. The unknown CPU that was used for testing is the A57 CPU. The TX2 CPU data was
removed as it was a combination of the A57 and Denver 2 CPU and could have skewed the
results.
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The correlation coefficients were also recalculated, and the results are provided in Table 11.
The same top five inputs are present in this training set as with the entire dataset. Since the
correlation table did not change, the same inputs were used to create the validation models
as used for verification.

Table 11: Correlation coefficient with respect to average tracking time for model
parameters: Experiment 2

Parameter CPU frequency Single thread Float score NEON Sorting
Correlation —0.72 —0.66 —0.56 —-048  —0.46

The same three modelling techniques were used, and the performance of the models is
displayed in Table 12. The best-performing model is still the ExtraTrees model, with the
lowest MAE and RMSE percentages of 9.12% and 13.14%, respectively and a coefficient of
determination score of 0.78. Table 12 shows that the linear regression model now performs
better than the MLP model. Neither the linear regression nor the MLP model achieved the
performance criteria listed in Table 6. Only the ExtraTrees model was able to achieve a MAE%
of below 10%. However, it does not meet the RMSE or R? criteria. The RMSE performance
is 3.14% over the specified value. The R? score of 0.78 is well below the required value of
0.9. The model accuracy can be improved by increasing the training and test set data size by
profiling more embedded platforms.

Table 12: Prediction model performance: Experiment 2

Modelling technique MAE (ms) MAE % RMSE (ms) RMSE % R?

Linear Regression 29.39 13.72 36.89 17.22 0.61
ExtraTrees 19.55 9.12 28.16 13.14 0.78
MLP 40.25 18.79 53.40 24.92 0.19

Figures 7(a) to 7(c) show the scatter plots for the three prediction models, plotting the
actual vs. the predicted values for Experiment 2. Figure 7(a) reveals that the linear regression
model shows poor performance. As with Experiment 1, it predicts longer than actual tracking
times. The ExtraTrees model, Figure 7(b), shows the best performance. It can accurately
predict the performance of the average tracking time if below 150 ms. Above the latter the
error increases. This could mean that the model is over-fitted to that portion of the dataset as
there is a denser representation of data in that range. Figure 7(c) shows that the MLP model
could accurately predict only a portion of the dataset, with the rest of the predictions forming
another distinct pattern.

Changing the training data influenced the model’s results. A contributor to the decrease in
performance can be caused by the decrease in training data from 321 data pairs down to 231
to train the model with. The MLP had a drastic performance decrease. On the other hand, the
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Figure 7: Scatter plots of prediction results for Experiment 2

linear regression had a similar performance to that of the entire dataset. ExtraTrees is still the
best performing model. The experiment validated the approach by creating a model that can
predict the performance of ORB-SLAM3 on embedded platforms. However, the models were
not able to achieve the required performance, with the ExtraTrees model missing the RMSE
criteria with 3.14% and the R? score with 0.12.

6 CONCLUSION

The paper showed that the performance that ORB-SLAM3 can achieve on embedded platforms
can be predicted. Through profiling and investigation into the execution of the code, different
models were created to estimate the performance of ORB-SLAM3 on embedded platforms. The
predictive models’ target was the average tracking time of ORB-SLAM3, and the inputs to the
models were a selection of the PassMark benchmarking results. The models could predict the
performance of ORB-SLAM3 with satisfactory results. The ExtraTrees model for Experiment 1,
verification, had the best results with 2.84%, 3.93%, 0.95 for the MAE, RMSE and the R? score,
respectively. For Experiment 2, validation, the ExtraTrees model was also the best model with
the MAE, RMSE, and R? scores 9.12%, 13.14%, 0.78. The paper showed the feasibility of
creating a model in estimating the performance of ORB-SLAM3 on embedded platforms. One
of the limitations is the number of available embedded platforms to generate the training data,
along with the use of only the EuRoC MAV dataset. It should also be noted that the models
were trained on CPU architectures of the ARMv8a architecture, so the models will perform
poorly on other architectures.
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