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Abstract

Autonomous robots depend on precise localization and an accurate environmental model for ef-
ficient operation. This is why Simultaneous Localization and Mapping (SLAM) is a crucial area
of research in robotics, enabling autonomous systems to navigate and understand their environ-
ments without prior knowledge. This dissertation focuses on LiDAR-based SLAM, emphasizing
the role of different map representations and their impact on localization accuracy.

It introduces two distinct approaches, resulting in a scalable mapping solution that also enhances
the robustness of SLAM in diverse environments. The first one is based on a feature-based struc-
ture with planar and linear features, while the second utilizes surfels that are optimized through
bundle adjustment along with the poses. The outcomes of the research demonstrate how these
representations influence the SLAM performance by improving data association, reducing redun-
dancy, and enhancing long-term map consistency. It also investigates the role of map structure
in SLAM efficiency, analyzing how feature selection impacts computational requirements.

Moreover, the dissertation presents a method for incorporating data from the Global Navigation
Satellite System (GNSS) into the SLAM framework using a factor graph optimization approach.
Although LiDAR-based SLAM achieves high local accuracy, integrating GNSS data improves
overall reliability and reduce drift, especially in large-scale environments where long trajecto-
ries are involved. The proposed GNSS-augmented SLAM system incorporates raw pseudorange
and Doppler shift measurements, effectively reducing accumulated errors and enhancing global
positioning accuracy.

Beyond theoretical contributions, this research validates its findings through real-world tests.
Experimental evaluations demonstrate that the proposed map representations contribute to
more accurate and reliable localization, particularly in structure-rich environments. In addi-
tion, optimized map structure significantly improves its quality in terms of both qualitative and
quantitative metrics. The scalability of the developed systems is validated on publicly available,
large-scale datasets, highlighting its effectiveness in processing long sequences. Furthermore,
conducted evaluation confirms that the fusion of GNSS and LiDAR data improves trajectory
estimation, providing robust localization in various environments where LiDAR-based methods
alone may face difficulties due to feature sparsity.

Moreover, two real-world experiments were conducted in urban transportation and agricultural
applications. The deployment of a GNSS-based localization system for electric buses demon-
strates its effectiveness in the metropolitan area, highlighting the feasibility of integrating ad-
vanced localization into public transportation. Agricultural field tests show that the combination
of GNSS with visual odometry enhances localization reliability, particularly in environments with
inconsistent availability of the satellite signal. These practical implementations reinforce the im-
portance of multi-sensor fusion in addressing real-world challenges.

In conclusion, the results presented in this dissertation underscore the importance of LiDAR-
based SLAM, the impact of map representations on localization accuracy, and the benefits of
integrating GNSS data for large-scale mapping. By advancing SLAM methodologies through
multi-sensor fusion and optimization techniques, this research establishes the basis for more
reliable and efficient autonomous systems across a wide range of applications. The dissertation
also explores potential future advances in SLAM methodologies that can be implemented to
further refine its performance.



Streszczenie

Autonomiczne roboty wymagaja precyzyjnej lokalizacji oraz doktadnego modelu srodowiska aby
dzialaé¢ efektywnie. Z tego wzgledu systemy Simultaneous Localization and Mapping (SLAM)
stanowig kluczowy obszar badan w robotyce, umozliwiajac autonomiczna nawigacje oraz zrozu-
mienie otoczenia bez wczesniejszej wiedzy na jego temat. Niniejsza rozprawa koncentruje sie na
systemach SLAM wykorzystujacych dane z sensora LiDAR, podkreslajac role roznych reprezen-
tacji map oraz ich wptyw na doktadno$é dostarczanej lokalizacji.

W pracy zaprezentowano dwa roézne podejscia do budowania mapy, prowadzace do opracowania
skalowalnego rozwigzania zwickszajacego doktadnosé systemu SLAM w roznorodnych $rodowi-
skach. Pierwsze z nich bazuje na strukturze cech z wykorzystaniem elementéw plaszczyznowych i
liniowych, natomiast drugie oparte jest na reprezentacjach surfelowych, optymalizowanych razem
z trajektorig za pomoca metody bundle adjustment. Przeprowadzone badania pokazuja jak wy-
korzystane reprezentacje wplywaja na dzialanie systemu SLAM poprzez poprawe dopasowania
danych, redukcje liczby punktéw oraz zwiekszenie spojnosci mapy. Rozpatrzony zostal réwniez
wplyw doboru cech w strukturze mapy na wydajnosé obliczeniows, i efektywnos¢ systemu.

Dodatkowo rozprawa prezentuje metode integracji danych z globalnego systemu nawigacji sateli-
tarnej (GNSS) z systemem SLAM przy uzyciu optymalizacji grafu ograniczeri. Mimo ze systemy
LiDAR SLAM zapewniajg wysoka doktadno$é w lokalnym otoczeniu, integracja danych GNSS
pomaga zwiekszy¢ niezawodno$é oraz ograniczyé dryf w przypadku dlugich trajektorii. Zapro-
ponowane rozwiazanie wykorzystuje surowe pomiary pseudoodleglosci i przesuniecia Dopplera,
skutecznie poprawiajac globalng doktadnosé lokalizacji.

Skutecznosé opracowanych metod zostala zweryfikowana w rzeczywistych eksperymentach, ktore
pokazuja, ze zaproponowane reprezentacje map przyczyniaja sie do dokltadniejszej i bardziej nie-
zawodnej lokalizacji. Ponadto optymalizacja struktury mapy znaczaco poprawia jej jakosé za-
rowno pod wzgledem wizualnym, jak i numerycznej wartosci btedu. Skalowalnos$é opracowanych
systemow zostala zweryfikowana na publicznie dostepnych zbiorach danych. Dodatkowo, przepro-
wadzona ewaluacja potwierdza, ze fuzja danych GNSS oraz LiDAR zapewnia poprawe lokalizacji
w $rodowiskach, gdzie metody korzystajace wylacznie z sensora LiDAR maja trudnosci.

W pracy przedstawiono réwniez wyniki eksperymentéow dotyczacych systeméw lokalizacji dla
elektrycznych autobuséw w transporcie miejskim oraz maszyn w rolnictwie, przeprowadzonych
w rzeczywistych warunkach oraz w kontekscie ich praktycznego zastosowania. Implementacja
metody lokalizacji autobusu wykazata jego skuteczno$é w zurbanizowanym srodowisku, podkre-
slajac tym samym mozliwo$¢ jego integracji z infrastruktura transportu publicznego. Dodatkowo,
testy lokalizacji maszyny rolniczej w warunkach polowych pokazaly, ze potaczenie danych GNSS
z odometria wizyjng poprawia niezawodnos¢ lokalizacji, szczegélnie w srodowiskach w ktorych
wystepuja zaklocenia sygnatu satelitarnego. Testy te podkreslaja znaczenie fuzji danych z wielu
sensoréw w przypadku systemow, ktorych zadaniem jest praca w rzeczywistych warunkach.

Podsumowujac, wyniki przedstawione w niniejszej rozprawie podkreslaja znaczenie systemow
SLAM, wplyw reprezentacji mapy na doktadnosé lokalizacji oraz korzysci plynace z integracji
danych GNSS, ktére poprawiaja dokladnosé estymowanej trajektorii. Opracowane rozwigzania
wykorzystuja fuzje wielosensoryczng realizowang poprzez optymalizacje grafu ograniczen oraz
stanowia podstawe do dalszego rozwoju bardziej efektywnych metod. W rozprawie zawarto row-
niez potencjalne przyszle prace, majace na celu dalsza poprawe skutecznosci systeméw SLAM.
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ADAS Advanced Driver Assistance System
ATE Absolute Trajectory Error

BA Bundle Adjustment

CAN Controller Area Network

DCC Dajeon Convention Center

DOF Degrees of Freedom

ECEF Earth-centered Earth-fixed

EKF Extended Kalman Filter

GALS GNSS-Augmented LiDAR SLAM
GNSS Global Navigation Satellite Systems
GPGPU General Purpose Graphic Processing Unit
GPS Global Positioning System

GUI Graphical User Interface

HMI Human-Machine Interface

ICP TIterative Closest Point

ILS Tterative Least Squares

IMU Inertial Measurement Unit

INS Inertial Navigation System

LCD Liquid Crystal Display

LiDAR Light Detection and Ranging

LM Levenberg-Marquardt

LOAM Lidar Odometry and Mapping
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LTE Long Term Evolution

NC Newer College

NDT Normal Distributions Transform

NLOS Non-Line of Sight

NLS Nonlinear Least Squares

NTRIP Networked Transport of RTCM via Internet Protocol
ORB Oriented FAST and Rotated BRIEF

PCA Principal Component Analysis

PGO Pose Graph Optimization

PPP Precise Point Positioning

RAIM Receiver Autonomous Integrity Monitoring
RINEX Receiver Independent Exchange System
RMS Root Mean Square

ROS Robot Operating System

RPE Relative Trajectory Error

RTCM Radio Technical Commission for Maritime
RTK Real Time Kinematic

SDF Signed Distance Function

SfM Structure from Motion

SLAM Simultaneous Localization and Mapping
TST Tsim Sha Tsui

UKF Unscented Kalman Filter

URA User Range Accuracy

UTM Universal Transverse Mercator

VBR Vision Benchmark in Rome

VO Visual Odometry

WGS-84 World Geodetic System ’84
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set of real numbers

set of sensor poses

set of planar features

set of linear features

i-th input point cloud

i-th kd-tree

set of surfels

set of surfels associated with measurements from i-th pose
set of optimal surfels

set of leaves associatied with the surfel s

reconstructed map

reference map

set of graph nodes associated with the LIDAR SLAM constraints
set of graph nodes associated with the GNSS constraints
set of graph nodes associated with loop closure constraints
set of graph nodes associated with Visual Odometry constraints
set of all observed satellites

total negative log-likelihood function

residual error function

point-to-plane error function

point-to-line error function

pose-to-pose error function

planar feature

linear feature

leaf of a kd-tree

surfel

pose update

optimal ¢-th pose estimate

i-th pose estimate

X
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the transformation from the beginning to the end of the scan
the i-th pose estimated using LiDAR SLAM

the j-th pose estimated using loop closure

the i-th pose estimated using GNSS

the i-th pose estimated using Visual Odometry

the rotation matrix

the rotation matrix of the i-th pose

the state vectors for all nodes in the graph

the state vector for i-th node in the graph

the covariance matrix for LIDAR SLAM constraints

the covariance matrix for loop closure constraints

the information matrix

the information matrix for Doppler shift constraints

the information matrix for LIDAR SLAM constraints
the information matrix for loop closure constraints

the information matrix for GNSS positioning constraints
the information matrix for Visual Odometry constraints
the information matrix for the pseudorange constraints
the eigenvector matrix

the translation vector of the i-th pose

the i-th position of a receiver

the i-th velocity of a receiver

the position of the n-th satellite

the point in 3D space

the i-th point in 3D space

the center point of a surfel

the center point of a leaf

the point in a reconstructed map

the point in a reference map

the normal vector of a planar feature

the normal vector of a leaf

the normal vector of a surfel

the direction of the line in Pliicker coordinates

the moment of a line in Pliicker coordinates

the eigenvector

the coordinates in the tangent plane of the 2-sphere S2
the error for Doppler shift constraints between graph nodes

the error for LIDAR SLAM constraints between graph nodes
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the error for loop closure constraints between graph nodes

the error for GNSS constraints between graph nodes

the error for Visual Odometry constraints between graph nodes

the error for pseudorange constraints for i-th graph node

the mean residual error

the horizontal angle of the i-th LiDAR measurement

the horizontal angle of the LiDAR measurement at the beginning of a scan
the horizontal angle of the LiDAR measurement at the end of a scan
the index of the measurement

the index of i-th LiDAR scanning ring

the distance from the planar feature to the origin

the Euclidean distance between two points

the point-to-plane or point-to-line distance

planarity or linearity coefficients of a feature

the angle between two vectors

the angle of the normal vector on the 2-sphere S?

the magnitude of the moment vector 1,,

the radius of a surfel

the displacement of surfel along its normal

the range of the i-th simulated LiDAR measurement

the number of simulated LIDAR measurements

the number of points in a given feature

the number of points in the reconstructed map

the number of points in the reference map.

the maximum size of the leaf

the minimum flatness of a leaf

the Huber loss function

the threshold for Huber robust estimator

the Chamfer-L1 distance

the time of i-th measurement

the time interval between the i-th and (¢ + 1)-th pose

the duration of a scan

the pseudorange measurement between the i-th pose and n-th satellite
the geometric range between the i-th pose and the n-th satellite

the clock bias of n-th satellite

the receiver clock bias for the i-th state vector

the receiver clock bias for the i-th state vector and GNSS constellation

the ionospheric delay for the i-th pose and n-th satellite
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the tropospheric delay for the i-th pose and n-th satellite

the pseudorange measurement error for the i-th pose and n-th satellite
the carrier wave frequency for the n-th satellite

the Doppler shift value for the n-th satellite

the elevation angle of the satellite

the azimuth angle of the satellite

the x,y, z components of the i-th position of the receiver

the x,y, z components of the n-th satellite position

the radial velocity for the n-th satellite

the i-th velocity of the receiver

the x,y, z components of the i-th velocity of the receiver

the i-th velocity of the receiver calculated using pseudorange measurements
the i-th velocity of the receiver calculated using Doppler shift measurements
the i-th velocity of the receiver calculated using successive SLAM poses
the standard deviation of the Absolute Trajectory Error

the standard deviation of the LiDAR measurement

the total variance of the pseudorange error

the variance of pseudorange measurement

the variance of ephemeris measurement

the variance of code bias measurement

the variance of ionospheric delay measurement

the variance of tropospheric delay measurement

the variance of the pose along the z, y, z axes

the variance of the pose along the roll, pitch, yaw axes

the speed of light

the angular velocity of the Earth

the L1 carrier wave frequency

the GNSS measurement error factors
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Chapter 1

Introduction

1.1 Motivation

Autonomous robots require accurate localization and a reliable environment model to operate
efficiently. These factors are essential for effective task and motion planning, understanding
scene context, and facilitating human-robot collaboration. In unfamiliar environments, a robot
must address the problem of Simultaneous Localization and Mapping (SLAM), a fundamental
challenge in robotics that enables it to construct a map while simultaneously determining its

pose within this map.

In recent years, extensive research has been conducted on SLAM and related topics, covering
various approaches, including Visual Odometry (VO) and sensor fusion techniques [1, 2]. While
simpler SLAM problems, such as those in structured 2D environments, are considered to be
largely solved, more complex and realistic scenarios remain challenging. Issues such as real-time
mapping in large-scale 3D environments, adaptation to dynamic surroundings, and continuous
map updates over an extended period of time are still active areas of study [3]. In addition,
improving robustness against sensor noise, computational efficiency, and scalability are key chal-

lenges in modern SLAM research.

Rapid adoption of autonomous systems across diverse sectors, such as autonomous vehicles,
robotic exploration, drone delivery, augmented reality, logistics, agriculture, and disaster re-
sponse, has created an urgent need for robust and scalable localization and mapping solu-
tions [4, 5]. These applications rely heavily on precise positioning to perform their tasks safely
and efficiently. For example, self-driving cars require real-time, high-accuracy localization to nav-
igate dynamic urban environments, delivery drones depend on reliable positioning to reach their
destinations, and agricultural machinery requires it to achieve high precision in agro-technical
treatments. Similarly, in industrial settings, mobile robots used for warehouse automation need
accurate information about their pose to optimize inventory management [6]. As these applica-
tions continue to expand, there is an increasing need for advanced localization solutions capable

of working in complex scenarios.
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However, many of these applications operate in challenging unstructured environments where
traditional SLAM approaches often struggle. Autonomous vehicles, for instance, must navigate
dynamic urban settings filled with moving objects such as pedestrians and vehicles, while robotic
systems deployed in disaster zones or planetary exploration face featureless or highly variable
terrains. These environments pose significant challenges for SLAM systems, requiring them to be
not only accurate, but also robust. Furthermore, urban environments present unique additional
difficulties in localization, especially in areas with tall buildings, tunnels, or underground parking
garages, where the Global Navigation Satellite Systems (GNSS) signals are unreliable or entirely
unavailable. Therefore, SLAM solutions often provide precise 3D trajectory estimation using
multiple sensors available on-board. Innovations in multi-sensor integration have significantly
enhanced SLAM capabilities, improving the robustness of navigation in complex and dynamic

environments [4].

Recent advances in sensing technologies, computational power, and machine learning have opened
new possibilities for mobile robotics and localization algorithms. For example, the development
of high-resolution Light Detection and Ranging (LiDAR) sensors has significantly improved the
accuracy and resilience of localization systems [7]. In addition, innovations in laser technology,
such as solid-state and flash LiDARs, have enhanced performance while reducing cost and size.
These improvements make it more accessible for various robotic applications. Unlike camera-
based SLAM, which relies on visual features that can be obstructed or lost in poor lighting
conditions, modern LiDARs provide high-precision 3D depth information by measuring the time
taken for laser pulses to reflect off objects. This ensures reliable localization even in challenging
scenarios such as low-light, foggy, or featureless environments where solution based on cameras
often struggle. Thus, LiDAR-based SLAM systems have emerged as a promising solution because
of their ability to provide accurate 3D environmental data. These technological advances moti-
vate researchers to explore new approaches to localization, driving innovation in mobile robotics.
At the same time, breakthroughs in algorithms, such as probabilistic filtering and graph-based

optimization, have also enabled more efficient and scalable solutions [8].

Despite their potential, many systems still face limitations in terms of scalability, computational
efficiency, and robustness in real world scenarios [9]. Addressing these challenges is a key mo-
tivation for this research, as it can improve the performance of LiDAR-based SLAM, allowing
autonomous systems to navigate in complex real-world environments with greater reliability.
Furthermore, overcoming these limitations would enhance the capabilities of mobile robots, en-

abling them to perform a diverse range of tasks autonomously.

1.2 Problem statement

Although LiDAR-based SLAM has demonstrated strong performance in diverse applications due
to its reliability in various environmental conditions, it still faces significant challenges in terms of
accuracy, robustness, and scalability. Traditional methods, particularly those based on Iterative
Closest Point (ICP), are susceptible to local minima and cumulative drift, leading to degraded

performance in long-term navigation and large-scale environments. These limitations become
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especially pronounced in feature-sparse or repetitive settings where incorrect data associations

introduce localization errors.

Furthermore, the accuracy of SLAM is highly dependent on the representation of the map,
the choice of features, and the strategies used for feature matching, as different approaches
influence how well the system can establish reliable correspondences between point clouds. Most
commonly, these approaches include using raw points, geometric primitives (planes, edges, and
corners), intensity-based features, or learning-based descriptors. In addition, the selection of the
map representation directly impacts computational efficiency and storage requirements. Many
systems rely on storing dense point cloud data, which significantly increases memory usage and
computational demands, particularly in large-scale scenarios [10]. Therefore, to enable long-term
operation, it is essential to adopt efficient mapping strategies that store only the most relevant

features for localization.

Moreover, many SLAM systems do not integrate additional sensory data, such as GNSS, which
could provide absolute positioning constraints to improve accuracy and mitigate drift. However,
naive fusion of GNSS with LiDAR data can introduce inconsistencies in the estimated trajec-
tory due to degradation of the GNSS signal in urban canyons, tunnels, or areas with dense
vegetation. Thus, a robust optimization framework is needed to effectively integrate GNSS mea-
surements with LIDAR-based motion and minimize the uncertainty of pose estimation. The tight
integration of GNSS and SLAM can address these challenges by enabling error correction, re-
ducing drift, and improving global consistency. The structure of the optimization problem itself,
including how constraints are defined and weighted, also has a significant impact on achieving
accurate and reliable localization. Recent advances in graph-based optimization and factor graph
SLAM offer promising solutions to this problem, but require further exploration in the context
of LiDAR-based systems.

Another challenge is the practical implementation of SLAM for modern LiDAR sensors, which
provide precise, high-resolution point cloud data at significantly faster rates than previous gen-
erations. Existing SLAM software frameworks may not be optimized to handle the full potential
of these sensors, which requires new data processing pipelines and software architectures to

maximize their effectiveness.

Taking into account these challenges related to LiDAR-based SLAM, the scientific thesis pre-

sented in this dissertation is formulated as follows:

It is possible to formulate the problem of estimating the motion of a LIDAR sensor
as an optimization problem over the feature-based map representation, including
constraints stemming from GNSS measurements, which leads to elimination of the
local minima problems commonly observed for the ICP-based SLAM algorithms.
This new formulation combined with an efficient map structure that stores only the
data that are suitable for localization allows an implementation of SLAM that is

scalable to long trajectories.
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1.3 Content of the thesis

The dissertation is structured into seven chapters, each addressing a different aspect of the

research. The remainder of the manuscript is structured as follows.

Chapter 2 provides an overview of the state of the art in SLAM, discussing various architectures,
scan registration methods, and loop closure techniques. It also explores challenges related to
robot localization and introduces factor graphs, highlighting their benefits, such as possibility
to integrate data from multiple sources. It also examines methods to improve GNSS-based

localization in the context of urban transport applications.

Chapter 3 presents two approaches to map representation. The first approach utilizes a feature-
based structure with large planar and linear elements. It details the process of feature man-
agement, optimization strategies, and different factor graph structures. The second approach
employs surfels combined with a bundle adjustment method to jointly optimize the map and
trajectory. It also describes the process of generating surfels from raw scans, the data associa-
tion technique, the uncertainty model for LIDAR measurements, and the approach to optimizing

surfels and poses.

Chapter 4 focuses on the integration of GNSS measurements with SLAM to improve long-term
accuracy. The first part discusses the fusion of raw GNSS measurements with LiDAR-based
SLAM, including strategies for filtering invalid GNSS observations. The second part presents
an approach for correcting the GNSS trajectory by integrating it with simple VO, effectively

mitigating erroneous positioning errors.

Chapter 5 contains an experimental evaluation of the systems developed in Chapters 3 and 4.
The evaluation includes tests with different LiDAR sensors and datasets, including self-recorded
data, as well as comparisons with existing SLAM systems. It also analyzes the computational
efficiency of the first proposed method. In addition, it includes an assessment of the refined
maps by comparing it to a reference model. The chapter further demonstrates the effectiveness
of integrating GNSS measurements to enhance trajectory estimation, comparing the results
obtained with different SLAM systems and GNSS receivers.

Chapter 6 presents two practical applications of localization systems employing GNSS and
their evaluation. The first case study involves the localization of a bus in urban environment. It
shows a practical case-study of using GNSS alone for localizing over a large and diversified area,
demonstrating both strengths and limitations of such an approach. The second case focuses on
localization of an agricultural robot operating in field conditions, where the GNSS localization
is improved using a VO system. This demonstrates that the problem formulation and software
developed for the GNSS-Augmented LiDAR SLAM (GALS) system can be easily adopted to

different sensory and scenario variants, addressing practical use-cases.

Chapter 7 concludes the dissertation by summarizing the key contributions of the research and

outlining potential directions for future work.
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Chapter 2

Related Work

2.1 State of the art in LIDAR SLAM

2.1.1 Architectures of SLAM

Most of SLAM research over the past two decades has focused on passive visual perception [3],
however, active 3D laser sensors, commonly known as LiDAR, offer significant practical advan-
tages over passive cameras. Unlike cameras, which struggle in low-light conditions and with
sudden changes in illumination, LiDAR operates effectively regardless of lighting. Although pas-
sive cameras remain the most cost-effective and easily integrated sensing option, LiDAR. tech-
nology is increasingly recognized as a key component in the self-driving vehicle industry [11].
Beyond autonomous transportation, LiDAR is also essential for various robotic applications, such
as underground inspections, where reliable perception in dark or unstructured environments is

crucial [12].

In advanced visual SLAM, efficient handling of historical data in the environment map is essential
for accuracy [13], as optimization is favored over filtering methods such as the Kalman filter or
particle filter. By jointly optimizing the trajectory of the sensor (robot) and the map, the system
can update the linearization points and mitigate errors caused by approximations and incorrect
measurements through the use of robust cost functions [14]. Most LiDAR-based SLAM systems
rely on raw point clouds for map representation. This approach is often practical, as it does
not depend on specific environmental features and, when combined with loop closure detection
and global pose-based optimization, can produce highly accurate maps [15]. However, real-time
performance in such methods is typically achievable with massively parallel processing using a
General Purpose Graphic Processing Unit (GPGPU) [16], or by employing techniques such as
voxelization to increase computational efficiency. Additionally, raw point-based representations
struggle to differentiate salient features, such as objects of particular classes or distinct geomet-
ric structures. This limitation makes it difficult to track these features across multiple scans in
the way visual tracking does. Moreover, the lack of semantic information can lead to incorrect

associations between scans due to the closest match strategy, ultimately reducing the number of



Related Work 8

valid constraints available for map optimization. Several previous studies have explored the use
of volumetric and surfel-based map representations for LIDAR data. In [17], a voxel grid repre-
sentation with subsampled point clouds was employed, while in [18], the Normal Distributions
Transform (NDT) was used for compact 3D map representation and scan-to-model registration.
One limitation of grid-based map representations is their reliance on global nearest-neighbor
searches to establish correspondences between scan points and the model, making these methods

computationally inefficient.

Another approach is to employ surfels, which are small patches used to represent surfaces in 3D
mapping. This representation gained popularity in SLAM with the success of the RGB-D-based
ElasticFusion method [19], which directly influenced research on LiDAR-based systems [20].
Droeschel and Behnke [21] introduced a hybrid approach that combined a surfel representation
with a multi-resolution, robot-centric local grid map. By maintaining higher resolution in areas
closer to the LiDAR sensor, their method efficiently aggregated scanned points into surfels and
incorporated local maps into a multi-level graph-based SLAM framework. Additionally, Behley
and Stachniss [22] leveraged surfel-based mapping to establish projective data associations be-
tween LiDAR scans and rendered views of the map, allowing large-scale real-time operation.
Similarly, recent methods, such as MAD-ICP [23], have shown that the use of surfels can im-
prove the accuracy and the speed of registration by employing robust data association through
kd-tree search. A recent work [24] introduces a triangle mesh-based representation for LIDAR
mapping, which, unlike point clouds or surfels, offers a more structured and memory-efficient
model of the environment. This method, however, is not employed for SLAM but rather for
incremental mapping with known poses, enabling efficient updates and compact storage while

preserving geometric accuracy.

Volumetric representations have also been utilized to address LiDAR-based SLAM problems us-
ing deep learning methods. However, standard LiDAR data representations, such as point clouds,
are not differentiable [25]. To address this issue, state-of-the-art neural models for processing
range data either ensure invariance to point-order permutation, such as PointNet [26], or adopt
a voxel-based representation [27]. While PointNet and its extensions [28] enable point cloud
processing through convolutional networks, they are generally considered too computationally
intensive for real-time SLAM applications. Among the few attempts to use neural networks
for LiDAR-based localization in unknown environments, Velas et al. [29] reformulated the pose
estimation problem as a classification task. The L3-Net system [30] integrates a lightweight vari-
ant of PointNet with another network that aggregates matching costs from all features within a
volumetric model to produce pose estimates. However, formulating pose estimation as either a
classification or cost-accumulation problem reduces accuracy since the results are constrained by
the discrete structure of the data representation. The DeepLO method [31] has demonstrated
pose estimation accuracy comparable to model-based systems by employing an unsupervised loss
function derived from the iterative closest point formulation. It also leverages the normal vector
consistency to generate a confidence map that assigns weights to the factors of the loss func-
tion. Despite the progress in learnable LIDAR SLAM through unsupervised learning, DeepL.O
had to be trained separately for each of the three datasets it was tested on. This highlights a
fundamental challenge in fully learnable LiDAR-based SLAM, which is its potential difficulty in

generalizing to previously unseen environments.
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In most modern LiDAR-based odometry and SLAM systems, the map is either not optimized
at all or optimized solely as a graph of past sensor poses. Raw point-based or volumetric
representations do not support global optimization with historical state marginalization, which is
essential for keeping the map size manageable and efficiently handling previous data. This is a key
factor in achieving high accuracy in visual SLAM, where Bundle Adjustment (BA) optimization
plays a crucial role [32]. In visual SLAM, the map is typically structured as a collection of images
(direct methods) or a graph of sparse feature points [13]. Although there are 3D salient point
feature detectors that can be applied to point clouds [33], their high computational cost makes

them impractical for large-scale outdoor SLAM applications.

Few LiDAR-based SLAM systems attempt to structure the map beyond simple point represen-
tations. Lidar Odometry and Mapping (LOAM) [34], which is one of the most influential archi-
tectures in LiDAR-based localization, segments scans into semantically distinct planar patches
and lines, applying different distance metrics to these categories during the ICP registration
process. However, LOAM does not incorporate geometric features into the map itself. Instead,
it represents the environment as a large point cloud organized on a regular grid to enhance
the efficiency of data association. A key innovation of LOAM lies in its software architecture,
which separates real-time scan-to-scan pose tracking (incremental odometry) from a slower but
more accurate scan-to-map localization process. By selectively choosing points that represent
stable and well-defined parts of the environment and refining incremental odometry through
model-based registration, LOAM remains one of the most accurate real-time LiDAR-based lo-
calization systems. This success has inspired numerous researchers to refine aspects of LOAM
while preserving its parallel odometry and mapping structure. The PlaneLOAM system [35],
introduced in Section 3.2, follows this approach. Similarly, LeGO-LOAM [36] enhances LOAM
by explicitly detecting the ground plane, distinguishing between ground and non-ground points,
and using this information to determine sensor attitude (pitch and roll). Then it estimates the
remaining components of the 6-Degrees of Freedom (DOF) sensor pose using a simplified model.
LLOAM [37] extends LOAM by incorporating a loop closing module based on learned descriptors
for point cloud segments [38] and constructing a pose graph using sensor poses and relative trans-
formations from LOAM-like odometry. Furthermore, the system in [39] combines LOAM-style
LiDAR odometry and mapping with SegMatch-based loop detection [38]. It introduces ground
plane constraints to improve relative pose estimation, but continues to use a basic pose-graph

structure for handling detected loop closures.

A natural approach to handling LiDAR data in partially structured urban environments is to
utilize high-level geometric features, such as planar and linear segments. Weingarten and Sieg-
wart [40] first incorporated planar features into Extended Kalman Filter (EKF)-based SLAM
with 3D LiDAR data. Later, [41] demonstrated the use of planar segments within a pose-graph
SLAM framework, utilizing a fast registration method for noisy planar features with unknown
correspondences [42]. A method for fast and accurate extraction of planar surfaces from LiDAR
data was proposed in [43| and applied in a filtering-based SLAM system. Grant et al. [44] further
explored high-level features from LiDAR data in SLAM by leveraging a factor graph framework.
Their SLAM method represents extracted planar features as landmarks in a factor graph opti-
mization framework, while also incorporating LiDAR odometry factors between sensor poses to

enhance performance in less structured environments. Loop closure is achieved by comparing
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planar features stored in a global map, establishing constraints (factors) between similar features,

and optimizing the graph.

2.1.2 Scan registration methods

The most common methods for estimating the relative transformation between two scans are
variations of the ICP algorithm [45]. Although ICP is widely used and has undergone numerous
refinements [46], it remains computationally expensive and vulnerable to data association errors.
This is because each time the sensor pose is updated, the algorithm must re-establish point
correspondences through a search process. One way to mitigate this issue is to carefully select
points for matching. LOAM addresses this by applying point-to-plane and point-to-line distance
metrics, associating points with planar and linear features, respectively [34]. Similarly, IMLS-
SLAM [47] utilizes implicit moving least squares surfaces and selects points based on a criterion
that leverages normal vectors to constrain all 6-DOF of the sensor. The study in [47] also
highlights that retaining too many points that provide weak constraints, such as those from non-
stationary objects or points with significant measurement noise, can degrade transformation

accuracy.

Another challenge in registering consecutive LiDAR scans is compensating for motion-induced
distortions in range measurements, similar to rolling shutter effects in cameras. These distor-
tions occur when scans are captured while the sensor is in motion, which is a common scenario
in autonomous vehicle applications. The registration method must be adapted to address this
issue [48], or the scans must be undistorted using a motion prior. Some LiDAR SLAM sys-
tems mitigate these distortions by integrating tightly coupled Inertial Measurement Unit (IMU)
data [49]. However, if external motion predictions are unavailable, corrections must be made
while simultaneously estimating the sensor’s movement. One approach to this problem, pro-
posed in [21], models the sensor trajectory as a continuous B-spline in SF(3) and interpolates
between poses. In contrast, LOAM and LeGO-LOAM use a simpler strategy by assuming a
constant sensor velocity, which simplifies interpolation [34, 36]. This assumption is particularly
effective for ground vehicles with mostly planar motion and provides a practical solution for

motion estimation between consecutive poses in LiDAR odometry.

2.1.3 Closing loops in SLAM

Despite the extensive research on LiDAR-based localization and mapping, relatively few pub-
lished systems provide a complete SLAM solution, as many lack loop closure capabilities. This
means that they cannot recognize previously visited areas and incorporate them into the map.
Many existing approaches focus on LIDAR odometry with scan-to-model registration [34, 36, 47,
49]. While these methods optimize the sensor trajectory and incrementally build the map, they
do not correct for trajectory drift by optimizing the map itself. This limitation is particularly
problematic in structured urban environments, where the absence of map corrections can result

in inconsistencies in object representation.
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Although ICP registration can be used for loop closure by aligning new scans with the existing
map [50], it becomes inefficient for large loops due to the high computational cost of nearest
neighbor search. A more efficient alternative is appearance-based loop closure detection, provided
that an effective data representation for LIDAR scans is implemented. Magnusson et al. [51] were
among the first to explore this approach, using NDT and location histograms for loop detection.
Droeschel and Behnke [21] leveraged local surfel-based maps to identify loop closures, while [22]
improved this method by generating virtual views of the global map. This enabled projective
associations that enhanced the robustness of detecting previously visited areas, even in cases of

only partial overlap.

Recently, neural network-based models have proven effective in addressing the loop closure prob-
lem for LiDAR data. The SegMap system [52] represents the environment as point cloud seg-
ments, each with learned descriptors. It detects previously visited locations by matching a local
segment map, built from recent LiDAR scans, to a global segment map. These segments are in-
crementally formed by accumulating LiDAR points in a dynamic voxel grid, while a deep neural
network generates their descriptors [38]. The learned representation in SegMap is highly distinc-
tive, enabling reliable matching of local and global maps even in cases of significant trajectory
drift. This approach has already been integrated into LOAM-inspired SLAM systems [37, 39|,
where loop closure constraints are incorporated using pose-graph optimization. However, pre-
vious implementations have not fully leveraged SegMap’s potential within a comprehensive,
BA-like factor graph optimization framework. The work on PlaneLOAM [53] demonstrated that
by combining robust loop detection from SegMap with precise feature-to-feature data registra-
tion, a LiDAR SLAM system can achieve improved trajectory and map accuracy, surpassing the

limitations of pose-graph optimization alone.

2.2 Factor graphs in SLAM

2.2.1 The evolution of factor graphs

Over time, SLAM has evolved from simple probability-based methods to more advanced systems
that use modern optimization techniques. Among these, factor graphs have become a powerful
and flexible tool because they effectively capture the complex relationships between different
variables in SLAM. Fast processing and the ability to handle large-scale environments are critical
for real-world applications, such as self-driving cars, robotics, and augmented reality. Factor
graphs play a key role in meeting these demands. This section explores how factor graphs are

used in SLAM, highlighting their progress, benefits, and integration with other algorithms.

Factor graphs were introduced to SLAM as an extension of the Bayesian network and Markov
Random Field paradigms. The work introduced by Kaess et al. [54] efficiently employed fac-
tor graphs for real-time SLAM by allowing incremental updates of the graph structure. This
approach initiated research on representing the SLAM problem as a sparse optimization prob-
lem, significantly improving computational efficiency over the methods based on the EKF and

particle filter. The development of iISAM2 [55] further refined the framework by introducing
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Bayes tree-based relinearization and variable ordering, allowing efficient handling of large-scale
SLAM problems. This work demonstrated the scalability and accuracy of factor graph-based

approaches compared to traditional methods.

In factor graphs, the SLAM problem is modeled as graph where variables represent robot poses
and map features, while factors represent measurements or constraints. Fach factor encodes
a probabilistic relationship derived from sensor observations or motion models. This repre-
sentation enables a decomposition of the SLAM problem into smaller subproblems, which can
be solved efficiently using Nonlinear Least Squares (NLS) optimization techniques, such as the
Levenberg-Marquardt or Gauss-Newton algorithms. The modularity of factor graphs has made
them especially useful for integrating various sensor modalities, including LiDAR, cameras, and
inertial sensors. An example can be the GTSAM [56] and g2o [57] libraries, which have become
a widely adopted tool for implementing factor graph-based SLAM systems, with applications in

both research and industry.

Pose Graph Optimization (PGO), which is a type of factor graph, where only poses are optimized,
is also widely used to refine trajectories in LIDAR SLAM [22, 58]. It represents the trajectory
as a graph, where poses are linked by relative transformations. However, while PGO maintains
computational efficiency, it can gradually accumulate drift and cause inconsistencies due to its

dependency on fixed pairwise constraints [59].

Several comparative studies have highlighted the advantages of factor graphs over traditional
SLAM methods. Unlike EKF-based SLAM, which suffers from quadratic complexity in map size
and linearization errors, factor graphs leverage sparse matrix structures and iterative optimiza-
tion techniques, resulting in better scalability and robustness [60]. Moreover, factor graphs allow
for full optimization, providing globally consistent trajectory estimates compared to the local
consistency offered by filtering-based approaches. Research has also shown that factor graphs
outperform filter-based methods, particularly in scenarios involving large state spaces [61]. These
advantages have made factor graphs a preferred choice for modern SLAM systems, particularly

in applications requiring high precision and large-scale mapping.

2.2.2 Advancements in factor graph-based SLAM

Many advancements in factor graph-based SLAM have been introduced to address challenges
in real-world applications. A significant extension is Dynamic-SLAM [62], which enhances tra-
ditional SLAM frameworks, typically designed for static environments, by integrating semantic
information into factor graphs. This allows the system to model and compensate for moving ob-
jects, improving localization and mapping accuracy in dynamic conditions. Another important
development is the work of Cunningham et al. [63], which is particularly beneficial for multi-
robot systems. By leveraging factor graphs to share and integrate data across multiple agents, it
enhances scalability and collaborative mapping capabilities, demonstrating efficient and robust
multi-agent SLAM using factor graph optimization. In addition, a key technique used in factor
graphs to manage computational complexity is marginalization, which allows for the removal
of certain variables while preserving their influence on the remaining graph [64]. This is par-

ticularly important in long-term SLAM applications, where the graph can grow indefinitely as
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the robot explores its environment. Furthermore, methods such as non-linear graph sparsifi-
cation [65] help maintain computational efficiency without sacrificing accuracy, making factor
graph-based SLAM more adaptable to real-world conditions. Combined with advanced optimiza-
tion techniques, these approaches enable SLAM systems to handle large-scale 3D environments

with millions of landmarks [22].

Approaches to make SLAM more robust have also gained attention as researchers seek to mitigate
the impact of outliers and sensor noise. For this purpose, robust loss functions and switchable
constraints have been incorporated into factor graph formulations, ensuring more reliable per-
formance in complex environments. To improve robustness against outliers and noise, Agarwal
et al. [66] proposed dynamic covariance scaling, a method designed to mitigate the influence of
erroneous measurements during map optimization. This technique dynamically adjusts measure-
ment covariances, preventing outliers from distorting the mapping process and ensuring more

reliable performance in challenging environments.

Recent advancements have also explored the integration of factor graphs with machine learning
techniques. Neural networks have been used to predict factors or improve data association, im-
proving the robustness and adaptability of SLAM systems in unstructured environments. These
hybrid methods, such as NeRF-LOAM [67], demonstrate the potential to combine traditional

optimization with modern learning methods.

In addition, factor graphs offer a robust framework for combining data from different types of
sensors. Their structure supports efficient optimization and uncertainty handling, leading to
enhanced SLAM performance. Techniques, such as preintegrating IMU measurements, proposed
by Forster et al. [68], have significantly improved visual-inertial SLAM. LiDAR-based systems,
such as LIO-SAM [69], also integrate an IMU with LiDAR odometry using a factor graph-based
optimization framework. By fusing LiDAR data with IMU pre-integration constraints, LIO-SAM
achieves improved state estimation accuracy, particularly in challenging environments with sparse
geometric features. In addition, it employs loop closure detection and IMU-based initialization
to enhance robustness in long-term scenarios. This combination of LiDAR and IMU within a
graph-based optimization framework makes it a precise and reliable system, offering real-time

performance over long trajectories.

Most LiDAR SLAM approaches focus mainly on local registration and do not incorporate joint
pose and structure optimization. However, global refinement methods, such as BA, are widely
used in visual SLAM and Structure from Motion (SfM) frameworks. In these applications factor
graphs are crucial, as they represent the relationships between sensor poses, 3D landmarks, and
feature observations, allowing for a globally consistent reconstruction of the environment. In
contrast to images that have dense and structured grids, LIDAR data consist of sparse and irreg-
ular point clouds, especially at greater ranges, which makes BA computationally demanding. As
a result, many LiDAR SLAM frameworks prioritize local registration methods, such as ICP and
its variants, which rely on subsampled point clouds [70, 71|, distinctive geometric features [34],
or NDT [18]. However, while subsampling can help reduce noise, it often comes at the cost of
losing critical geometric details necessary for precise alignment. To address the computational
complexity of BA, hierarchical methods such as HBA [72] have been introduced, but their per-

formance is heavily dependent on an accurate initial trajectory, making them less reliable in
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complex environments. For global optimization, Liu and Zhang [73] proposed a trajectory re-
finement method based on LOAM-style features, while [74] applied photometric techniques from
visual SLAM to high-resolution LiDAR data. However, these methods struggle with robustness
and scalability, particularly in low-resolution or noisy conditions. Other techniques, such as
Signed Distance Function (SDF) [75] and implicit mapping [67], aim to improve noise filtering
and provide compact scene representations. Despite their advantages, they do not integrate pose

refinement and structural optimization within a single framework.

In general, factor graphs offer a flexible and efficient framework for modeling and solving complex
mapping and localization problems. Furthermore, they enable the integration of data from
heterogeneous sensors, thereby enhancing the accuracy of the estimation process. As a result,
factor graphs have become a fundamental tool in robotics research, contributing to the reliability
and scalability of SLAM systems, which has made them particularly valuable in applications such

as autonomous navigation and mobile robotics.

2.3 SLAM and GNSS

2.3.1 Methods of improving GNSS positioning accuracy

GNSS is the most widely used technology for determining the position of self-propelled mobile
platforms [76], offering a globally accessible solution for navigation. However, the accuracy and
reliability of GNSS-based positioning depend on factors such as the number of visible satellites,
atmospheric conditions, and the availability of differential correction signals [77, 78]. Although
GNSS provides sufficient precision for many robotic applications, relying solely on satellite-
based navigation without additional safeguards or algorithms to enhance reliability can lead to
positioning errors. To address these challenges, various methods have been developed to validate
and refine GNSS, incorporating filtering algorithms and on-board sensors to improve positioning

stability and accuracy [78-80].

GNSS-based navigation systems used in many robotic applications must ensure high accuracy and
operational safety. A critical aspect of this is achieving sufficient integrity within the navigation
system, which involves the ability to detect and report hardware malfunctions or unreliable
position estimates. Integrity, in this context, refers to the trustworthiness of the provided data,
particularly when the system must alert the user or the control system about potential failures
at a specific moment and with a known probability [81, 82]. One commonly employed method
for detecting navigation faults is Receiver Autonomous Integrity Monitoring (RAIM). It was
developed in the early 1990s, before satellite navigation was common for civilians, and works by
analyzing redundant satellite measurements to identify errors and inconsistencies in positioning
data. Modern RAIM techniques utilize various approaches, including least-squares estimation
and Kalman filters. As research shows, implementing RAIM significantly improves the stability

and reliability of positioning in many robotic systems [83, 84].

Cost-effective methods to enhance positioning accuracy, commonly discussed in the literature,

often involve integrating inertial sensors. One such approach, presented in [85], combines data
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from two low-cost GNSS receivers and an IMU. In this setup, the GNSS receivers utilize Real
Time Kinematic (RTK) corrections from an external service, and by applying appropriate soft-
ware and filtering the data using the EKF, authors achieved improved positioning accuracy, even
when one receiver stopped receiving these corrections. However, many GNSS receivers are not
equipped with a built-in IMU, and the integration of an external one presents challenges, such
as the need for isolation from mechanical vibrations, which can be particularly problematic in

many mobile robotic applications.

An alternative approach to enhancing positioning accuracy involves the use of SLAM algorithms
with passive cameras or LiDARs. LiDAR SLAM, when combined with GNSS, can improve the
accuracy of position estimation [86, 87| and enables seamless localization in both indoor and
outdoor environments by dynamically switching between these methods depending on signal
availability. Such methods, leveraging data fusion, filtering, or optimization algorithms, can
achieve high positioning precision even in environments where satellite signals are weak or un-
available [80, 88]. A similar approach can be applied to visual SLAM, which offers a major cost
advantage over LiDAR SLAM by substituting expensive LiDAR sensors with standard RGB
cameras [89]. However, visual SLAM relies on the detection of distinguishable objects within the
camera field of view, which makes this method particularly effective in structured environments
or near buildings, where GNSS signals are often degraded due to obstructions [90]. Despite these
limitations, ongoing research continues to explore hardware and software advances aimed at im-
proving the effectiveness of visual SLAM in open spaces [79, 91], allowing for their integration
with GNSS systems.

2.3.2 Approaches to SLAM and GNSS integration

Early research on enhancing satellite-based localization of ground vehicles focused on combining
GNSS and SLAM pose estimates. This approach relied on 2D scanners and Kalman filtering as
the fusion method [92]. More recent advances have applied filter-based techniques to integrate
GNSS with 3D LiDAR and IMU data, using the EKF [93] or the Unscented Kalman Filter
(UKF) [94].

However, as previously discussed in Section 2.2, factor graph optimization achieves superior
performance compared to EKF or UKF when it comes to the fusion of SLAM and IMU data.
This also applies to the integration of GNSS, as suggested by the experimental findings of [95].
The EKF struggles with outliers and linearization errors, particularly when vehicle poses rely
on noisy GNSS data. A multi-state constraint Kalman filter [96] can help mitigate these issues,
as demonstrated in [97], but does not fully exploit historical data. In contrast, formulating
the problem as a factor graph allows for greater use of independent constraints and enables

re-linearization with past states during optimization [98].

Wen et al. [95] highlighted the advantages of a tightly coupled GNSS integration approach. This
method directly incorporates raw measurements, such as pseudoranges and Doppler frequency
shift. Recently, tight coupling has been applied in the Kalman filter framework to integrate GNSS
with LiDAR [97] and in graph optimization to fuse IMU [99], visual SLAM [100], and LiDAR
SLAM [101] with GNSS raw measurements. However, the LIDAR SLAM algorithm in [101] is
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not suitable for large-scale urban scenarios and relies on a custom hardware configuration for

pre-integration of inertial data.

In contrast, loosely coupled methods rely on the position of the vehicle provided by the GNSS
receiver. Optimization-based GNSS/LiDAR localization systems, such as [102, 103], use a loosely
coupled approach to integrate LIDAR SLAM components based on LOAM. However, both ap-
proaches depend on precise external corrections, as [102] employs RTK GNSS, whereas [103] relies
on Precise Point Positioning (PPP). Similarly, the LIO-SAM system [69] can loosely integrate

GNSS positions to enhance global consistency.

Although factor graph formulation efficiently represents large-scale NLS optimization problems,
it still assumes Gaussian sensor noise, which is not valid for Non-Line of Sight (NLOS) GNSS
measurements. To address this, [104] introduced a technique for estimating GNSS measurement

covariance by using a Gaussian Mixture Model to detect non-Gaussian outliers.

2.3.3 GNSS applications in public transportation

GNSS is widely used for vehicle monitoring in urban traffic [105, 106], including bus tracking [107]
and analyzing driver behavior to detect unsafe actions such as speeding or sudden braking [108].
One of the primary advantages of GNSS is the affordability of the receivers, particularly when
compared to alternative sensors such as LIDAR or cameras. Additionally, GNSS systems provide
latitude and longitude coordinates within a global reference frame centered on the Earth, such
as the World Geodetic System ’84 (WGS-84). This ensures that the GNSS coordinates remain

independent of the receiver position during startup and initialization.

In recent years, research on public transportation has increasingly focused on sustainable solu-
tions, particularly electric buses. A comprehensive review of advancements in this field can be
found in [109]. Although efforts are being made to develop autonomous buses [110], Advanced
Driver Assistance System (ADAS) [111, 112] play a crucial role in enhancing safety and efficiency,

especially in environments where full automation is not yet feasible.

In particular, urban environments pose challenges for accurate GNSS localization due to signal
reflections and limited satellite visibility [113]. To improve positioning accuracy, researchers
investigate GNSS-based enhancements [106]. Although aeronautical GNSS integrity methods
are being adapted for urban environments [114], they require high data redundancy, which is
often unavailable due to multipath effects and NLOS signals. Consequently, RAIM algorithms

relying solely on GNSS pseudoranges are ineffective in such conditions.

As previously discussed, an alternative to relying solely on satellite-based localization is to inte-
grate GNSS with pose estimates from exteroceptive sensors using fusion techniques [115]. This
approach can involve leveraging omnidirectional vision [116] to improve satellite visibility, as
well as utilizing multiple GNSS constellations (e.g., GPS, GLONASS, Galileo, and Beidou) and
frequency bands. Additionally, modern GNSS receivers can extract raw measurements, such as
pseudorange, Doppler shift, and carrier phase, to refine position estimates by modeling specific
errors [117].
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Although multi-sensor localization systems can address GNSS degradation caused by poor satel-
lite visibility, multipath effects, or signal attenuation, they often come with significant drawbacks,
including high sensor costs and increased computational complexity. In certain scenarios, a more
practical solution may be the use of differential techniques, such as RTK GNSS [118, 119], which
significantly improves accuracy compared to standalone GNSS methods and provides reliable

localization in urban environments.






Chapter 3

Efficient map representations

3.1 Introduction

Accurate and consistent 3D reconstruction plays a crucial role in robotics, augmented and vir-
tual reality, infrastructure inspection, and environmental monitoring. Modern 3D LiDAR sensors
capture millions of points per second, making it possible to map large-scale environments with
high detail [10]. However, ensuring global consistency in these maps requires precise scan align-
ment into a unified model that remains accurate, scalable, and robust against noise. BA is the
gold standard for 3D reconstruction, as it jointly optimizes sensor poses and structure to achieve
globally consistent results [120]. This technique is particularly effective in visual SLAM, where
dense, structured image data provide rich visual cues for feature matching and correspondence es-
timation [121, 122]. However, LiDAR-based systems present unique challenges, including sparse
and irregular data distributions and the absence of visual cues, making feature extraction and

efficient map representation more difficult.

Moreover, in LiDAR-based SLAM, the choice of map representation is crucial for balancing
accuracy, computational efficiency, and memory usage. Different representations are suitable
for different applications, depending on factors such as the complexity of the environment, the
required level of detail, and the available computational resources. Traditional approaches often
rely on dense point clouds, which, while highly detailed, lead to significant storage requirements
and computational overhead, particularly in large-scale or long-term mapping scenarios. At the
same time, extracting salient point features from point clouds is computationally demanding and

susceptible to inaccuracies due to range measurement uncertainties [33].

To enhance efficiency, various structured and feature-based representations have been developed,
enabling more compact storage while preserving essential geometric information for localization
and mapping. This chapter presents two approaches to processing LiDAR point clouds: one
focuses on extracting higher-level geometric features, such as line segments and planar patches,
while the other utilizes surfels. In both cases, these spatially extended features aggregate numer-
ous points, making them more resilient to range measurement errors, as points that do not fit

any feature can be discarded early in the processing pipeline. Moreover, SLAM system utilizing

19
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higher-level features is expected to have improved accuracy because they offer additional geomet-
ric constraints compared to point-to-point correspondences typically used in methods processing

raw point clouds.

In LiDAR SLAM, nonlinear optimization is commonly utilized for iterative registration of succes-
sive scans or aligning new scans with an existing map. However, the volume of data produced by
modern LiDARs makes it impractical to use raw points as nodes in a factor graph. In contrast,
geometric representations can be leveraged in optimization frameworks to simultaneously refine
both the trajectory of a robot and the map. Therefore, the appropriate map structure can make
methods such as BA feasible for LIDAR SLAM, similar to its application in visual systems [120].

3.2 LiDAR SLAM using high-level planar features

To address these challenges, the PlaneLOAM system was developed, as described in this section.
It is a LiDAR-based SLAM system that leverages higher-level geometric features by grouping
raw point cloud data into basic geometric forms. Instead of relying solely on individual points,
this system represents the environment using planar patches and line segments, which are linked
to the robot’s trajectory through observations. This structured representation enables the con-
struction of a factor graph that incorporates constraints derived from sensor motion and feature

observations.

To improve long-term mapping accuracy, a loop detection mechanism based on SegMap [52] was
integrated, which learns robust descriptors from segmented point clouds. These descriptors allow
the system to recognize previously visited locations, adding new constraints to the factor graph.
By establishing connections between previously unrelated features, this approach enhances con-
sistency in large-scale mapping. In contrast, the method in [44] relies on geometric tests to
determine planar feature similarity, which is more susceptible to errors caused by trajectory

drift, viewpoint changes, and occlusions compared to the learned descriptor-based matching.

While PlaneLOAM introduces novel features, a new map representation, and an optimized pro-
cessing pipeline, its core architecture remains similar to the LOAM system [34]. Like LOAM,
this method combines real-time scan-to-scan pose estimation (odometry) with a slower but more
precise scan-to-map localization approach. Previous research [35] demonstrated the effective-
ness of this new mapping framework and evaluated its improvements in trajectory estimation
accuracy compared to LOAM. Building upon that framework, a new version was developed that

incorporates loop closure detection and map optimization using high-level features.

As mentioned above, the PlaneLOAM system builds on the steps used in LOAM by splitting
the calculation process into the odometry and mapping modules and enhancing the functional-
ity of LOAM with the integration of a loop closure module. The block diagram showing the
PlaneLOAM architecture is presented in Figure 3.1, while the following subsections describe in

detail each module of the system.
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Ficure 3.1: Block diagram showing the PlaneLOAM architecture. Blocks with red dotted
borders show no substantial changes when compared to LOAM.

3.2.1 Odometry

In the odometry thread, PlaneLOAM operates similarly to the LOAM algorithm, with minor
adjustments to support various 3D LiDARs. Firstly, the newly acquired point cloud is analyzed
to extract sets of points that are classified as either planar or linear. Subsequently, these points
are paired with the nearest points of the equivalent type (planar or linear) from the previously
acquired point cloud. The matching process is conducted using the Euclidean distance between
points of the same category, incorporating a straightforward sensor motion prediction model.
For real-time performance, efficient kd-trees are utilized to accelerate the matching process.
Constraints for the optimization problem, whose goal is to determine the pose estimate, are es-
tablished by using the matches between points from successive point clouds. Although matching
is done on a point-to-point basis, the optimization constraints rely on point-to-line and point-to-
plane distances. Similarly to LOAM, at each step, equations for lines and planes are computed
dynamically from the set of the five closest points in the previous point cloud. The steps for
matching points and pose estimation are carried out repeatedly until the optimization reaches

convergence. Consequently, the optimization problem in the odometry step can be expressed as:
T,;* = argmin E f(pj,t;, Ti) + g g Pk, te, Ti) |, (3.1)
T, ,
i j k

where f (p;,t;, T;) denotes the point-to-line distance for a point p; at its corresponding acqui-
sition time t¢;, counted from the start of the scan, g (px,tr, T;) represents the point-to-plane
distance for point py at its corresponding acquisition time ¢, also counted from the start of the

scan, and T;* represents the pose estimate.

In contrast to global shutter cameras, LIDAR systems perform measurements point by point or
in a small group of points. Therefore, when the sensor moves, each measurement in a complete
scan is collected from a distinct pose. In order to obtain accurate estimates, it is essential to
transform all measurements to a single reference frame by accounting for the LiIDAR motion.
In this work, the end of the scan was chosen as the reference frame for the LiDAR and the

points were transformed accordingly. Assuming the velocity remained constant throughout the
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scan, the transformation from a point p™ defined in the LiDAR reference frame at the time of

e

measurement to a point p® in the reference frame at the end of the scan can be calculated as

follows:

ts — 1
p° = exp { ; log TS} p™, (3.2)

S

where t; denotes the time of the i-th measurement with respect to the start of the scan, tg
represents the total duration of the scan, and T, specifies the transformation that maps the
point from the beginning to the end of the scan. The operators exp and log map between
rigid-body transformations in the Lie group SE(3) and their corresponding twists in the Lie
algebra se(3). The exponential map (exp) converts an infinitesimal transformation in se(3) into
a finite transformation in SF(3), while the logarithmic map (log) performs the inverse operation,

extracting a twist from a transformation matrix in SE(3).

The transformation is determined by using the LOAM odometry, where ¢, is set to 0.1s for all

LiDARs referenced in this work, while ¢; varies depending on the sensor type:

e Velodyne HDL-64E:

L QSZ - ¢s
=S, (3.3)

where ¢; denotes the horizontal angle for the i-th measurement, ¢ represents the horizontal

angle at the beginning of the scan, and ¢, is the horizontal angle at the end of the scan

e Sick MRS 6124: 1/6] - &

where [; represents the index of a scanning ring, counted from the top.

e Quster OS1-64:

_ Li/64]
t; = mts, (3.5)

where ¢ is an index of the measurement.

3.2.2 Mapping

The LOAM system classifies registered scan points as linear or planar points, which are utilized
for optimization in both odometry and mapping steps. However, these points do not create
higher-level features, as they are maintained as unordered point clouds for both categories.
When needed, the five nearest points of a particular type from these combined point clouds are

utilized to create a constraint.

The proposed PlaneLOAM implements an alternative map representation that aggregates points
into high-level features. This method does not restrict the number of points, allowing a single
feature to represent large objects, like a wall of a building or a road surface. Figure 3.2 illustrates
a conceptual comparison of a wall representation in PlaneLOAM with the one in the original

open-source LOAM implementation.
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Ficure 3.2: A conceptual comparison between the high-level planar feature in the
PlaneLOAM system (left) and the cloud of planar points in the LOAM system (right).

Map representation

The map generated by PlaneLOAM consists of both linear and planar features, however, the
presented approach affects mostly planes, since they tend to create large structures, regardless
of the surrounding environment. Figure 3.3 illustrates a diagram of the structure of the stored

map.

Planar feature (1) Planar feature (N)
Planar features - vector of points LB I I - vector of points

- parameters of plane equation - parameters of plane equation

- planarity - planarity

Linear feature (1)

- vector of points

- parameters of line equation
- linearity

Linear feature (N)

- vector of points

- parameters of line equation
- linearity

Linear features

Ficure 3.3: A diagram illustrating the organization of a stored environment map, which
includes lines and planes that form high-level features.

Initially, each planar feature 7 is generated using five nearby points collected from one LiDAR
scan. Its equation 7 = (n,,d,) is four-dimensional, with n,, representing the unit length normal
vector of the plane and ny denoting the distance from the plane to the origin. For simplicity,

this equation is often referred to as the plane equation and meets the condition:
p-n;+d; =0 (3.6)

for every point p on that plane. The normal vector n, is determined through Principal Com-
ponent Analysis (PCA) of a given feature’s covariance matrix and is defined as the eigenvector
associated with the smallest eigenvalue. The covariance matrix is determined relative to the
centroid of a specified feature and quantifies the dispersion of all points associated with that
feature. To represent the line segments A = (14,1,,), the six-dimensional Pliicker coordinates
are used, where 1; denotes the direction of the line and 1,, denotes the moment of a line, both

expressed in the global frame. The direction of the line 1; is initially determined by two points,
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p1 and po, as given by the equation:

P2 — P1
= P27 P1 3.7
b2 —pil 3.7

The moment of the line 1, is calculated as:

1, — P1 X P2 (3.8)

~lp2 —pull’
Depending on the size of the feature, p; and po are either two actual points or two synthetic
points selected to be on the line in the direction of 14, which is the eigenvector associated with

the highest eigenvalue obtained from PCA.

The parameters of both the plane and the line are adjusted each time new points are incorporated
into the feature, but this occurs only as long as the number of points remains below 30. Beyond
this limit, the equation parameters that describe the feature stay fixed. Every feature retains
additional information, including its centroid and the covariance matrix of points, which were
also determined during the equation computation. Additionally, each feature is associated with
coefficients that indicate either planarity or linearity (depending on the type of feature), which
is used as an indicator of its quality. Planarity and linearity, represented by py, indicate the
percentage of points that lie within a certain proximity to the feature, specifically less than 0.2 m

in the proposed system. This percentage is determined using the following equation:

where Ny o2 denotes the number of points located within a 0.2 m radius from the line’s or plane’s
center, and Ny represents the total number of points in the chosen feature. That coefficient is
used to determine the validity of a particular feature and to assess the dispersion of the points.
The value of the parameter p¢, and consequently the quality of the feature, can potentially be
enhanced by removing points that are further from the plane or line than a specified threshold.
All generated features are processed through a series of steps that include creation, updating,
deletion, and merging. The block diagram shown in Figure 3.4 illustrates the life-cycle of the

high-level features.

Create planar/ Update feature Delete selected Merge similar and

linear features parameters features overlapping features

FIGURE 3.4: The processing pipeline of the developed system involves the creation, updating,
deletion, and merging of features.

Creating features

The initial stage of the processing pipeline involves generating planar and linear features from the
points registered in each scan. To form a plane, five nearby points are identified, and the plane
equation is derived using their coordinates. While it is feasible to establish a plane equation

with just three points, using more points enhances accuracy and decreases the likelihood of
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generating invalid features. As the planar equation has predetermined parameters, every newly
incorporated point must conform to the model dictated by these parameters, within a specified

tolerance. The algorithm for adding points to the features is presented in Figure 3.5.

Single Searching for Searching for Checking . .
point three closest closest point in matching A?g'fl%t%?gt
features each feature certainty

FIGURE 3.5: Steps taken to match a single point with an existing feature.

At first, for each new scanning point, the point-to-plane or point-to-line distance to the three
closest features is determined, and the system attempts to match that point to one of these

features. The point-to-plane distance is determined by following equation:

d, = f (paTi) = H (Tip) "Ny + dﬂ'||7 (310)

where p represents a vector for the considered point, and T; represents i-th pose (transformation
from the local to the global coordinate system). For linear features, the distance from a point

to a line is determined as

dn =g (p,T;) = |[(Tsp) x1g — L ||. (3.11)

The algorithm initially discards any features beyond a distance of 0.6m and then selects the
three nearest features. The next step involves identifying the shortest point-to-point distance
between the given point and the points associated with these features. The distance should be
less than 0.7 m, preventing the inclusion of points that coincidentally meet the feature’s equation.
Finally, the algorithm verifies whether there is more than one feature that satisfies these criteria.
In such a scenario, it computes the ratio of point-to-point distances to determine if any of them

is notably smaller, according to the equation:

del
deQ

<0.7, (3.12)

where: d.; and d.o represent the distances from the specified point to the nearest points in the
first and second closest features, as illustrated in Figure 3.6. If the aforementioned equation is not
met, the considered point will not be added to any of these features to avoid reducing the accuracy
of the localization estimate due to potential incorrect correspondences. All these conditions need
to be fulfilled in order for a new point to be added to the map. The initial condition guarantees
that each point associated with a particular feature comply with its equation. The second
condition prevents the creation of features that have an inconsistent density of points, while the

last condition ensures that the matching process was carried out properly.
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Ficure 3.6: Distance to the closest feature along its normal (d,), distance to the nearest

point in the closest feature (de1) and the distance to the nearest point in a second closest

feature (de2) taken into account when adding a point to the current planar (A) and linear (B)
feature.

If the conditions previously stated are not met, a given point can still be associated with the
feature that contains fewer than 5 points. In such a case, the considered point only needs to be
within 1 m of any of these points. If that condition is not satisfied as well, a new plane feature is
generated, to which additional points may be added as the rest of the scan is processed. Thanks
to this approach, new features are generated only when a particular point does not align with
any currently existing one, resulting in a map that contains larger features. It is important to
mention that the specified parameters were established through several simulation tests, selecting

values that minimize localization error.

Updating and deleting features

As modern LiDARs can generate tens of thousands of points in just one scan, it is essential to
decrease the number of features stored in the map. To achieve this, features that are coplanar and
colinear are combined, and features that are too small are removed after each scan is processed.
To further enhance the system’s performance, a voxel grid filter is applied to reduce the number

of points in each feature. The process for updating all features is shown in Figure 3.7.

Validating

Features | | applyi Deleti I Deleting invalid
pplying voxel ; eleting sma eleting invali
grid filter 2 /a(7ar/ ty_ and features features
linearity

FiGure 3.7: Block diagram showing steps for updating existing features and removing those
that are too small or invalid.

Initially, the algorithm iterates through all the features to identify planes containing fewer than
5 points and lines with fewer than 3 points. These features are scheduled to be removed because
they contain only a few points and their equations have not been calculated yet. The subsequent
step involves applying a voxel grid filter to each feature. Afterwards, the algorithm verifies the
validity of all remaining features. To accomplish this, it employs pre-determined planarity and

linearity parameters based on Equation 3.9. The threshold for determining the validity of a
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feature is set to 80%, and any feature that does not meet this criterion will be removed. The

removal of chosen features is performed once after the completion of the update step.

Every time a new scan is obtained, the plane and line features are extracted and added to a
map. This means that the number of current features keeps growing with each scan, despite
the deleting and merging steps. This leads to a progressively increasing computation time re-
quired for assigning new points to existing features and finding correspondences between points
and features during pose optimization. Thus, it became crucial to develop a solution enabling
PlaneLOAM to operate on long sequences in real-time. This was achieved by choosing features
that were not used during the optimization process and setting them as inactive. These features
are not considered when assigning new points and during subsequent optimization, although
they are stored in the map structure. A similar approach to this solution is employed in LOAM,
which segments the map into cubes and eliminates points that fall outside the scanner’s range
during the search for point matches. In the case of PlaneLOAM, the inactive features are stored

to enable the loop closure detection, as detailed in Section 3.2.3.

Merging features

The final step in the map processing pipeline employed by PlaneLOAM involves merging features
that are coplanar and colinear. To merge two planes or lines, it is essential to confirm that they
overlap and to verify if the resulting feature also will be valid. Figure 3.8 illustrates the block

diagram presenting the procedure for merging two features.

-
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F1cUrE 3.8: The process of merging two features based on angle, matching error, and distance
between them.

The initial step in merging planar features involves computing the angle o using the following
equation:

Q= arccos <nﬂ1n”2> ) (3.13)
[ ]| - 02|

where n, ; represents a normal vector of the i-th plane. In the case of linear features the equation
is expressed as follows:

a = arccos (141 - 1g2) , (3.14)

where 14; represents the normalized line direction. The upper limit for the angle between them
is set to 10°. If this condition is satisfied, point-to-plane (or point-to-line) distances d,,; between
points from the first feature and the plane (or line) of the second feature are used to compute
the mean residual error. A similar error is determined by using the distances measured between

the points of the second feature and the equation of the first feature. These errors are calculated
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with the following formulas:

1
= =Y du i=1.N 3.15
TN, ' f1 (8.15)

1 .
g9 = N de, i=1..Npy (3.16)

To continue the merging process, the values of these errors must not exceed 0.1 m. Figure 3.9A
provides a visualization of the angle « considered during merging together with the distance d,,;

used to compute the matching error.

The subsequent step is to find the minimum point-to-point distance d. between two planes (see
Fig. 3.9B). To proceed with the merging, it must be less than 1 m. This ensures that two features
overlap or are in proximity to one another. For lines, all specified distances are illustrated in
Figure 3.9C.

A B

C

FIcURE 3.9: The angle () between two planes and example point-to-plane distance (dy;) (A),

distance d. between two points on the planes considered for merging (B), angle « between two

lines, an exemplary point-to-line distance d,; and the distance d. between any two points on
the lines being matched (C).

If all of the previously mentioned criteria are met, the final step is to check if the newly created
feature is valid. This is achieved by determining the planarity or linearity of that feature. If the
value exceeds 80%, it indicates that merging can be executed. Otherwise, the process of merging
is discontinued, as it would result in an invalid feature that would subsequently be removed in

the next iteration.

Pose estimation

In both LOAM and the developed PlaneLOAM, the estimation of the pose within the mapping
process relies on the point-to-line and point-to-plane distances. However, the distinction lies in
the fact that PlaneLOAM matches the chosen linear and planar points from the latest point
cloud to the globally consistent map of the high-level features. The optimization problem in this
case is presented in Figure 3.10. Each high-level feature includes information about its equation

as well as the list of points associated with it.

A key difficulty with employing a map consisting of high-level features lies in quickly matching
new points to the increasing number of features stored in the map to enable real-time perfor-
mance. Thus, when matching a point to map features, the system initially identifies the nearest
point using efficient kd-trees and subsequently obtains the ID of the high-level feature associated

with this point. Consequently, the PlaneLOAM concurrently handles two types of environment
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map: one using points, similar to LOAM, and another relying on high-level features. Identify-
ing point-to-feature correspondences through point-to-point matching is crucial for developing a

real-time operational system.

In the PlaneLOAM system, the verification of correspondence between a point and a map feature
follows a methodology similar to that described for the creation of features in Section 3.2.2. The
main difference are the values of the chosen parameters. The distance to an existing plane or
line (d,,) should be less than 0.2m or 0.4 m accordingly. Additionally, the distance to the nearest
point within the feature (d.;) must be below 0.2m, and the distance to the nearest point in the

next nearest feature (d.2) must exceed 0.7d,;.
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Fi1cUure 3.10: In PlaneLOAM, the pose T; is determined by solving the optimization problem

through the use of the point-to-plane (f(7;,T;)) and point-to-line (g(Ax, T;)) constraints.

The parameters of the observed features are constant throughout the optimization process. In

comparison to the LOAM method, the parameters for each feature are explicitly stored within
the map.

—— Observation

In the mapping step, the optimization problem can be expressed as follows:
T,;* = argmin g fmj, Ts) + g g(Ae, Ti) |, (3.17)
T; ,
i j k

where f(m;,T;) is the point-to-plane distance while g (Ax, T;) represents the point-to-line dis-
tance. In contrast to the odometry stage, all the points have an identical timestamp, as they are
transformed to the end of the scan. This eliminates the need to consider the acquisition time
of each individual point for computation purposes. Additionally, in PlaneLOAM, the parame-
ters for the plane and line equations that are used to calculate the cost functions (f (;,T;) or

g (Mg, T;)), are saved in the high-level features.

3.2.3 Loop closure

The loop closure module is divided into two main parts: loop closure detection and update of
the information stored in the PlaneLOAM system. The update can be executed using either
the pose graph representation or optimization on high-level features. The subsequent sections

provide a more detailed explanation of the proposed approach.
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Loop closing detection

Detection of loop closure is accomplished through the Segmap [52] system. This system pro-
cesses LiDAR scans that have been motion compensated using PlaneLOAM to construct a map
of segments, where each segment has an associated descriptor. Subsequently, these segments are
aligned between the existing local map and the global target map to identify locations that have
been visited before. Once segment correspondences are found, Segmap calculates a transforma-
tion between the sensor’s position in the local map and its position during the previous visit.
This calculated transformation is later used as a constraint in the factor graph. Figure 3.11

illustrates an example map generated by Segmap along with the segment matches.

Ficure 3.11: Utilizing the SegMap method for detecting loop closures within sequences from

the MulRan dataset (A, B). Local maps of semantically segmented point clouds, represented

in various colors, are matched against a global map of point cloud segments displayed in white.

Identical regions are depicted as maps of high-level features (C, D), with orange indicating

planar patches for the ground plane and approximately vertical features represented in yellow
for larger walls and cyan for smaller planar elements.

In order to achieve accurate transformations,the geometric consistency grouping distance thresh-
old is set to 0.5m and a minimum cluster size to 8 (refer to [52] for more details). In order to
prevent incorrect loop closures, the system applies the distance and cluster size criterion once
again and improves the transformation using a point-to-plane ICP technique. The calculation
of the global mapping trajectory uses only ICP factors, excluding odometry factors. It is im-
portant to note that the deep neural network used to generate the descriptors for the segments
was trained on a different dataset (KITTI), which uses a different kind of LiDAR (Velodyne
HDL-64E vs. Ouster OS1-64) and was recorded in a different environment.

Pose graph optimization

The outcome of the odometry and mapping processes provides a pose estimate for the latest
sensor scan, which extends the length of the entire trajectory. In LOAM, after the mapping

thread completes the scan processing, the estimated pose remains unchanged. In PlaneLOAM,
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whenever the SegMap module detects a loop closure, all prior sensor poses are updated. In the
proposed approach, the standard factor graph representation is used, where each sensor pose is
depicted as a node. At the same time, the relative transformations between consecutive poses are
modeled as edges linking the corresponding nodes, as presented in Figure 3.12. When SegMap
identifies a new loop closure, it adds a new relative transformation connecting the relevant nodes
in the graph. In the optimization process, the objective is to obtain new pose estimates that

minimize the following error:

argmin [ h(Ti, Tip1)Q i1 h(Ti, Tia) + > h(Tig1y, Tugiz) Ui M TGy, Tuge) | (3.18)
- ,

Tq,..., Ty P

where Ty, ..., T,, are the optimized poses, h(T;, T;;1) denotes the error between the i-th and
(i + 1)-th poses obtained from the mapping step, and h(Ty(; 1y, Ty(j2)) is the error for the j-th
loop closure, specified as the error between the [(j, 1)-th and I(j, 2)-th poses associated with that
loop closure observation. The €; ;11 and §2;(;) represent the 6x6 diagonal information matrices
for factors connecting subsequent poses and those arising from loop closures. Their values were
tuned experimentally to minimize the trajectory estimation error. In pose graph optimization,
observations of features are not directly used, but they make it possible to determine the pose-

to-pose constraints in the graph.
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FIGURE 3.12: In PlaneLOAM, pose graph optimization is conducted with pose-to-pose con-

straints that come from the mapping process and link successive poses. Loop closure con-

straints connect non-consecutive poses and are determined via segment-based loop closure

detection. The features in the map are excluded from optimization, as their observations are
integrated into pose-to-pose constraints.

Loop closure based on map features

The approaches used in visual SLAM indicate that optimal accuracy is achieved through joint
optimization of sensor poses and features through BA [120]. In PlaneLOAM, a system to execute
a global BA was developed, enabling the optimization of all recorded poses and feature param-
eters to obtain the most precise trajectory estimate (see Fig. 3.13). In the proposed system,

global BA is conducted exclusively after the detection of loop closure.

The system receives a relative transformation between two sensor poses from the SegMap module,
which serves as initial data for loop closure factors. However, the objective is to leverage the

feature-based structure of the map to enhance the accuracy of this initial transformation. Thus,
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when evaluating two poses A and B matched via SegMap, the system initially identifies the
plane and line features visible from these poses, denoted by F4 and Fp. Subsequently, using the
SegMap relative transformation, the points in the features F4 are matched by associating them
with the features Fp. This matching procedure is performed in a manner similar to the mapping
step. Consequently, an optimized transformation linking the poses A and B is obtained, which

is then used in the loop closure pipeline.

O optimizable
A~
fe(zrant:g:;s —— observation
loop closure
observation
m optimization factor
poses
(trajectory)

Ficure 3.13: Global optimization leveraging pose-to-feature constraints to refine both the

pose estimates (T;) and features (m;, \x) stored in the map. There are no edges between

poses, as the constraints coming from mapping and loop closure module are incorporated
directly through the merging of corresponding features from re-visited locations.

It is mainly used to merge high-level map features that represent the same physical plane or
line but have been assigned different IDs as a result of a system drift. After the features are
merged based on the previously specified rules, the BA optimization is performed to minimize

the following cost function:

argmin Z Z f(ﬂ'i,Tj)Qi,jf(ﬂ'i,Tj)—l—Z Z g (N, T5) 2459 (N, Ty) |, (3.19)

KoFm:Fx \i=1 jeFq i=1 jEFA

where IC, F, F, represent the optimized sensor poses, planes, and lines, respectively, F ; and
F,i are the sets of indices for all planes and lines that are visible from the i-th pose of the sensor,
f(m;, T;) and g (A, T;) are the error function for measurement between the i-th plane or line
and the j-th pose, and ; ; represents the information matrix for pose-to-feature factors. €; ;
is defined as a 3x3 diagonal matrix for pose-to-line constraints and a scalar for pose-to-plane
constraints, with the values determined experimentally. Throughout the optimization process,
the parameter sets for sensor poses, plane equations, and line parameters are jointly refined to

minimize the overall error of the system.

Plane representation for optimization

In order to incorporate the parameters of the planes and lines directly into the optimization
process, the features must be expressed using their minimal representation, and the Jacobians
for the parameters need to be well defined. Thus, during the optimization process, the parameters
associated with planes and lines are converted to minimal representations, and once optimization
is finished, the results are reverted to their initial form to allow for the update of the map. The
following paragraphs provide a more detailed explanation of the minimal representations utilized

for both planes and lines.
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In PlaneLOAM, the planes are characterized by a four-dimensional vector expressed as [n7r dﬂ} ,
where n, represents the normal and d, denotes the distance from the origin of the coordinate
frame. The minimal representation for the plane is three-dimensional due to the normalization
of its normal vector. To create a minimal representation, the concepts described in [123] are em-
ployed, where exponential and logarithmic functions project elements from (n-+1)-dimensional

spheres onto n-dimensional tangent hyperplanes. Based on this concept, the plane normal

T
(nw3x1 = [nl N ’I’Lg] > is considered as an element of the S? unit sphere and can be mapped

T
to a point on the tangent hyperplane <[Wa; wy} >:

6 = acos(ng), (3.20)
0 0
Wy = —n2m7 Wy = nlm, (321)

T

where [ww wy] represents the plane normal n,. Consequently, from the initial four-dimensional
representation (n.,d,), the minimal three-dimensional representation (ws,wy,d-) is obtained.
Using these equations allows for the calculation of the analytical Jacobian corresponding to each

element of the proposed representation.

This spherical transformation has two particular cases that must be addressed. The first of them

is when @ — 0, which requires a series expansion of %. The other case occurs when 6 — T,

which can be avoided by replacing the specified plane with the equivalent one where n, = —n,
and d!. = —d,.

T
After optimization, the original 4D representation (nﬂ = {nl N9 ng} ,dﬂ> can be obtained

using the exponential map that transforms it from the tangent hyperplane back to the S? group:

0=\ wi+w? (3.22)

ng = cos(h), (3.23)

Minimal line representation

In PlaneLOAM, lines are expressed using 6-dimensional Pliicker coordinates [ld lm}, where 1,
denotes the line’s direction and 1,,, represents its moment. These three-dimensional components
are orthogonal to each other. To ensure consistency, the direction of the line 1; is maintained in
a normalized form with its first component being non-negative, that is, 1;(0) > 0. To create a
minimal representation, the concepts of [124] are employed, which make use of the properties of

the SO(3) group. This method encodes the line’s parameters as a rotation matrix:

L, 1;x1,
ll” 1l

— |1, (3.24)

and subsequently calculates the representation using Lie algebra:

w =1log (R), (3.25)
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where log(+) is the Lie algebra (so(3)) representation of R. As a result, w encodes both the
normalized direction and the normalized moment of the line. In order to recover the initial
line parametrization, the line moment length is kept as the fourth parameter (m; = ||1,,]|). In
summary, the initial representation (lg, 1y )ex1 is transformed into its minimal form (w,m;)4x1,

taking into account three special cases:

e |w|| = 0 - in such a case, a series expansion of % is used,

o ||w| — 7 - this problem is circumvented by conducting the computation with an equivalent

Pliicker representation (lq" = —1gq and Ly," = —1y,),

e |[I,|| = 0 - my is set to 0 and then the conversion is performed with the new unit vector
l,,,, which is orthogonal to 15. Since m; = 0, the arbitrary choice of 1,,, has no effect on the

Pliicker coordinates derived from the minimal representation.

After optimization, the original six-dimensional representation can be obtained with:

(3.26)

oS = O

1
l; = exp(w) |0] , 1 = myexp(w)
0

where exp(-) calculates the SO(3) group representation using the so(3) Lie algebra element.

3.3 Bundle adjustment of surfel-based map and poses

This section presents the proposed approach to 3D LiDAR BA, called MAD-BA, which simulta-
neously optimizes both the map and the poses to maintain geometric consistency and accuracy.
The method operates directly on 3D point cloud data using surfels, which are compact, disk-like
elements that effectively represent surface geometry and provide an alternative to the high-level
geometric features. The block diagram illustrating all the main processing steps of the developed

system is presented in Figure 3.14.

3D scans Creating kd-trees Data association Optimization of

(creating surfels) poses and surfels Surfel map
VAW , AL
Transforming
Initial trajectory

Optimized trajectory
Ficure 3.14: Block diagram of the proposed system. The input consists of 3D scans and an
initial trajectory, while the output includes the surfel map and the refined trajectory. The key
steps are: kd-tree construction, data association, optimization, and updating the kd-trees.

The following subsections present the methodology, covering surfel-based scene representation,
efficient data association using kd-trees, and the optimization process to refine both poses and
surfels. The optimization employs the Levenberg-Marquardt (LM) algorithm and the cost func-

tion designed to minimize geometric errors through a LiDAR uncertainty model.
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3.3.1 Creating kd-trees

The initial stage of the processing pipeline involves converting each input point cloud C; into a
kd-tree 7;. Each kd-tree 7; includes multiple leaves | = (p;, n;) that contain a small subset of

the point cloud. The leaf of a kd-tree is defined by the mean point p; € R? and the surface
normal n; € R3.

The process of creating kd-trees is recursive and starts by computing the mean and the covariance
matrix of the given point cloud, followed by extracting the eigenvectors W = |wy, w; Wz}
from the covariance matrix using PCA. The eigenvector with the highest eigenvalue wy is assigned

as the direction of the greatest variation, while the eigenvector corresponding to the smallest

eigenvalue wy is identified as the surface normal.

A subsequent step involves computing an oriented bounding box for a given point cloud, which
determines the minimum and maximum dimensions along each axis. If the largest dimension
of the bounding box is smaller than a threshold by,,x = 0.2m, indicating a compact cluster of
nearby points, the recursion is terminated. If the bounding box extends beyond this threshold,

the point cloud is divided into two subsets using the previously calculated mean value and

direction corresponding to the eigenvector ws, as presented in Figure 3.15.
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FicURE 3.15: The strategy of building kd-trees, which relies on identifying the axis of maxi-
mum variance using PCA to divide the point cloud into smaller nodes [23]. The splitting stops
when the size of the bounding box around the points in a node (marked with different colors)

is below the threshold bmax. In that case a node becomes a leaf of the kd-tree.

This splitting process is applied recursively to each subset, creating the left and right child nodes
of the kd-tree. In parts of point cloud with many points, this method provides reliable surface
normal estimates. However, in sparse regions where leaf nodes may contain only a few points,
normals can become less accurate. To address this problem, when the shortest dimension of the
bounding box corresponding to a given kd-tree node is less than a threshold by, its normal
is propagated to its children. This approach improves normal estimation for leafs with a small

number of points without increasing the complexity of the kd-tree construction.

The final step involves transforming the kd-trees to the global coordinate frame using the initial
poses provided as the input of the system. Importantly, this process does not modify neither the
structure of the kd-tree nor the relative position of the leaves, ensuring that it can still be used
for nearest neighbor search. As a result, kd-trees created from the input scans can be effectively

used for matching purposes using global coordinates of leaves, which is necessary to perform
data association step.
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3.3.2 Data Association

The problem is represented using dense surfels and poses derived from a LiDAR odometry or
SLAM pipeline. Each pose is represented as a homogeneous 3D transformation matrix T; €
SE(3), while a surfel s = (ng, ps,7s), is an oriented disk defined by its center point p, € R?,
surface normal vector n, € R?, and radius r, € R. Surfels are particularly effective for scene
representation because they allow efficient fusion and updates during BA. Moreover, they can
adapt well to structural changes caused, for example, by loop closures. Compared to voxel-based
methods, surfels capture thin surfaces and complex geometry more effectively. In addition,
surfels avoid the computationally intensive process of updating topology during optimization

unlike mesh-based approaches.

Surfels are generated before optimization and preserved only during a single iteration. This
approach ensures reliable data association, even if the initial poses are not accurate and far from
optimum. They are formed by associating multiple leaves from different scans. In this way,
they aggregate measurements of the same map region acquired from various poses. To associate
estimated surfels with the leaves, the previously described kd-trees are utilized [23]. For each
new LiDAR scan C;, a kd-tree 7; is constructed as a preprocessing step. This process generates
a data structure that encodes the plane segmentation of the point cloud and enables efficient
nearest-neighbor queries. The next step is to match all kd-tree leaves to the existing surfel set S.
A new surfel is generated if a leaf cannot be associated to any surfel. For a leaf [ to be matched

with a surel s, it must satisfy the following conditions:

it must be the nearest neighbor to one of the leaves already associated with the surfel s,

the Euclidean distance d. between the surfel center ps and the leaf mean p; should be

below 0.5m,

e the distance d,, between the surfel center p, and the leaf mean p;, computed along the

normal of the surfel ng should be lower than 1.0m,

the angle o between normals of a surfel n; and a leaf n; should be lower than 5°.

The visual illustration of the geometric criteria required to associate a leaf with a surfel is shown

in Figure 3.16.

A B C o)

° n
L ps pi

FIGURE 3.16: Geometric conditions required to match a leaf [ with a surfel s. It includes the
Euclidean distance between the surfel center and the leaf (A), the Euclidean distance along
the surfel normal (B), and the angle between their normal vectors (C).
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In the proposed method, a surfel must include at least two leaves from two different poses to
be considered during optimization. However, it is beneficial to gather as many measurements
as possible from various poses to better constrain the problem. An example visualization of
the measurements that were obtained from different poses and associated within a surfels is

presented in Figure 3.17.

FIGURE 3.17: Visualization of the measurements coming from different poses (scans) that
were associated to the same surfels. Figures (A) and (B) show examples for synthetic and real
scans, respectively. Each line connects the pose with the center of the observed leaf.

When a new measurement leaf is associated with a surfel s, its mean, normal, and radius are
updated. This is done by averaging the surfel centers ps; with the means of the corresponding
leaf points p; and averaging the surfel normals n, with the normals of the leaf points n;. The
radius 75 is set to the largest radius among the associated leaves to fully capture the variability
of the points. Given the sparsity of LIDAR data, this approach ensures that the surfel accurately
represents the local geometry, preventing gaps or inadequate coverage that could result in map-
ping inconsistencies. The result of this step is the surfel map, whose examples and comparison

with the point cloud is presented in Figure 3.18.

As noted previously, surfels are maintained for only one iteration, which means that the asso-
ciation process is repeated multiple times during optimization. However, the efficiency of the
kd-trees ensures that re-association can be performed quickly and reliably even in scenarios
with large-scale data. It ensures that nearest-neighbor queries are accurate and guarantee the
best surfel-leaf matches. Moreover, the PCA-based tree-building process minimizes the depth of
the kd-tree [125], making it suitable for such an application. The steps performed during data

associations are also presented in Algorithm 1, which complements this section.
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FIcURE 3.18: The comparison of the surfel map (A, B) with the point cloud (C, D). Surfels

provide an alternative representation of the 3D surfaces that is more robust and versatile

compared to standard points. Each surfel contain information about its normal vector (marked
with different colors), which is particularly useful for matching purposes and rendering.

Algorithm 1 Data Association
input: kd-trees {7}
output: surfel set S
local: list of leaves associations £
for 7; € {T} do
for 7; € {T} such that 7; # T, do
for I; € 7; do
A « {} > empty set of leaves associations
if 3A € £ such that [; € A then
else
A;.add(l;) > leaf does not match any surfel
L.append(A;)

l; + T;.nearestNeighbor(l;)
if A;.checkMatch(l;) then
A;.add(ly) > leaf-surfel match

S < createSurfels(L) > surfel creation/surfel normal update
return S

3.3.3 Optimization

The goal of BA is to jointly optimize surfels and poses. To minimize the cost function, the
proposed system uses the second-order LM method. The optimization process runs for a spec-
ified number of iterations or until convergence. During each iteration, both surfels and poses
are optimized together using an efficient Iterative Least Squares (ILS) solver [126]. Algorithm 2
provides a general description of the executed steps. In the case of poses, all 6-DOF are updated,
however, surfels are restricted to move only along their normal direction. This constraint pre-
serves the local surface geometry, reduces the optimization complexity by limiting the degrees

of freedom, and aligns with LIDAR measurement uncertainty, which is most significant along
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the surfel normal. In addition, it minimizes ambiguities in the data association step and ensures

stable map refinements.

Algorithm 2 MAD-BA
input: clouds {C;}, initial poses {T;}
output: surfel set S*, refined poses {T;}"

{Ti} < buildKdTrees({C;}) > construct kd-trees
for n € # iterations do
{Ti} « transform({7;},{T:}) > transform kd-trees
S « createMatches({7;}) > Algorithm 1
S*,{T:}" « optimize(S, {T;}) > optimize poses and surfels

The general idea of the optimization step is illustrated in Figure 3.19. The pipeline incorpo-
rates information about LiDAR measurement uncertainty along with the raw scans and input
trajectory provided by a LIDAR SLAM or odometry system. Using these inputs, the method
jointly optimizes both the poses and the map, leading to their refinement with each iteration. By
integrating LiDAR uncertainty directly into the optimization, the framework not only improves
the robustness but also enhances the overall consistency of the resulting trajectory and map.
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F1GURE 3.19: Pipeline of the optimization process. Starting with a trajectory estimated by a

LiDAR SLAM system, the developed method jointly refines the poses and map. It utilizes the

proposed uncertainty model to weight the optimization process. The two insets in the bottom

right corner qualitatively showcase the improvements in map quality achieved through this
approach.

LiDAR uncertainty model

LiDAR measurements are inherently noisy because of the varying environmental conditions. Ac-
curate modeling of range uncertainty enables the system to prioritize reliable measurements,
preventing optimization degradation, and ensuring meaningful contributions to BA [126]. How-
ever, existing uncertainty models developed for 2D LiDAR scanners [127] or airborne LiDAR

systems [128] do not generalize well across different LiDAR sensors and application scenarios.
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The shape of a LIDAR waveform is affected by sensor parameters, such as beam divergence,
and measurement conditions such as range and angle of incidence. As the range or angle of
incidence increases, the area intersected by the beam expands, resulting in a broader waveform.
Unfortunately, the methods used by LiDAR firmware to process waveforms and calculate ranges
are proprietary and generally undisclosed by manufacturers. Although it is intuitive that the
waveform peak is critical for determining the range, the way broader waveforms are interpreted
remains unclear. Additionally, commercial LIDAR systems typically output only processed point
clouds, without providing access to raw waveform data. This lack of waveform details restricts

the ability to analyze or model sources of measurement errors.

Beam divergence is a significant factor in various laser applications. In airborne LiDAR, for
example, long-range measurements can result in a laser footprint that covers multiple objects
within the vertical profile [128, 129]|. Simulating LiDAR with idealized assumptions limits the
ability of the training models to generalize to real data. To generate realistic scans from novel
viewpoints, a physically accurate sensing model is introduced in [130]. In [131], an optimal beam
shaping method is proposed to correct the intensity data, while [132] presents an analytical
formula that links the waveform and the features of the measured target. However, these studies

do not provide a general framework for estimating the uncertainty of measurement.

This work addresses this gap by contributing a method for estimating uncertainty and integrat-
ing it into a weighting optimization framework. The proposed approach is broadly applicable
and relies only on the beam divergence, which is typically specified in the LIDAR manufacturer’s
documentation. The technique incorporates optical simulation, where a beam (modeled as a
cone) is cast from the sensor’s origin toward the mean position of each leaf. The waveform corre-
sponds to the intensity of the beam echo measured over time. In practice, simulation discretizes
this function by casting multiple lines within the beam cone, as illustrated in Figure 3.20. This
process can be performed for each leaf immediately after its creation during the construction of
the kd-tree. Although the waveform exists in time, the simulation samples a set of N; ranges r;.

The standard deviation o; is then calculated using the following formula:
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F1GURE 3.20: The model of LiDAR uncertainty, showing a single LiIDAR beam simulated by
casting a set of sub-beams towards a leaf [ (left). The measurement uncertainty is represented
by a Gaussian distribution derived from the sampled ranges (right).
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Cost Function

The objective of the described method is to jointly optimize surfels and poses to achieve the
maximum geometric consistency, where each pose corresponds to a 3D LiDAR point cloud. Let
K represent the set of all poses, and S; denote the set of surfels with associated measurements in
pose T; € K. To robustly manage outliers, the Huber robust loss function pguper, parameterized
by pker, is applied to weight the residual e. As a result, the total negative log-likelihood can be

expressed as:

B(K,8)= > > e(Tis). (3.28)

T,eK s€Sk

The error term e(T;, s) represents a sum of the point-to-plane distances between the surfel center
Ps and the leaf mean p;, measured along the surfel’s normal n,; and transformed to the local

reference frame T;:

G(Ti,S) = Z PHuber (Ul_l(Ti_lns)T (Tz_lps - Tz_lpl7)) ’ (329)
JEAs

where o0y is the standard deviation of the LiDAR measurements calucated using Equation 3.27,

while A; is the set of all the leaf matches for the surfel s, determined as outlined in Section 3.3.2.

Surfel optimization

The normal vector of a surfel is not directly modified during the non-linear BA optimization.
However, the surfels are regenerated after each iteration of the described method. Firstly, this
process involves transforming the kd-trees according to the updated pose estimates. Subse-
quently, the data association step is repeated, creating new correspondences between leaves
from different scans. This incremental approach enables continuous refinement of the map and
mitigates issues related to finding invalid correspondences that can occur when the input pose
estimates are inaccurate. As described in Section 3.3.2, the normal vector of each surfel is calcu-
lated as the average of the normals of its leaves, which, in turn, are estimated during the creation

of kd-trees that are built only once during the first stage of BA.

After updating the normals n, through matching of kd-trees, poses and surfels are jointly opti-
mized using the LM algorithm. During this optimization, the movement of the surfels is restricted
to their normal directions ng, allowing the updated position of the surfel to be parameterized
as ¢sng + ps. This joint refinement strategy establishes fewer constraints and avoids disconti-
nuities that may arise when optimizing poses and structure separately. Despite the fact that
independent surfel optimization is quicker and allows parallel processing [133], the joint approach
provides better results by effectively capturing the relationships between poses and structure,

resulting in more accurate and consistent improvements.

Pose optimization

The updates of the poses d; are parameterized as local transformations in the Lie algebra

s¢(3). Consequently, the transformation T;, which represents the pose in the global reference
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frame, is incrementally refined using the operation T;exp(d7). This approach of parameterizing
updates in the Lie algebra ensures that updates to rotations remain well defined and free from
singularities [122]. This methodology is systematically applied to all poses represented within
the factor graph.

It is worth noting that the optimization of the poses not only refines the estimated trajectory but
also significantly improves the structure of the map, especially if the initial error of the poses is
substantial. This is caused by the fact that after each optimization, the kd-trees are transformed
according to new pose estimates, which increases the overlap of the leaves and underlying scan

points. The visualization of this effect is presented in Figure 3.21.

Ficure 3.21: The impact of pose optimization on aligning registered scans that are used

to construct kd-trees, visualized for both real (A, C) and synthetic data (B, D). Each color

represents points from a different scan. Figures (A, B) display the scans before optimization,

while Figures (C, D) show the improved alignment after optimization. The scan points are

displayed solely for visualization and are not utilized in the system pipeline after kd-trees are
created.

Although the primary enhancement achieved through this process lies in the refinement of the
pose estimates, surfels play a crucial role in ensuring accurate alignment. Moreover, as the evalu-
ation results show (see Sec. 5.2), this effect would not be possible if only poses were optimized, as
the joint optimization of surfels and trajectory yields the best results. In general, the proposed
approach incorporates multiple constraints between all poses, interconnecting them through sur-
fels, which significantly reduces drift and ensures global consistency. Furthermore, the outlier
rejection method that uses the robust loss function successfully handles spurious measurements
and helps achieve the best performance. An example showing how the surfel map is improved
through this LIDAR BA is presented in Figure 3.22.
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Ficure 3.22: Effect of trajectory and surfel map optimization. Figure (A) presents the surfel
map generated with the initial poses, and (B) shows the map after applying BA method.

3.3.4 Converting existing point-based maps to surfels

The described method for creating surfel maps can be applied to data from various sensors,
including LiDARs and RGB-D cameras. Moreover, it is also possible to convert existing point
cloud maps into surfels, extending the utility of previously captured data. An example of a surfel
map, converted from a point-based map created using the DJI Matrice drone and capturing the

campus of the Poznan University of Technology, is presented in Figure 3.23.

FIGURE 3.23: An example of a surfel map, generated by converting a point-based map of the

Poznan University of Technology campus (A, B), and the fragment of the original point cloud

map for comparison (C). The surfels include information about surface normals, enabling a
more accurate representation of flat areas such as road surfaces.

Overall, surfels provide an alternative to traditional point cloud representations, offering several
advantages that make them particularly useful for mapping and localization tasks in robotics

and computer vision. Unlike point clouds, which consist solely of discrete points in 3D space,
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surfels incorporate additional information about the orientation of the groups of points. As a
result, they can better represent surfaces, allowing for more accurate 3D modeling, and enhance
the fidelity of the map. Moreover, the inclusion of surface normals also enables faster and
more efficient processing. For example, surfels allow the use of point-to-plane variants of the
ICP algorithm, which align surfaces more effectively compared to the traditional point-to-point
version. This improves both the speed and accuracy of the scan alignment, which is crucial for

3D reconstruction and real-time applications such as SLAM.



Chapter 4

Efficient use of GNSS data

4.1 GNSS and LiDAR SLAM integration

4.1.1 Introduction

Vehicle localization is commonly achieved using GNSS, which provides satisfactory accuracy in
open environments. However, in urban areas with dense high-rise buildings, the accuracy and
availability of pose estimates significantly degrade [134]. Meanwhile, extensive research has been
conducted on SLAM techniques for vehicles, utilizing either passive cameras or active LiDAR
sensors [4]. Recent advancements in LiDAR technology have made these sensors increasingly
popular in self-driving vehicles due to their independence from lighting conditions and robustness
in various environmental settings [135]. Although LiDAR SLAM or LiDAR odometry can deliver
precise vehicle trajectories in highly structured and static environments [53, 76|, these systems are
prone to drift in scenarios that lack sufficient features or exhibit significant dynamics. Integrating
GNSS measurements can help mitigate this drift by providing absolute (global) pose references.
On the other hand, LiDAR SLAM performs reliably in areas where GNSS localization often
struggles due to urban canyons and obstructions that reduce the visibility of the satellites. This
complementary nature of GNSS and LiDAR SLAM indicates the potential for their integration

to enhance localization performance.

This section describes the method developed for augmenting existing LiDAR-based localization
systems with GNSS measurements. The proposed approach employs a factor graph formula-
tion [98], which models the problem as a graph of constraints on vehicle states. Optimization
is performed using the computationally efficient g?o library [57], enabling precise and robust

localization in challenging environments.

Most LiDAR odometry and SLAM algorithms estimate vehicle ego-motion by either associat-
ing consecutive observations along the trajectory or matching local observations (features or
points) to a global map. These matched observations create constraints on the states of the
vehicle equipped with a LiDAR sensor. While these states and constraints can be represented

as a factor graph [98], this section introduces a novel method that enhances the factor graph by

45
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incorporating constraints derived from absolute and relative GNSS measurements, such as pseu-
doranges and Doppler shifts. The proposed approach, named GALS, adopts the concept of tight
integration within the factor graph, a technique that has been widely considered as the state of
the art in visual-inertial SLAM [100], but has not yet been fully explored for the integration of
LiDAR SLAM with GNSS data. Tight integration offers a significant advantage by utilizing a
large number of individual GNSS measurements, which more accurately reflect the constraints
imposed by multiconstellation GNSS data compared to the vehicle poses provided by the GNSS
receiver in a loose integration approach. The proposed method is largely independent of the
specific algorithm used to derive LiIDAR constraints, making GALS a versatile framework for
improving the quality of global trajectories generated by various SLAM systems. Furthermore,
it supports the inclusion of constraints that come from loop closure detection. To address the
challenges of inaccurate GNSS measurements, the developed system introduces a novel filtering
procedure that leverages vehicle speed constraints. Furthermore, the proposed approach was
thoroughly evaluated on the challenging UrbanNav dataset [136], across multiple environments,
using different LiDAR-based SLAM algorithms (such as LOAM [137] and LIO-SAM [69]) and

various GNSS receivers (see Sec. 5.3).

4.1.2 GNSS-based localization

GNSS receivers in most of the applications are primarily used to provide positioning data as
latitude, longitude, and altitude. Interestingly, some GNSS modules additionally offer access to
raw GNSS measurements such as pseudorange, Doppler shift, and carrier phase [99]. Depending
on the type of receiver, these measurements can support multiple satellite constellations (e.g.

GPS, GLONASS, Galileo, Beidou) and frequencies, enhancing positioning accuracy.

The pseudorange represents the measured distance between the receiver antenna and the satel-
lite, calculated based on the signal travel time. However, it does not reflect the true distance
due to factors such as satellite and receiver clock biases, which affect timing accuracy. Signal
propagation is additionally influenced by Earth’s atmospheric conditions and phenomena such
as multipath interference. Consequently, a i-th pseudorange measurement p; , between receiver
and n-th satellite can be formulated as [138]:

Pim = Pign — (8, = 07) - e+ dio + &7 + el (4.1)

where p; ,, is the geometric range, J; and §] represent satellite and receiver clock biases, c is
the speed of light, di%" and d;'7* are delays caused by ionospheric and tropospheric effects, and
eﬁ ,, accounts for errors resulting from multipath interference and receiver noise. Satellite clock
biases 07 can be roughly calculated using parameters sent in GNSS messages, while the receiver
clock bias ] must be estimated along with the position of the receiver. To achieve this, for
each estimated position, at least four pseudorange measurements from satellites within the same

constellation are required.

Doppler shift measurements capture the change in frequency of a carrier wave caused by the

relative motion between a satellite and a receiver. This frequency shift is used to calculate the
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radial velocity v,,, which represents the rate at which the distance between the n-th satellite and

the receiver changes over time. The radial velocity can be determined using the equation:

c
Up = — - Afy, (4.2)
where f,, is the carrier wave frequency, and A f,, is the Doppler shift value for the n-th satellite.

Doppler shift values can be utilized to estimate the receiver’s velocity components along three

T
X

axes (vl ) by processing v,, values across multiple satellites and their constellations.

T
x,1) vy,i’ v

The carrier phase of a GNSS signal also provides information about the distance between a satel-
lite and a receiver. However, this range is measured in cycles of the carrier frequency, enabling
very precise distance measurements. However, the main problem related to these observations is
that the total number of cycles along the signal path is initially unknown, which is referred to as
integer cycle ambiguity. Resolving this ambiguity requires advanced methods, such as PPP or
differential GNSS, however, these techniques require external corrections. Since the developed
system does not have access to such external corrections, it relies solely on pseudorange and

Doppler shift measurements.

4.1.3 Factor graph-based integration

To integrate raw GNSS measurements with constraints from a SLAM system, the proposed
GALS framework uses the g2o library [57] for factor graph optimization. The key advantage of
GALS lies in its flexibility, allowing LiDAR-related constraints to be supplied by any SLAM or
odometry system that is capable of estimating 3D poses. The optimization process focuses on
enhancing the localization accuracy of the receiver (i.e., vehicle) while also addressing the local
nature of the SLAM trajectory estimation. By incorporating pseudorange constraints, the entire
trajectory is transformed into a global coordinate frame. The structure of the proposed graph,
which features optimizable nodes for each vehicle state and measurement constraints represented
as edges, is illustrated in Figure 4.1, while the following subsections provide a detailed explanation

of the factor graph formulation used in GALS.
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FIGURE 4.1: The overall structure of the factor graph in the GALS approach, combining

LiDAR-based vehicle localization with GNSS measurements. The graph’s nodes include state

vector of a GNSS receiver and positions of satellites. It uses four types of factors: LiDAR
odometry, LIDAR loop closure, GNSS pseudorange, and GNSS Doppler shift.

Factor graph nodes

Each optimizable node in the graph corresponds to the i-th state vector of a vehicle, denoted
as X;, which includes a 6-DOF receiver pose T; (consisting of a position and orientation) and

individual receiver clock biases for each GNSS constellation:
Xi= [Tiv £1’ ;,2’ ir,3a ;,4]’ (4'3)

where 67, 4 represent the clock biases for GPS, Galileo, GLONASS, and Beidou, respectively.
The clock bias drifts are not estimated, as experiments showed that including them did not

improve trajectory accuracy but increased computational overhead.

The fixed (non-optimizable) nodes represent GNSS satellites, whose positions are known at the
time of measurement. The receiver position r] (a translational part of T;) is calculated in the
Earth-centered Earth-fixed (ECEF) coordinate system (see Fig. 4.2), consistent with the n-th

satellite position r; and the receiver velocity v] that are also expressed in the same frame.

i

Equator

Primle meridian
N
\fg

FI1GURE 4.2: The receiver position rj, satellite position r;, and the receiver velocity v; ex-
pressed in ECEF, which is a fixed reference frame with its origin at the Earth’s center of mass.
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It is assumed that the LIDAR and GNSS receiver mounted on the vehicle have been calibrated
in advance and their extrinsic parameters are known. As a result, LIDAR scans are expressed in

the receiver’s local coordinate frame, simplifying the mathematical formulation.

Factor graph pseudorange edges

In urban environments, where GNSS measurements are frequently degraded, developed GALS
employs a two-stage processing approach. Initially, the 3-DOF receiver position (latitude, lon-
gitude, and altitude) is estimated using only pseudorange measurements. These preliminary
estimates are then utilized for GNSS data filtering. Subsequently, pseudorange constraints are
formulated and applied in the factor graph only for the measurements that have been positively

verified.

To estimate the receiver’s position and clock biases, the scalar pseudorange measurement error

is utilized, derived from Equation 4.1:
e; = Pin — i — (O = 07) - e+ di + & + €] (4.4)

where i represents the node (vehicle state) index, n corresponds to a specific satellite index

(across all constellations), and p; ,, denotes the geometric range to the receiver:
pin = Irj =2l +we(rs -7y = Tgn Tri)/C (4.5)

where w, denotes the angular velocity of the Earth. Satellite position is determined using broad-
cast navigation data, with calculations performed using the open-source RTKLIB library [138].
In the described approach, RTKLIB is employed to parse and process data from multiple GNSS
systems, enabling the extraction of raw measurements while distinguishing between different
constellation types. Furthermore, RTKLIB provides essential information related to each ob-
servation, including the n-th satellite coordinates r}, the satellite clock bias 67, the ionospheric
delay d, the tropospheric delay dﬁf;fp , and the i-th velocity v! calculated from Doppler shift.
Using this information, the 3-DOF position of the receiver can be estimated. The cost function

minimized during the optimization is expressed as:

argmin Z ef (Ti, 071 4) el (T4,67 1 4)- (4.6)
T'i76f,1,.4 i
The single-element information matrix €2, for the pseudorange constraint is derived from 012,, the

scalar variance of pseudorange error, which is calculated as:

2 _ 2 2 2 2 2
Jp =0m + Oc + Oc + Oion + Jtrop? (47)
2 2 2 2 2 : ;
where 07, 07, 07, 07,,, and o}, represent the variances of pseudorange measurement, ephemeris,

code bias, ionospheric delay, and tropospheric delay, respectively [138]. The pseudorange mea-
surement variance for a specific satellite is estimated as: o2, =13 - [I3 - (13 + 13/ sin(0.1,;)], where

0.; represents the elevation angle of the satellite and (lg, 1,2, l3) are measurement error factors.
These factors are set to (1.0,100,0.003,0.003) for the GPS, Galileo, and Beidou constellations,
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while Ip = 1.5 is used for GLONASS [138]. The variance o2 is derived based on User Range Ac-
curacy (URA) [139], a tabulated accuracy indicator transmitted by the satellite. The remaining
components of Equation 4.7 are computed as follows: o2 = I, o7, = (di% - I5)* - (fL1/fn)?,
and 07,,, = (ls/ sin(0a +0.1))?, where f, is the frequency of the n-th satellite carrier wave, 0.
is the azimuth angle of the satellite, and fr; is a constant (1.57542-10° Hz). The error factor

values are Iy = 0.3, 5 = 0.5, and lg = 0.3 [138].

Factor graph Doppler shift edges

Doppler shift constraints are incorporated in the form of 3-DOF translations, calculated based on
the receiver velocity vi and the time interval between consecutive GNSS observations. The re-
ceiver velocity is estimated beforehand using multiple Doppler measurements. The error function

for distance constraints derived from Doppler shift is expressed as:

D T r D o
€iit1 = Tip1 — T — Vigy tiivl, (4.8)

where v:f .1 is the average velocity, and ¢; ;11 is the time interval between poses with index i
and 7 + 1. The 3x3 information matrix €2p, associated with these measurements is computed

using RTKLIB procedures during velocity estimation, leveraging the least squares method [138].

Factor graph LIDAR SLAM edges

SLAM-based constraints take the form of 6-DOF transformations that link successive vehicle
states. In this case, LIDAR SLAM odometry between consecutive vehicle poses is provided
by the LOAM [34] or LIO-SAM [69] system. Since SLAM constraints represent homogeneous

transformations, the error function is defined as:
el = [(T9) ™ TH] 7 (T) 7 T, (4.9)

where T5 and T7, | represent the poses of successive vehicle states obtained from the SLAM
trajectory. If a full SLAM method that can identify revisited places is used with GALS, the
factor graph is extended with additional constraints from the loop closures. These constraints
follow a similar formulation to Equation 4.9:

el, =[(T9)~'-TH~1(T)~' Ty, (4.10)
where T# is again the pose of the i-th vehicle state from LiDAR SLAM, and TJL is the corre-

sponding pose retrieved during the loop closure procedure.

The 6x6 information matrix Qg for the LIDAR SLAM odometry constraints is derived by in-
verting the covariance matrix 3 g, which represents the uncertainty of vehicle pose. While this
covariance matrix could be modeled as a function of surrounding feature points, as suggested
in [140] for LOAM-like LiDAR localization methods, the proposed approach adopts a simplified
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strategy, modeling the covariance matrix as:

g =diag (02,0,,02,05,0%,03), (4.11)
where o2, 02, 02, 03, 0, 0j represent the variance of the pose along the z, y, 2, roll, pitch,
and yaw axes, respectively. These diagonal covariance values are experimentally determined for
the UrbanNav sequences to develop the model that minimizes the errors relative to the ground
truth.

The computed covariance is scaled based on the distance traveled by the vehicle from the last
node and is subsequently used to calculate 2g. Although this method does not account for
variations in the number of points or features in the environment, it enables GALS to function

with any LIDAR SLAM or odometry system that lacks the ability to estimate its own covariance.

The information matrix €2, for the loop closure constraints is estimated in a similar way. How-
ever, in this case, the covariance matrix 3, is scaled by the number of graph nodes between the
current pose and the loop-closed pose. This accounts for the inevitable drift in LiDAR SLAM

over longer trajectories.

4.1.4 Optimization strategy with filtration mechanism

The values of the state vectors X; are estimated using the g2o library, which employs a graph-

based representation to minimize the total squared error across all edges in the graph:

B(X) =) (X, X1, (e]01)") Qs e(Xi, Xip1,€7511)
ieM
+ ) (X, X5, (ef)") O e(Xi, X, ef))
ijEL
+ Z Z e(lerfpei) QP e(XlwrfweZ)
keg neN

+ ) (X, Xip1s (e 11)") Qo e(Xi, X, €8 411), (4.12)
ke

where e(.) represents the error function, parameterized differently for each component. The sets
M, L, and G correspond to the factor graph nodes associated with LiDAR SLAM odometry
measurements, detected loop closures, and valid GNSS measurements, respectively. In addition,
N denotes the set of all observed satellites across the utilized constellations. Since LIDAR SLAM
odometry updates are more frequent than GNSS data acquisition, not every vehicle state includes

pseudorange or Doppler shift constraints.

GALS utilizes an efficient gradient-based solver implemented in g2o, which requires a good
initial guess to converge to the desired global minimum. The proposed optimization strategy is

structured into three main steps:

1. Initial state estimation: the initial positions of the state vector (3-DOF) are calculated
using only pseudorange information stored in the relevant graph edges, providing a rea-

sonable initial guess. Other edges are excluded from the optimization at this stage. This
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step ensures proper solver convergence and allows for further filtering of states to eliminate

erroneous GNSS measurements.

2. GNSS filtration: this step is critical due to the challenges posed by urban localization,
where numerous NLOS and multipath signal receptions can introduce errors. Filtering

them helps remove unreliable observations.

3. Final optimization: all states are optimized using both GNSS and SLAM system mea-
surements to produce the final state estimates. GALS performs optimization continuously,
considering a moving window of the 100 most recent poses. The final results are obtained
through global optimization, which includes all nodes and edges added to the graph, en-

suring that the estimated trajectory is optimal in terms of localization accuracy.

It should be noted that the first estimates of vehicle orientation within the global coordinate
system can be imprecise. This is because the only orientation information comes from the SLAM
system constraints that are expressed in the local frame. However, once the vehicle experiences a
significant pose change, the information about the relative transforms allows the factor graph to
accurately estimate the orientation. From that point forward, SLAM measurements can provide
global pose estimates for the vehicle, even in parts of the sequence where GNSS signals are

unavailable.

Filtration of GNSS measurements

GNSS measurement filtration is based on receiver speed values, which are calculated using three
different methods. Given that GNSS systems typically provide less accurate altitude measure-
ments compared to horizontal coordinates, filtration is applied separately to the horizontal and
vertical axes using following scalar velocities:

G

e v;¢ — velocity calculated for the i-th state using the distance and time difference between

consecutive positions derived solely from pseudorange estimates,

e v;? — velocity determined using Doppler shift measurements, computed through RTKLIB

procedures,
e v;5 — velocity obtained via transformation between two successive poses from the SLAM

trajectory.

Since v; ¢ is the most prone to errors and inaccuracies, it is compared to v;” and v;®. If at least

one of the following conditions is satisfied for any axis:
;¢ >2-vP, v >2-v%, (4.13)

indicating that v;¢ significantly exceeds the other velocity estimates, the GNSS measurements
corresponding to that state are discarded and excluded from the factor graph integration. Ex-

emplary results of this filtration process are shown in Figure 4.3, where the receiver positions
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F1GURE 4.3: Visualization of the filtering process, showing the receiver positions obtained

using the RTKLIB library (green points) and filtered positions incorporated into the factor

graph (red points). Subplots (A) and (B) illustrate views in the XY and XZ planes, respec-
tively.

computed using RTKLIB are compared to the filtered and accepted positions incorporated into

the factor graph.

Once the filtering step is completed, the optimization process is carried out. As a result,

it

produces a trajectory in the global coordinate frame, which can be visualized on a map, as shown

in Figure 4.4. In summary, this approach leverages factor graph representation to incorporate

multiple raw GNSS constraints which ensure a consistent and accurate trajectory. By integrating

these constraints, the developed method effectively mitigates the drift typically observed

in

SLAM systems. Therefore, it improves localization performance and provides a robust GNSS-

assisted system for long-term navigation.
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FIGURE 4.4: Trajectories for the Odaiba (A) and Whampoa (B) sequences from the UrbanNav
dataset obtained using the proposed GALS approach. The estimated trajectories, along with
the ground truth (reference), are overlaid on top of maps from OpenStreetMap.
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4.2 GNSS and Visual Odometry integration

4.2.1 Introduction

While LiDAR-based SLAM methods have proven effective for localization in structured envi-
ronments, other sensor modalities, such as cameras, can also provide valuable information for
estimating the trajectory of a vehicle or robot. Visual SLAM or odometry algorithms offer an
alternative approach by extracting and tracking visual features from consecutive camera frames
to estimate motion and reconstruct the environment. However, like LIDAR SLAM, these systems
suffer from drift over time, particularly in feature-scarce environments such as open fields or ar-
eas with repetitive visual patterns. Thus, this section described how high-precision positioning,
achieved through the integration of GNSS data and VO, can be applied in agricultural settings,

with a focus on field operations.

The proposed method integrates VO measurements with GNSS data to enhance positioning
accuracy. By combining these two systems, it effectively mitigates short-term inaccuracies in
GNSS readings, demonstrating the feasibility and effectiveness of such an approach in agricultural
applications. This integration ensures reliable localization even in situations where GNSS signals
degrade. In addition, by using widely available hardware, such as laptops with built-in cameras,
this approach provides a cost-effective solution for improving localization accuracy in challenging

agricultural environments.

The presented method was evaluated in agricultural environments (see Sec. 6.2), where inte-
gration of GNSS and VO offers significant benefits for field navigation. Its performance was
assessed by comparing it with a commercial GNSS RTK system. The results demonstrate that
factor graph optimization significantly improves localization accuracy and robustness in scenar-
ios where GNSS localization degrades, providing a reliable solution for autonomous agricultural

robots operating in large-scale outdoor environments.

4.2.2 GNSS localization in agriculture

The integration of GNSS technologies into agricultural practices has been a focal point of recent
research, driven by the need for increased efficiency and precision in farming operations. Studies
have demonstrated that the application of GNSS systems significantly enhances the accuracy
of field tasks, ranging from soil sampling to yield mapping [141, 142]. These technologies have
evolved to support high-precision tasks with minimal errors, essential for precision farming suc-
cess [143, 144]. Research in precision agriculture has mainly focused on the development and
assessment of various GNSS-based solutions. Gou et al. [145] and Upadhyaya et al. [146] have
categorized positioning accuracy needs, emphasizing that different agricultural tasks require dif-
ferent levels of precision. For instance, while resource management can tolerate lower accuracy,
tasks such as automated tractor guidance demand centimeter-level precision. Recent advance-
ments have focused on combining GNSS with supplementary technologies such as VO to overcome

limitations in accuracy and reliability. This hybrid approach has been shown to mitigate GNSS
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inaccuracies in challenging environments, enhancing overall positioning precision [147, 148]. The
combination of GNSS with visual data not only offers improved accuracy, but also provides a
cost-effective alternative for small-scale farms that may not afford high-end GNSS solutions.
Several studies have explored the environmental and economic impacts of GNSS applications in
agriculture. Tayebi et al. [149] highlight the potential of GNSS to reduce the use of fertilizers
and pesticides by enabling variable-rate applications. This targeted approach not only conserves
resources, but also minimizes environmental pollution, aligning with the sustainability goals of
the European Union [150].

A significant technological advancement in agriculture is the development of field robots. These
robots are anticipated to further streamline field operations by minimizing the need for human
operators and are designed to handle non-routine tasks that demand cognitive abilities such as
perception, memory, and quick decision-making and action execution [151, 152]. Furthermore,
the role of GNSS in enhancing operator efficiency has been extensively documented. The use of
guidance systems significantly reduces overlap and gaps during field operations, leading to lower
fuel consumption and input costs while increasing productivity [153]. Studies have reported cost

savings, demonstrating the financial viability of adopting precision positioning systems [148, 149].

In general, the body of work underscores the innovative potential of GNSS-based technologies in
modern agriculture. By improving field operation accuracy, reducing input usage and supporting
sustainable farming practices, GNSS systems are essential to the future of precision agriculture.
Ongoing research continues to refine these technologies, focusing on enhancing their accessibility

and effectiveness for farms of all sizes.

4.2.3 Correcting GNSS trajectories with visual odometry

The literature review and experimental findings indicate that GNSS-based localization for agri-
cultural robots encounters several challenges related to environmental factors and the GNSS
equipment. Some issues observed during the experiments, such as incorrect robot poses caused
by the temporary unavailability of RTCM corrections, can be mitigated through the implemen-
tation of an auxiliary localization system based on external measurements. As already discussed,
the integration of visual [100] or LIDAR odometry [89, 101] with GNSS localization has become
a prominent strategy in this field [88]. LiDAR-based systems offer high precision and robust-
ness [87], but their high costs and maintenance requirements discourage the adoption of such
technologiesin some applications. Furthermore, the lack of distinct features and the dynamic
nature of vegetation-covered areas, which result in low repeatability in feature detection, reduce

the effectiveness of LiDAR-based localization methods in agricultural scenarios [154].

Visual solutions that use passive cameras tend to be more cost-effective, as they leverage pho-
tometric features common in most environments [155]. Specifically, integrating monocular VO,
which uses a single camera to track robot movement by observing visual features in the surround-
ings [156], presents an economical complement to GNSS. Direct VO, which estimates motion by
minimizing the differences in pixel intensity between consecutive frames [157], offers a dense
and continuous motion estimation. However, it can be sensitive to lighting changes and may

struggle in low-texture or repetitive environments. In contrast, feature-based VO [158] provides
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a sparser but potentially more robust solution, outperforming in scenarios where direct methods
face difficulties. Feature-based approaches are often more adaptable to lighting variations and
can perform well in environments with limited texture, making them suitable for a wide range

of practical applications.

4.2.4 Monocular visual odometry as external localization method

Monocular VO utilizes data from a single camera to track a robot movement over time. However,
it faces challenges such as scale ambiguity and struggles in dynamic environments [156]. To
address these issues, this section presents the method for the integration of GNSS localization
with VO, using the open-source ORB-SLAMS3 library [13, 159]. ORB-SLAMS3 employs Oriented
FAST and Rotated BRIEF (ORB) features, which are well-suited for real-time applications,
offering reliable and accurate tracking even under varying lighting conditions. Its ability to
construct and optimize a map of the environment, along with keyframe-based optimization,

makes it a popular choice for monocular VO applications [88, 159].

For large-area field localization, ORB-SLAMS3 was configured based on preliminary experimental
results, including reducing the input camera image size to exclude the sky, ensuring point features
are detected only below the horizon line (see Fig. 4.5A). This adjustment prevents the tracking
thread from focusing excessively on distant features, such as trees above the horizon, which

often lack saliency and detection repeatability. This modification consequently improves the

robustness of tracking in such scenarios (see Fig. 4.5B).

FI1cURE 4.5: The visual representation of ORB point features (green) detected by ORB-
SLAMS3 in the image (A) and the tracked point features in the map (red/black) along with
the camera trajectory (blue) (B).

In contrast to full SLAM operations, where ORB-SLAMS3 detects and closes loops in revisited
areas, the proposed approach does not utilize loop closure feature. This decision is based on two
main factors. First, the sparse and uneven distribution of point features in vegetation-covered
environments, where few salient objects are visible in the camera’s field of view, makes the
loop detection mechanism unreliable. Second, the localization constraints from ORB-SLAM3
are applied only locally, leveraging its robust visual tracking capabilities while avoiding issues

related to drift and scale changes that can arise from unreliable loop closing and re-localization.

The developed solution builds upon previous work integrating LiDAR SLAM and GNSS [160],
using a factor graph formulation to estimate the robot trajectory with pose constraints derived
from two different sources. In this approach, the 6-DOF transformations generated by ORB-

SLAMS serve as constraints in the optimization process. In the experiments, the laptop computer
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camera was used to provide visual data for the odometry pipeline. This makes the solution highly

cost-effective, as it requires no additional hardware to be installed on the robot.

4.2.5 Integration using factor graph

Similarly to the previous cases, the trajectories derived from VO and GNSS data were combined
using a factor graph representation, which effectively estimates the poses of the robot by in-
corporating multiple data sources [8]. The general structure of the constructed factor graph is

illustrated in Figure 4.6.

GNSS-based Visual odometry
factors factors

vector

FIGURE 4.6: The general structure of the factor graph. It includes nodes representing the
state vectors and edges that serve as constraints derived from both the GNSS and VO system.

The i-th estimated state vector, denoted as X;, contains the 6-DOF pose of a robot, comprising

a rotation matrix R; and a translation vector t;:
Xi = [Ri, ti]. (4.14)

The graph is primarily built based on GNSS data, with new nodes and edges added whenever
a new GNSS positioning message is received. The initial values for each state vector, used in
the factor graph optimization process, also come from GNSS measurements. VO information is
incorporated only when GNSS positioning accuracy degrades. This approach ensures that the
trajectory is primarily determined by satellite navigation data, minimizing issues such as pose

and scale drift.

There are several scenarios in which the accuracy of the GNSS system can degrade, making
it temporarily insufficient for precision farming applications. To address this, the presented
approach involves detecting these instances and integrating the information from the VO system
accordingly. The decision to incorporate odometry measurements into the factor graph is based
on the variance of the GNSS data. This variance, representing the accuracy of the robot pose, can
be calculated from previous measurements or directly obtained from the u-blox GNSS receiver.
In this case, the latter method was chiosen, as it is more accurate and eliminates the need for

additional computations to generate the covariance matrix Q¢ associated with GNSS positioning.

During the experiments, the variance values for the z,y, z axes reported by u-blox receivers in
the RTK mode were consistent across all axes, reaching approximately Uazc,y,z =2.10"*m?.
Any significant deviations from these values indicate a degradation in accuracy, triggering the
integration of VO measurements into the factor graph to enhance localization accuracy. Both
GNSS and odometry measurements are incorporated into the factor graph similarly. The poses

obtained from these systems are used to calculate the increments between consecutive graph
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nodes, which are then added as edges. For GNSS data, the error function used in optimization

is defined as:
efi+1 = [(T )~ Tz+1] (X)) X, (4.15)

where T¢ and T§ | are the poses from the GNSS trajectory.

The integration of ORB-SLAMS3 data follows a similar process but involves additional steps.
First, the measurements from VO are synchronized with GNSS data by matching their times-
tamps. Second, the scale of the VO trajectory must be determined, as the monocular SLAM

system used in the experiments does not inherently provide scale information.

This step utilizes the Umeyama algorithm [161] to minimize the error between the previous GNSS
and ORB-SLAMS3 trajectories and calculate the scale value. It also aligns the two trajectories,
enabling the estimation of the transformation between their respective coordinate frames. In
addition, it provides the standard deviation of the VO poses relative to RTK GNSS data, which
is used to compute the covariance matrix 2o required for the optimization. Once these steps are
completed, selected segments of the ORB-SLAMS3 trajectory can be integrated into the factor

graph when necessary. The error function for these constraints is defined as:
i = [(T9) 1 T2 (X)X, (4.16)

where T? and Tg_l represent the poses from the VO system.

The outcome of factor graph optimization is the estimated state vector X for each node, which, in
this case, includes the pose and orientation of the robot. The optimization process is performed
using the g?o [57] library, which minimizes the sum of squared errors across all edges in the

graph:

E(X) = Ze(Xm Xit1, (€7;11)7) Qg e(Xi, Xiy1, €0 11)
i€G

+ Z X“XHla zoz+1)T) Qo e(XiinH’e%‘H)’ (4'17)
€O

where e() is an error function corresponding to each edge type, and G and O are the sets of

factor graph nodes with GNSS-based and VO constraints, respectively.



Chapter 5

Experimental evaluation

5.1 Evaluation of LIDAR SLAM with high-level features

5.1.1 Introduction

This section presents the evaluation of the PlaneLOAM method described in Section 3.2, which
uses high-level features as a map representation. The purpose of the experiments was to quan-
titatively assess the accuracy of the developed system. Specifically, they aimed to determine
whether the proposed structure of the global map improves the precision of trajectory estima-
tion. To achieve this, the results from PlaneLOAM were compared with those obtained with the
publicly accessible open-source version of the LOAM! using the same sequences. The proposed
system was tested on three separate datasets with various LiDAR sensors. Moreover, three
distinct variants of PlaneLOAM were evaluated: one without loop closures but incorporating
high-level features, another that implements loop closures using a basic pose graph, and a third

that utilizes the factor graph approach.

Evaluation method

The evaluation methodology is based on the Absolute Trajectory Error (ATE) metrics, intro-
duced in [162], which is widely used for the comparison of SLAM systems. The ATE metrics
measure the discrepancy between the given pose of the sensor and its corresponding pose in
the ground-truth trajectory by calculating the Euclidean distance between them. These corre-
spondences are identified using the timestamps that were assigned during the scan acquisition
process. To compute ATE, it is essential to first align both trajectories by transforming them
into a common reference frame. To determine the rigid body transformation between the two
sets of poses that represent the estimated and ground-truth paths, the Umeyama algorithm [161]

is used. The alignment calculation involves all the estimated poses, as it decreases the overall

IThis version was obtained from https://github.com/laboshinl/loam_velodyne
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trajectory deviation. Although it is feasible to utilize only initial poses to determine the trans-
formation, this approach leads to substantial pose discrepancies and erroneously increases the
ATE over time.

For quantitative evaluation, the Root Mean Square (RMS) of the ATE metric is calulated for
the complete trajectory and denoted by ATEgRnms. Furthermore, the highest local ATE values
(ATE,ax), along with the standard deviation across the trajectory (carg) are presented. Higher
values of oarg indicate that the system encounters difficulties with specific segments of the

trajectory, although it performs more effectively in other areas.

Datasets

The experiments for evaluation were conducted on two publicly accessible datasets:

e KITTTI [163]: Recorded with a Velodyne HDL-64E, mostly in suburban and rural parts of a
Karlsruhe city. It is one of the most widely used benchmarks in robotics, computer vision,
and autonomous driving for applications such as the evaluation of SLAM algorithms [22,
39, 47, 49]. Tt contains 22 sequences that are split into two groups: 11 sequences are
designated for testing and include ground-truth trajectories, while the other 11 are intended
for evaluation. However, the ground-truth data provided by the GNSS/IMU system is less
accurate compared to modern high-precision systems, which can affect error evaluation
for certain sequences. Although the KITTI benchmark typically includes corrections for
motion distortion in LiDAR scans, in the presented experiments, the raw scans without
this correction were used. Given that PlaneLOAM is designed for environments with many
geometrical features, only three KITTI sequences were chosen for evaluation: 00, 05, and
07. These sequences were recorded in residential areas and therefore include numerous
planar and linear structures. These sequences also include loops, enabling the assessment

of the feature-based approach to loop closing.

e Mulran [164]: Designed primarily to evaluate place recognition, however, it also incor-
porates accurate ground-truth trajectories, which facilitates its use in the evaluation of
SLAM. Mulran includes sequences collected from four distinct environments, but in this
case, the Dajeon Convention Center (DCC) was chosen for the experiments, as it is known
for its structural diversity. Moreover, the DCC sequence is characterized by narrow roads
with tall buildings and multiple loops, which facilitates the evaluation of the presented loop
closure methods. The LiDAR utilized in MulRan is an Ouster OS1-64, while the ground-
truth trajectories were generated using SLAM that integrates inertial sensors, GNSS, and
ICP scan matching. Although it incorporates multi-sensory data, the proposed approach

uses only the raw LiDAR scans and the ground-truth trajectories.

5.1.2 Accuracy of trajectory estimation

Figure 5.1A and Figure 5.1B illustrate the trajectory accuracy for the KITTI 00 sequence,
comparing PlaneLOAM with the open-source LOAM system. The plots follow the ATE format
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introduced by Sturm et al. [162]. Since LOAM does not have the functionalities to detect loop
closures, this feature was also disabled in PlaneLOAM for this evaluation. This decision enables
a fair comparison of the accuracy between the two systems, as both utilize the same scan-to-scan
and scan-to-map matching to estimate the final trajectories. The primary difference lies in the
fact that PlaneLOAM uses high-level features, which lead to an improved trajectory and reduced
ATE residuals (see Fig. 5.1C). It is also worth mentioning that the open-source version of LOAM

achieved results comparable to the results documented in other works [29, 52].
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Ficure 5.1: ATE for the KITTI 00 dataset obtained using a Velodyne HDL-64E LiDAR

sensor. Trajectory (A) produced by PlaneLOAM shows smaller deviations from the ground

truth compared to the trajectory derived from the open-source LOAM (B), as can be also

observed in the plot depicting ATE relative to consecutive scan numbers (C). Reduced error
in the z axis enhances the overall performance of PlaneLOAM (D)

A notable benefit of the improved ground plane representation in PlaneLOAM is that it allowed
the proposed system to maintain more precise elevation estimates throughout the entire trajec-
tory (see Fig. 5.1D). The numerical results for the KITTI 00, 05, and 07 sequences are presented
in Table 5.1. Based on these results, it can be seen that the developed method outperforms open-
source LOAM in terms of the ATE metric in all these sequences, recorded in a well-structured

urban environment.

Figure 5.2 illustrates the chosen sections of the global maps of high-level features generated by
PlaneLOAM. Figures 5.2A and 5.2B show maps for the KITTI 00 sequence, while Figure 5.2C
illustrates a segment of the map derived from sequence 07. To enhance clarity, only planar
features are presented. Horizontal planar features, such as the ground plane, are depicted in
pink. Larger, approximately vertical elements such as walls, and fences are represented in yellow,

whereas smaller vertical features containing fewer than 50 points are illustrated in cyan.
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TaBLE 5.1: Comparison of ATE calculated for chosen sequences (recorded in urban environ-
ments) from KITTI and Mulran datasets.

dataset PlaneLOAM LOAM (open-source)

sequence ATERMS ATEmaX OATE ATERMS ATEmax OATE
KITTI 00 452 m 11.76 m 236 m | 605 m 11.55 m 283 m
KITTI 05 3.21 m 804m 159 m | 339m 11.26 m 1.86 m
KITTI 07 0.50 m 082 m 020 m | 0.68 m 128 m 0.28 m
MulRan DCC | 11.02 m 1817 m 446 m | 1481 m 2795 m 7.24 m

FIGURE 5.2: Segments of the global maps from KITTI 00 (A, B) and KITTI 07 (C) generated
by PlaneLOAM, showing high-level geometrical features. Nearly vertical planar attributes are
highlighted in yellow, whereas the ground plane is represented by pink patches.

An analogous experiment was conducted for the Mulran DCC sequence. Trajectories with es-
timated ATE values using LOAM and PlaneLOAM are shown in Figures 5.3A and 5.3B, re-
spectively. In the case of this sequence, the obtained errors are larger than those observed in
the KITTTI tests for both SLAM systems. However, PlaneLOAM once again provided a more
precise trajectory with lower ATE values (see Fig. 5.3C) and improved elevation accuracy (see

Fig. 5.3D). The quantitative results of this experiment are also presented in Table 5.1.
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Ficure 5.3: ATE for the MulRan DCC sequence recorded using an Ouster OS1-64 LiDAR.

This sequence features multiple loops, however the PlaneLOAM (A) and LOAM (B) trajectory

estimations results were achieved without any loop closure. The plot illustrating ATE values

over time (C) demonstrates that PlaneLOAM maintains a smaller overall pose error compared

to LOAM throughout the majority of the trajectory, notably providing more accurate estimates
of elevation values (D).
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5.1.3 SLAM with high-level features in different environments

An essential part of the conducted research is to demonstrate the effectiveness of the proposed
approach to LIDAR SLAM. This involves using different 3D LiDARs in scenarios typical for
vehicle localization in urban traffic, such as for city buses. Consequently, PlaneLOAM was
also tested on sequences collected during independent experiments. One of these sequences was
recorded using a car with a roof-mounted Sick MRS-6124 LiDAR, characterized by 24 scanning
lines and 120° forward-looking field of view. It also includes data from RTK GNSS u-blox ZED-
FIP module [165], which achieves a centimeter-level positioning accuracy at 10 Hz, provided that
it observes a sufficient number of satellites. This configuration was used in a combined outdoor
and indoor experimental scenario conducted in the large Posnania shopping center located in
Poznan. The car started on a public road near Posnania, proceeded to the entrance of the
underground parking lot, navigated through the underground area, and exited onto a different
public road on the opposite side of the mall. Note that GNSS-based ground-truth data were
recorded only for the outdoor sections of this experiment. Nevertheless, the goal was to show
that PlaneLOAM can effectively handle such mixed scenarios and resume tracking the reference

trajectory with acceptable errors after traversing the underground environment.
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FIGURE 5.4: Results of an experiment in the mixed outdoor/indoor environment of the Posna-

nia shopping mall. The trajectories estimated by PlaneLOAM (A) and LOAM (B) were based

on scans from a Sick MRS-6124 LiDAR. Although GPS ground truth was available only for the

outdoor portion, the ATE plot (C) demonstrates that PlaneLOAM maintained significantly
lower drift while navigating the underground parking lot.

Figures 5.4A and 5.4B illustrate the positional errors for this sequence for PlaneLOAM and
LOAM, respectively. The change in ATE values over time, shown in Figure 5.4C, reveals that
LOAM generally exhibits a much higher inaccuracy for most of the route. The largest error at
the beginning of the sequence comes from the trajectory alignment used to compute the ATE
metrics and generate the plot. This implies that LOAM experienced a substantial orientation
error at the beginning of the sequence, and aligning the trajectories using only the initial segment
would lead to an even larger discrepancy in the rest of the plot. However, the primary focus
of the evaluation is put on absolute pose errors relative to an external reference system. A
trajectory with low ATE for consecutive sensor poses implicitly ensures that the corresponding
global map is accurate. This consistency is not captured by relative error metrics, such as those
used by Geiger et al. [163] or the Relative Trajectory Error (RPE) defined along with ATE
in [162]. To highlight that PlaneLOAM generates globally consistent maps suitable for tasks like
motion planning, Figure 5.5A illustrates the entire map estimated in the Posnania experiment.

As shown in Figure 5.5B, the map is rich in geometric details, accurately representing minor
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architectural elements, such as pillars, even with the limited scanning density and horizontal
field of view of the Sick LiDAR.

Fi1GUuRE 5.5: Visualization of the complete global map generated by PlaneLOAM during the

Posnania experiment (A), along with a close-up of its central section (B), highlighting the

detailed structure of the underground parking lot, including walls (yellow), smaller vertical
features like pillars (cyan), and the ground plane (pink).

The second experiment involved a city bus equipped with the same Sick MRS-6124 LiDAR and
a GNSS receiver (see Fig. 5.6A). Data were collected in a small town near Poznan, characterized
by moderately structured environments with narrow roads bordered by residential buildings, as
well as numerous trees and bushes (see Fig. 5.6B). The relatively low-rise surroundings allowed
for a strong GNSS signal across the entire area. These experiments were carried out in February
under cloudy conditions with occasional rain, which did not appear to impact the performance
of the Sick LiDAR.
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F1GURE 5.6: Results from localization experiments using a city bus equipped with a single
Sick MRS-6124 LiDAR (A). The two sequences, TownCentre (C, D) and TownSuburbs (E, F),
were recorded in a moderately structured environment of a small town (B). The trajectories
estimated by PlaneLOAM align more closely with the ground truth compared to those of

open-source LOAM (C, E), with PlaneLOAM showing significantly lower ATE values (D, F)
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The estimated trajectories from PlaneLOAM and LOAM are compared to the ground truth
in Figures 5.6C and 5.6E for the TownCentre and TownSuburbs experiments, respectively. To
maintain clarity of the figure, the ATE values are shown separately in Figures 5.6D and 5.6F.
PlaneLOAM outperformed LOAM in both sequences, despite the less structured environment
and the additional sensor motion noise caused by the fact that LIDAR was mounted high on the

roof of the bus. ATE statistics for all three scenarios are summarized in Table 5.2.

TABLE 5.2: Comparison of ATE metrics for sequences captured using a Sick MRS-6124 LiDAR

dataset PlaneLOAM LOAM (open-source)

sequence ATERMS ATEmaX OATE ATERMS ATEmaX OATE
TownCentre 4.93 m 14.05 m 2.10 m 6.0bm 2490 m 6.48 m
TownSuburbs | 4.91 m 822 m 179 m | 871 m 1837 m 3.04 m
Posnania 7.40 m 1750 m 458 m | 1590 m 46.13 m 9.99 m

5.1.4 Analysis of the computation time

The new map structure introduced in PlaneLOAM affects the computational complexity asso-
ciated with processing a single scan. While these changes are negligible in the laser odometry
thread, which largely follows the implementation of the open-source LOAM, they have a sig-
nificant impact on the mapping thread responsible for producing more accurate pose estimates.
Therefore, this section presents a detailed analysis of the computation time for individual pro-
cessing steps in the mapping thread, comparing PlaneLOAM with the open-source LOAM. The
side-by-side comparison, presented in Table 5.3, highlights that despite the increased complexity
of the map structure, the use of high-level geometric features enables faster processing. This is

mainly because fewer individual elements need to be searched and compared.

The analysis was conducted on an Intel Core i7-9700TE CPU, using the Mulran DCC sequence.
This sequence is considered the most demanding among those used for evaluation due to the
large point clouds produced by the Ouster OS1-64 LiDAR and the complex environment, which
includes both planar and linear features. The times reported in Table 5.3 are averaged over 5542
scans. The observed standard deviation in computation time was negligible and, in PlaneLOAM,
primarily influenced by the number of features generated per scan. Detailed descriptions of the
PlaneLOAM processing steps in Table 5.3 are provided in Section 3.2.2, while their LOAM

counterparts can be found in [34].

The reduced processing time in PlaneLOAM compared to LOAM is mainly caused by the much
shorter time required to build the kd-trees. PlaneLOAM uses local kd-trees to identify points
for computing point-to-feature constraints in optimization, but avoids using them during feature
creation and updating. In PlaneLOAM, kd-trees contain only the points that make up the high-
level features, reducing the number of points that are processed. In addition, features inactive at
a given time are excluded from matching operations, saving time in computing point-to-feature

constraints.

The computation time comparison excludes the loop-closing module, as it is not implemented in
the LOAM. The SegMap method, which detects loop closures, has an average inference time of

155 milliseconds for the Mulran DCC sequence. In contrast, pose graph optimization using gZo
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TaBLE 5.3: Comparison of the computation time required to process a single scan in the
mapping thread between PlaneLOAM and LOAM

computation time [ms]

processing step sub-step PlaneLOAM \ LOAM (open-source)
Point clouds preparation 8.18 7.70
Construction of kd-tree 2.49 75.80
Point-to-line constraints 14.05 18.77

kd-tree search 8.45 10.87

other computations 5.60 7.90
Point-to-plane constraints 13.11 18.30

kd-tree search 8.22 9.70

other computations 4.89 8.60
Optimization time 0.45 0.57
Point clouds post-processing 34.71 32.88
Processing planar features 35.77 not applicable

adding points 22.76

updating features 2.22

deleting features 0.02

merging features 10.77
Processing linear features 34.95 not applicable

adding points 15.53

updating features 16.65

deleting features 0.05

merging features 2.72
Total time per scan ‘ ‘ 143.71 ‘ 154.02

requires between 60 and 240 seconds, depending on the number of poses in the graph. While
pose graph-based loop closures cannot be performed in real-time, delays of a few minutes are
acceptable for online operation, provided that they are handled by a separate background thread.
Full factor graph optimization is even more time-intensive and takes between 280 and 500 seconds
for the examined sequences. However, full optimization incorporates information about multiple
loop closures and is performed offline, which allows PlaneLOAM to create highly accurate maps

of the environment that are suitable, for example, for motion planning.

5.1.5 Approaches to loop closing in feature-based LIDAR SLAM

The third set of experiments examines the integration of the SegMatch/SegMap loop detection
with PlaneLOAM. Most LiDAR SLAM systems that implement loop detection employ a pose
graph approach and form edges between pose nodes using relative transformations between the
corresponding locations. These constraints are often derived using the ICP [15] or directly from
the SegMatch method [37]. In contrast, the proposed approach leverages high-level feature-
based map representation to process detected loop candidates in a manner analogous to the loop
closure strategies used in visual SLAM, by associating individual features and optimizing the

factor graph in a BA-like framework.

Although there are several techniques to detect loop closures using LiDAR range data (see [16]
for a comparative review), these methods are less effective than the applied SegMap approach or

require specific map representations |21, 22|, which cannot be implemented within PlaneLOAM.
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Thus, this section focuses on comparing different methods for utilizing detected loop closures to

improve trajectory and map consistency rather than comparing various loop detection methods.

The pose-based approach closely resembles the method outlined in [52], as it utilizes either
PlaneLOAM or LOAM to estimate the LIDAR odometry between successive sensor poses (graph
nodes) and to perform motion compensation in 3D scans. Loop closures are identified using
the SegMap algorithm and incorporated as constraints within the pose graph for optimization.
In contrast, the BA-like approach is applied exclusively to PlaneLOAM, as the original LOAM
lacks a map structure that supports feature-level matching. The trajectories estimated without
loop closing for LOAM and PlaneLOAM are shown in Figures 5.7A and 5.7D for KITTI 00
and MulRan DCC, respectively. The pose-based loop closing results are shown in Figures 5.7B
and 5.7E, while results for the BA-like approach in PlaneLOAM, which uses high-level feature
alignment, are illustrated in Figure 5.7C for KITTT 00 and Figure 5.7F for MulRan DCC. Based
on these results, it can be noted that the pose graph approach significantly improves accuracy over
the open-loop version for both LOAM and PlaneLOAM. Quantitative results for KITTI 00 show
a 13% improvement in ATEgyg for PlaneLOAM and 28% for LOAM (see Tab. 5.4). LOAM
experiences a greater relative improvement due to its poorer baseline performance, although
PlaneLOAM achieves better absolute accuracy in all scenarios. In the MulRan DCC case (see
Tab. 5.5), the benefits of loop closure are even greater, with improvements of approximately
32% for PlaneLOAM and 34% for LOAM. The DCC sequence presents greater environmental
diversity compared to KITTI 00, making it less suitable for high-level feature mapping, which
explains the smaller performance gap between PlaneLOAM and LOAM. However, PlaneLOAM

continues to demonstrate the lowest absolute error values in all configurations.
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FIGURE 5.7: Estimated trajectories for the KITTI 00 (A, B, C) and MulRan DCC (D, E,

F) sequences using PlaneLOAM and open-source LOAM systems. Scenarios include no loop

detection (A, D), SegMap loop detection with pose graph (B, E), and high-level feature align-

ment with BA optimization (C, F). The arrows indicate the locations where the point clouds
depicted in Figure 5.8 were obtained.
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TABLE 5.4: Comparison of ATE for different approaches to loop closing for the KITTI 00

sequence
approach to PlaneLOAM LOAM (open-source)
IOOp closing ATERMS ATEmax OATE ATERMS ATEmaX OATE
none 452 m 11.76 m 236 m | 6.05m 11.55 m 2.83 m
pose graph 3.96 m 968 m 217m | 434 m 11.16 m 238 m
features alignment + BA | 247 m 711 m 148 m N/A N/A N/A

TABLE 5.5: Comparison of ATE obtained for various loop closing approaches for the MulRan
DCC sequence

approach to PlaneLOAM LOAM (open-source)
100p Closing ATERMS ATEmaX OATE ATERMS ATEmaX OATE
none 11.02m 1817 m 446 m | 1481 m 2795 m 7.24 m
pose graph 741 m 1923 m 359 m | 977 m 2751 m 4.26 m
features alignment + BA | 540 m 13.78 m 2.0l m N/A N/A N/A

The accuracy of the trajectory estimation improves significantly when loop closing is achieved
using feature matching capabilities of PlaneLOAM, combined with BA-like optimization. This
method refines not only the sensor poses but also the locations of features. For the KITTI 00
sequence, this approach results in an improvement of 45% over the baseline in terms of ATEgRys,
while for the MulRan DCC sequence, the improvement reaches 51%. These results align with
previous conclusions, as PlaneLOAM performs better on KITTI than on MulRan, potentially
amplifying the impact of loop closures. Nonetheless, the use of high-level feature-based repre-
sentation proved its effectiveness in performing loop closures even in the MulRan DCC scenario,
where loop detection often relies on features such as trees and vegetation. Despite this, the ge-
ometric structures present in the scene still provide sufficient constraints to enhance trajectory

estimation.

In addition, the loop closure method, which leverages BA-like optimization, is capable of closing
multiple loops of varying sizes within a single optimization session. This is particularly useful
when a test vehicle follows a closed path and revisits specific locations multiple times. Such a
scenario occurred in the Mulran DCC sequence, where the vehicle returned to the same location
(indicated by the arrow (1) in Figure 5.7F) four times. This resulted in closing loops of different
scales: a smaller loop along the inner, nearly circular path, and a much larger loop encompassing
the entire DCC area along the outer path. Loop closures succeeded even though the vehicle
approached the same location from different directions, as illustrated by the example point
clouds from Ouster OS1-64 in Figures 5.8A and 5.8B. Furthermore, the loop closure module
demonstrated resilience to moderate changes in the appearance of the environment between
observations, as shown by another example from the Mulran DCC experiment (indicated by
the arrow (2) in Figure 5.7F) and depicted in Figures 5.8C and 5.8D. These results validate
the effectiveness of combining location matching with learned SegMap descriptors and BA-like
optimization using features, at it establishes a robust and adaptable loop closure mechanism

suitable for autonomous driving and large-scale environment mapping.

Finally, the trajectory estimation results for the KITTI 00 sequence were evaluated by comparing
different loop closure approaches using the evaluation method originally introduced with the
KITTI dataset [163]. Unlike ATE metrics, this method calculates separate translation and
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FIGURE 5.8: Visualization of example point clouds from the Mulran DCC sequence: a location

visited four times while traversing a circular path with successful loop closures in spite of the

reversed motion direction (A, B) and a location where the environment has changed due to a
removed vehicle (encircled), but a loop closure was still detected (C, D)

rotation errors relative to the traveled distance and presents them as functions of the trajectory
segment length. Although these relative accuracy metrics do not directly reflect errors in the
overall trajectory shape, they align with the findings in [52], showing that both translation (see
Fig. 5.9A) and rotation (see Fig. 5.9B) errors decrease over longer paths. This trend occurs
because for shorter paths, the results depend more heavily on open-loop LiDAR odometry.
Translation error plots exhibit a similar descending trend for longer routes when using both
LOAM and PlaneLOAM with the pose-graph approach, though PlaneLOAM achieves lower
error values due to superior odometry estimates. Leveraging high-level features for loop closure
yields even better performance, but only for longer paths, as shorter segments rely on the same
LiDAR odometry as the baseline method. It is also important to note that the detected loop
closures are not evenly distributed along the trajectory. As the vehicle travels larger distances,
the number of detected loop closure candidates increases significantly (see Fig. 5.9C) because

the vehicle reenters previously mapped areas.
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F1cUrE 5.9: The impact of different loop closing methods on trajectory estimation accuracy

for the KITTI 00 sequence, presented using the standard KITTI evaluation framework [163],

which separates translation (A) and rotation (B) errors. Additionally, the number of detected

loop closure candidates grows substantially as the vehicle travels along its route and revisits
previously mapped regions (C).

5.2 Evaluation of surfel-based map representation

5.2.1 Introduction

This section presents the evaluation of the MAD-BA method described in Section 3.3, which
utilizes surfels as a map representation. To quantitatively validate this approach, the ATE is
used to evaluate the pose estimation and the Chamfer-L1 distance to assess the accuracy of map

reconstruction. The experiments were conducted on a PC equipped with an Intel Core i9-9900KF



Ezxperimental evaluation 70

CPU @ 3.60GHz and 64GB of RAM. The presented methodology employs a LIDAR BA process
to refine both poses and scene geometry, starting from an initial set of poses and point clouds
derived from LiDAR odometry or SLAM, with a minimal set of parameters. The results indicate
that the proposed LiDAR BA approach outperforms existing methods in terms of accuracy. The
experimental results are validated in various scenarios, such as urban traffic, tight corridors,

stairways, and in both static and dynamic conditions. The evaluation also includes comparisons
with other LIDAR-based global refinement strategies such as BALM2 [73] and HBA [72].

Datasets

The comprehensive experimental campaign was conducted using the following datasets:

e Newer College (NC) [166]: Collected using a handheld Ouster OS0-128 LiDAR in environ-
ments featuring structured and vegetated areas. It is suitable for evaluating the accuracy
of the trajectory and the map, as it includes ground-truth data for both, created using
the Leica BLK360 scanner. According to the authors, the provided ground truth achieves

centimeter-level accuracy over poses and points in the map.

e Vision Benchmark in Rome (VBR) [167]: Recorded mostly in Rome using OS1-64 for
handheld and OS0-128 for car-mounted sequences. It adds diversity to the evaluation by
incorporating complex urban scenarios, with many narrow streets and dynamic objects,
such as vehicles and pedestrians. The provided ground-truth trajectory was obtained by
fusing LiDAR, IMU, and RTK GNSS data, ensuring centimeter-level accuracy.

e KITTI [163]: One of the most widely used benchmarks in robotics, previously introduced
in Section 5.1.1. For this evaluation, sequences 00—10 were utilized, excluding sequences

01 and 02 recorded on a highway.

Evaluation method

The goal of the developed system is to improve the consistency of both the structure and poses.
Therefore, the quantitative evaluations were performed using the ATEgys for SE(3) poses, and
metrics such as accuracy, completion, Chamfer-L1 distance, and F-score for the map. The first
three parameters for map evaluation assess geometric discrepancy by measuring the average
closest-point distance between the reconstructed map and a reference model, while the F-score
evaluates their alignment. For pose evaluation, the method previously introduced in Section 5.1.1
was applied: the output trajectory is initially aligned with the ground truth using timestamps
to determine the necessary associations. Then, the RMS of error is calculated based on the
translational differences between all the matched poses. Trajectory evaluation is performed on
three datasets, while map evaluation is limited to the NC dataset, which is the only one offering
a high-resolution ground-truth map. To evaluate the reconstructed map Q against the reference

model R, accuracy, completion, and Chamfer-L1 distance are calculated as follows:
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1 1
do11(QR) = 5o~ > min [[pg — prll+ 57— D min [[p, — pyll (5.1)
2N, pqEQpTGR 2N, prequGQ
accuracy completion

where p,, p, denote the coordinates of points and N,, N, represent the number of points in Q

and R, respectively.

Methods chosen for comparison

Two distinct approaches were selected for comparison with the proposed method. The first is
BALM2 [73], a global LiDAR refinement technique that minimizes the distance from the feature
points to the corresponding edges or planes. Unlike visual SLAM, where features are jointly
optimized with poses, BALM2 simplifies the process by analytically eliminating features from the
optimization, thereby reducing computational complexity. However, this method focuses solely
on pose refinement without optimizing scene geometry, limiting its ability to address structural
inconsistencies in the map. Additionally, its dependence on an adaptive voxelization method for

feature correspondence limits its scalability in highly dynamic or complex environments.

The second approach is HBA [72], designed to address the computational challenges of LIDAR
BA on large-scale maps. HBA employs a hierarchical framework that combines bottom-up BA
with top-down pose graph optimization. Although this design improves efficiency by reducing
the optimization scale, the reliance on pose graph optimization decouples trajectory estimation
from structure refinement, which can lead to inconsistencies in the final map, especially in the

case of long trajectories or complex environments.

The second approach is HBA [72], which is designed to decrease the computational demands of
LiDAR BA on large-scale maps. HBA utilizes a hierarchical framework that combines bottom-up
BA with top-down pose graph optimization. This approach enhances efficiency by reducing the
optimization scale, but its reliance on pose graph optimization decouples trajectory estimation
from structure refinement. This decoupling can result in discrepancies in the final map, especially

for long trajectories or in complex environments.

In contrast, the developed method integrates both pose and structure optimization within a
unified BA framework, avoiding the decoupling issues found in both BALM2 and HBA.

Parameters

All evaluated systems require configuration of particular parameters that influence their perfor-
mance. In the developed approach, the key parameters are the threshold values used to identify

correspondences between surfels in the data association step:
e d. = 0.5m - the maximum allowable distance between surfel and a leaf considered for
matching,

e d, = 1.0m - the maximum distance between the surfel and a leaf, computed along the

surfel’s normal,
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e o =5° - the maximum angle between the normals of a surfel and a leaf,

® prer = 0.1m - the threshold for the Huber robust estimator used during optimization of a

factor graph,
and for constructing the kd-trees:

® bnax = 0.2m - the maximum size of kd-tree leaves,

® by = 0.1m - the minimum flatness of a leaf below which its normal is propagated to its
children.

These default parameter values were used consistently during the evaluation to ensure reliable
results across various sequences and datasets. For the HBA method [72], also the default param-
eter values were used, while for BALM2 [73], the initial voxel_size was changed from 2.0m to

1.0m to improve its performance.

5.2.2 Results of trajectory evaluation

Table 5.6 presents a comprehensive summary of the evaluation results for all presented methods
and datasets. The first column shows the error associated with the input trajectory, which is
necessary as the initial guess for all tested systems. For this purpose, again the open-source
implementation of LOAM [34] was utilized, as it is a widely used framework for LiDAR-only
odometry and mapping. However, the results for KITTI sequences 01 and 02 have been excluded

from the table, as LOAM was unable to generate estimates for these specific trajectories.

Initial trajectory | BALM2 [73] HBA [72] Pose-only ~ MAD-BA w/o uncert. MAD-BA with uncert.
Sequence RMS | MAX | RMS | MAX | RMS | MAX | RMS | MAX | RMS | MAX | RMS | MAX |
quad-easy 0.098 0.218 0.093 0.249 0.131 0.801 | 0.086 0.214 0.086 0.183 0.083 0.177
¥ maths-casy 0.090  0.189 [0.162 0.420 0.135 0.606 | 0.087 0.189 0.054 0.163 0.043 0.176
= cloister 0.119  0.297 [0.319 1.823 0.466 2.745 | 0.098 0.364 0.112 0.356 0.106 0.318
(2) stairs 0.368  0.717 |0.366 0.700 3.104 9.088 | 0.375 1.429 0.067 0.126 0.070 0.132
underground-easy | 0.127 0.358 0.120 0.342 0.434 1.019 | 0.080 0.352 0.073 0.330 0.072 0.331
Colosseo 2.920 5.873 2.877 5.553 1.123 2.763 | 2.891 5.887 0.698 1.585 0.565 1.161
g Spagna 0.963 1.912 1.058 5.479 1.628 4.625 | 1.053 3.953 0.412 1.229 0.155 0.522
— DIAG 0.341 0.804 0.425 1.945 0.960 2.510 | 0.335 2.014 0.101 0.438 0.103 0.455
Qmﬁ Campus 1.777 4.928 2.121 6.587 1.055 3.944 | 1.741 5.214 1.025 2.972 1.109 2.973
= Ciampino 6.078  16.097 |6.086 15.669 5.641 16.645| 6.040 15.881 3.878 13.711 3.123 9.566
Pincio 1.488 2.914 1.719 3.293 1.508 4.589 | 1.499 3.304 0.914 3.177 1.121 3.869
00 6.051  11.552 |5.585 16.075 4.899 9.897 | 5.145 11.326 3.717 7.657 3.544 6.473
03 1.005 1.873 1.144 2522 4.166 11.279| 1.176 2.817 1.002 1.609 0.983 1.669
= 04 0.444 1.162 0.507 1.226 0.532 1.776 | 0.399 1.075 0.411 1.111 0.521 1.371
E 05 3.392  11.263 | 3.001 9.624 1.321 6.083 | 3.006 10.290 1.335 2.497 1.426 2.682
£ 06 1.400 2.039 2.498 19.379 0.668 1.488 | 1.350 2.179 0.856 1.747 0.892 1.819
g 07 0.684 1.281 0.748 1.197 0.289 0.602 | 0.576 0.791 0.392 0.765 0.395 0.704
< 08 4.034  12.668 |8.198 67.587 4.553 12.815|4.027 12.319 6.535 16.982 5.449 14.873
09 2.505  7.304 |8.858 57.515 3.410 6.084 | 2.487 7.096 1.343 2.778 1.424 2.886
10 2.024 3.720 2.725 10.738 4.179 8.107 | 2.051 3.807 1.854 4.193 2.191 4.422
avg ‘ 1.741 4.289 ‘ 2430 11.396 2.010 5.373 ‘ 1.725 4.525 1.243 3.181 1.169 2.829

TABLE 5.6: Quantitative results of ATE for all tested methods across different publicly avail-

able datasets. Each error is reported in m, and the last row of the table shows the total average

of the error in each column. The best results for each sequence (the lowest RMSE) are shown
in bold.

It is worth noting that the quality of the initial trajectory plays a significant role in the per-

formance of refinement systems. An inaccurate initial estimate can result in inaccurate scan
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correspondences, leading the optimization process to converge to a local minimum. This limi-
tation is particularly apparent in the results for BALM2 [73], as shown in the second column
of the table. BALM2 frequently exhibits errors that are similar to or even worse than those of
the initial trajectory. This suggests that its voxel-based discretization method faces difficulties

when dealing with the suboptimal starting trajectory provided by LOAM.

HBA [72], whose outcomes are presented in the third column, demonstrate improved perfor-
mance in certain sequences, such as KITTT 05, 06, and 07, achieving the lowest error in these
cases. However, its inconsistent results across other datasets highlight its sensitivity to the initial
trajectory as well. HBA method is based on multi-view ICP, but in addition, it also incorporates
PGO to simplify optimization. Even though this approach is typically faster, it sacrifices some
accuracy compared to BA. Although parameter tuning could enhance the performance of both
BALM?2 and HBA, a consistent configuration across all sequences was used to ensure a fair and

unbiased evaluation, thereby emphasizing the inherent robustness of each system.

The last three columns in Table 5.6 show the results for various versions of the developed sys-
tem. In first version the system is configured to optimize only the poses and to keep all surfels
fixed. The factor graph structure remains the same as in the other versions, but in this case, no
updates are made to the surfels during the optimization process. The two subsequent columns
illustrate the results of the BA method, showing the effects of integrating uncertainty into the
optimization. In the first case, the uncertainty value o; = 1 (see Eq. 3.29) is applied to all mea-
surements, giving them equal weight during optimization. In the second case, o; is determined
by the uncertainty estimated for each measurement during the kd-tree creation, as explained in
Section 3.3.3. This approach assigns greater weight to measurements with higher confidence,
leading to improvements in both pose accuracy and map consistency. Based on the obtained
results, it can be stated that both BA configurations significantly reduce errors compared to the
fixed surfel approach. Moreover, incorporating uncertainty into the optimization improves over-
all results by effectively using weighted measurements. In addition, Figure 5.10 shows that the
joint optimization of surfels and poses reduces the number of iterations required for convergence,

compared to the pose-only variant.

A —&— pose-only optim. B
—8— BA w/o uncertainty 1.2
0.12 —e— BA with uncertainty
1.0
.E 0.10 E 08 —e— pose-only optim.
2 2 : —e— BA w/o uncertainty
= =
& 0.08 Eo6 —8— BA with uncertainty
< <
0.06 0.4
0.2
0.04
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
# iteration # iteration

FicUure 5.10: The ATE computed for each iteration of the developed BA algorithm. The
plots compare three versions of the system for the math-easy (A) and Spagna (B) sequences.
The results indicate that both variants of BA not only lower the error but also accelerate
the algorithm convergence relative to pose-only optimization. The version with uncertainty
produces best results, as measurements with higher confidence are given greater weights.
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5.2.3 Results of map evaluation

The map evaluation involved comparing the ground-truth model with the surfel maps generated
using the initial trajectory and those produced by MAD-BA with and without uncertainty infor-
mation. The numerical values of the computed metrics are shown in Table 5.7. For comparison,
the table also includes results from the point-based map generated by the HBA system. The
underground-easy sequence is excluded from this comparison because a ground-truth map is not
available for this part of the dataset. To exclude non-overlapping sections of the refined and ref-
erence maps, a threshold was used for the maximum allowable distance between points in these
maps [67]. This threshold was set to 1 m, however, similar results are obtained with different
threshold values, as illustrated in Figure 5.11. Based on the presented results, it can be seen
that the incorporation of uncertainty improves the performance for all calculated metrics. The
only exception is the stairs sequence, which contains narrow corridors where individual mea-
surements are already highly reliable. Moreover, the part of the reference map corresponding to
stairs sequence has some visible artifacts, such as double walls, which could also cause increased

€rror.

initial map HBA MAD-BA w/o uncert. MAD-BA with uncert.
Sequence | acc.] comp.] C-L1| F-sc.t|acc.| comp.] C-L1| F-sc.t|acc.l comp.] C-L1| F-sc.t|acc.l comp.] C-L1| F-sc.t

quad_easy |16.39 22.52 19.45 68.35 |14.59 4293 28.76 41.41 |12.72 697 9.85 92.04 |[12.70 6.93 9.82 92.07
math_easy|19.22 26.87 23.05 58.55|16.86 43.49 30.17 38.70 |14.44 10.65 12.55 87.20 |14.35 10.54 12.44 87.26
cloister 22.78 16.31 19.54 69.18 |18.62 39.18 28.90 45.76 |21.78 7.34 14.56 77.86 |21.18 6.95 14.06 78.96
stairs 2891 23.66 26.29 55.51 |33.82 32.35 33.08 41.41|24.32 7.22 15.77 73.50|24.56 7.28 15.92 73.36

TABLE 5.7: The quantitative results of the map evaluation. It includes the following metrics:

accuracy (acc.), completion (comp.), Chamfer-L1 (C-L1), and F-score (F-sc.). The first three

metrics are reported in centimeters, whereas the F-score is given as a percentage. The column

labeled initial map shows the results for the surfel map created using the initial trajectory

obtained using LOAM. An additional threshold of 0.2 m was applied to calculate the F-score.
The best results are highlighted in bold.
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FIGURrE 5.11: Chamfer-L1 distance calculated for the cloister sequence for different distance

thresholds. The initial map was generated using the LOAM trajectory. Both versions of the

proposed BA significantly improve the map quality, however, the incorporation of uncertainty
information provides additional enhancements.

Furthermore, a comparison of the maps obtained from the NC maths-easy and quad-easy se-

quences was generated and presented in Figure 5.12. It shows the Euclidean distance calculated
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from each point in the refined map to the nearest point in the reference model. These compar-
isons demonstrate a notable enhancement in map quality after applying the VA method, which
effectively integrates measurements from different scans, leading to a more precise and reliable

model of the environment.

[w] @ouelsip ueopIionyg

FIcUrRE 5.12: Qualitative results of maps generated from the NC math-easy (A) and NC

quad-easy (B) sequences. The color of each surfel point indicates its Euclidean distance to

the nearest point in the ground-truth map. The images on the left illustrate maps created

using the initial trajectory (before optimization), while the right images show the results after
applying BA with uncertainty method.

A further benefit of the proposed map representation is its ability to implicitly exclude points
associated with dynamic objects, such as moving cars or pedestrians. Although these filtering
characteristics are hard to measure, qualitative examples of this effect are provided using a part
of the VBR Spagna and KITTI 07 sequences in Figure 5.13.

This filtering effect is related to the way in which surfels are created and how they associate leafs
from different scans. When the given object is moving fast enough, there are no corresponding
leaves in subsequent scans, which effectively excludes them from the surfel creation process. This
leads to the inherent filtering properties of this approach, enabling it to automatically handle
dynamic objects in the environment. The exclusion of these points offers substantial advantages
for applications such as autonomous driving and robotic navigation. Since moving objects do
not constitute permanent features of the environment, their removal enhances the accuracy of
the map, also leading to improved localization performance. This is crucial for tasks that require
precise navigation based on a consistent representation of the environment. Additionally, the
number of surfels in a map is much lower than points in the original scans, which reduces its
size, while still preserving the important structure of the surroundings. As a result, filtering out
dynamic points not only improves the overall performance of the system, but also makes it more

robust in environments with many dynamic objects.
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FIcURE 5.13: Comparison of the maps generated by LOAM (A-F) and MAD-BA method
(G-L), with the surfel map converted to a point cloud. The visualizations show part of the
Spagna (A, B, G, H), KITTI 07 (C, D, I, J), Ciampino (E, K), and Pincio (F, L) sequences.
Proposed approach offers a clearer representation of the environment by removing noise and
filtering out points from dynamic objects such as moving cars and pedestrians.
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5.2.4 Comparison of high-level planar features with surfels

PlaneLOAM and MAD-BA systems represent two different strategies for structuring point cloud
data, each with distinct advantages and trade-offs. Both methods aim to reduce raw point
cloud complexity by grouping points into features, enabling more efficient data association and
optimization. They share common elements, such as using point-to-plane or point-to-line error
functions for data association and leveraging kd-trees for correspondence search. However, their

approaches to feature representation and optimization differ considerably.

One of the primary differences between these two representations is the size of the features. The
planar features in PlaneLOAM function similarly to surfels but are not limited in size, meaning
that they can represent large flat areas, such as the walls of buildings or floors, more effectively. In
contrast, surfels are smaller, which allows for capturing finer details of the environment, making
them particularly effective in areas with high surface variation. Additionally, in the surfel-based
approach, once the points are converted into surfels, the original point cloud data is no longer
used in subsequent processing. This also slightly simplifies the correspondence search and feature
matching, as it requires fewer parameters. The smaller size also makes them more flexible in
optimization, as they can be modified more easily compared to large planar features. This
makes surfel-based approaches particularly effective in high-accuracy reconstruction. However,
the small size also means that surfels struggle to efficiently represent large flat surfaces, where

big planar features might be more suitable.

Another important distinction lies in the computational efficiency of the approaches, how-
ever, this is more related to the purpose of the system rather than the map representation.
PlaneLOAM was developed for real-time operation, enabling continuous localization and map-
ping without excessive computational overhead. In contrast, MAD-BA require matching all
scans with each other, making it significantly more computationally expensive. For this reason

it is intended for offline processing, where accuracy is prioritized over speed.

The comparison of the accuracy of both systems is presented in Table 5.8. It was conducted
using three selected KITTI sequences, previously analyzed in the thesis, but now summarized
in a single table for direct comparison. To ensure a fair evaluation, neither system incorporated
loop closure information, and based on the accuracy metrics, MAD-BA demonstrated superior
performance in all analyzed sequences. Moreover, based on the trajectory and error over time
plots, illustrated in Figure 5.14, it can be noticed that MAD-BA exhibits lower error at both the
beginning and end of the trajectories. This might be caused by the fact that matching surfels is
more reliable than aligning large planar or linear features, particularly in the case of significant
trajectory drift. Additionally, the point-to-plane threshold in the data association step differs
between the two approaches, and it is set to 5.0 m for surfels and 1.0 m for planar features. Since
scans from the start and end of the trajectory are more likely to be matched in the MAD-BA
system, this results in reduced error, resembling the effect of loop closure without explicitly

implementing it.

Figure 5.15 shows the comparison of a map created using the PlaneLOAM and MAD-BA systems.
To enhance clarity, each planar feature in the PlaneLOAM map is assigned a distinct color, while

surfels in the MAD-BA map are colored according to their normals.
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TABLE 5.8: ATE comparison for KITTI sequences between PlaneLOAM, employing high-level
features, and MAD-BA, utilizing surfels.

dataset PlaneLOAM MAD-BA

sequence ATERMS ATEmaX OATE ATERMS ATEmaX OATE
KITTIO0 | 452 m 11.76 m 236 m | 3.54 m 647 m 135 m
KITTIO5 | 321 m 804 m 159 m | 143 m 268 m 064 m
KITTI 07 | 0.50 m 0.82m 020m | 040 m 0.70 m 0.16 m
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FIGURE 5.14: Trajectory plots for the analyzed KITTI sequences (A, B, C) and the corre-
sponding error over time (D, E, F) for PlaneLOAM (blue line) and MAD-BA (green line).

The most significant difference lies in the way each system represents surfaces. Surfels divide
walls into multiple small elements, which can be beneficial when dealing with uneven or textured
surfaces. PlaneLOAM, on the other hand, represents an entire wall as a single planar feature,

making it efficient for large, flat structures but potentially less adaptive to surface variations.

Another distinction between the two approaches is how features are managed. PlaneLOAM re-
quires additional processing steps, such as merging and removing invalid features, to maintain
map consistency. In contrast, surfels are neither merged nor deleted, making their management
simpler while still allowing for dynamic refinement. On the other hand, the surfel-based map is
constructed iteratively. After each optimization step, the system updates the poses and recre-
ates the surfels. This iterative refinement process ensures continuous improvement in the map

accuracy over time but is more demanding in terms of computations.

In general, both approaches provide viable alternatives to traditional point-based maps, each
offering distinct advantages depending on the structural characteristics of the environment and

the required level of detail.
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F1cUrE 5.15: Comparison of the maps created using high-level planar features in PlaneLOAM
(A) and surfel-based representation in MAD-BA (B). Each planar feature is assigned a unique
color for better visibility, while surfels are coloured based on their normal vector.

5.3 Evaluation of LIDAR SLAM with GNSS integration

5.3.1 Introduction

This section presents the evaluation of the method for integration of SLAM with GNSS data,
introduced in Section 4.1, and focuses on validating the performance and effectiveness of the
developed approach. It also demonstrates how these systems can be combined to provide robust

localization in urban environments and produce a globally consistent trajectory.

Urban canyons, characterized by tall buildings and complex infrastructures, often degrade GNSS
signals, leading to inaccuracies and loss of signal. SLAM systems, on the other hand, offer
reliable local localization by mapping the environment and tracking the motion of a vehicle.
However, without a global reference, SLAM can accumulate drift over time. In this context,
the synergy between these two systems leverages the strengths of both of them: GNSS provides

global position references and SLAM ensures local accuracy and continuity.

Dataset

The experiments were carried out using the UrbanNav dataset [136], which is specifically designed
to test navigation systems and provides data from complex urban environments that present
significant challenges for GNSS-based positioning. It is publicly available and includes sequences

recorded in densely populated areas. The presented experiments focus on two sequences from
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Tokyo (Odaiba and Shinjuku) and three sequences from different parts of Hong Kong: Tsim Sha
Tsui (TST), Whampoa, and Mongkok.

The dataset includes raw GNSS measurements in Receiver Independent Exchange System (RINEX)
format, widely used for this type of application. RINEX data consists of two file types: obser-
vation and navigation. Observation files are recorded by a GNSS receiver mounted on a moving

vehicle and contain the following values:

e time of measurement,
e pseudorange,
e carrier phase,

e Doppler shift.

Navigation files provide information about satellite trajectories to compute their positions at
specific times and are not necessarily recorded by the receiver whose position is being calcu-
lated. However, they must include data about satellites present in the observation file to ensure

completeness for processing.

The sequences recorded in Tokyo feature data from two GNSS receivers: Trimble NetR9 and
u-blox ZED-F9P. For uniformity, only the data from u-blox ZED-FIP is processed, as it is also
present in the Hong Kong sequences. In addition, Hong Kong sequences include raw GNSS
measurements from four different smartphone models. For the presented evaluation, data from
Xiaomi Mi8 was selected, as it supports multiple constellations and dual-frequency bands (L1/L5)

for Global Positioning System (GPS), providing relatively high precision.

In terms of SLAM systems, Odaiba and Shinjuku sequences were processed using LOAM [137]
with data provided by the Velodyne VLP-32C sensor. These sequences were not, processed with
LIO-SAM [69] due to the absence of a 9-axis IMU required by LIO-SAM. In contrast, trajectories
from Hong Kong were generated using both LOAM and LIO-SAM using data from Velodyne
HDL-32E. For clarity, Table 5.9 presents which sequences of the UrbanNav dataset and which
GNSS receivers were used for the evaluation.

TABLE 5.9: The sequences of UrbanNav dataset that were processed with the use of different

GNSS receivers for the purpose of evaluation. The v/ sign means that given sequence was
processed and X means that it was not

dataset LOAM LIO-SAM

sequence u-blox ZED-F9P  Xiaomi Mi8 | u-blox ZED-F9P  Xiaomi Mi8
Odaiba v X X X
Shinjuku v X X X
TST v v v v
Whampoa v v v v
Mongkok v v v v

By analyzing the above sequences, recorded in Tokyo and Hong Kong, the performance improve-
ments achieved through the developed system were evaluated, comparing it with the standalone
GNSS and SLAM approaches.
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Evaluation method

The results in the following section are calculated by comparing the trajectories provided by the
evaluated system with the ground truth, as already introduced in Section 5.1.1. The evaluation
focuses on ATE metrics, because it highlights the ability of a system to maintain precision and
consistency across diverse urban scenarios. The errors are reported as ATEgrys and ATE .y,
representing the RMS and maximum ATE values, respectively. Ground-truth data, provided for
all sequences by an RTK GNSS/Inertial Navigation System (INS) receiver, is recorded in the
WGS-84 standard (latitude, longitude, altitude) and was directly converted to the ECEF frame

for evaluation purposes.

It is important to note that LIO-SAM includes functionality for loop closure detection. In the
presented comparison of GALS with LOAM and LIO-SAM, the emphasis was placed on demon-
strating the impact of IMU integration in LIO-SAM. Therefore, to ensure a fair comparison,
the loop closure functionality was disabled. However, in a separate experiment, this feature was

enabled to demonstrate that the GALS system is capable of managing loop closure constraints.

The comparison also includes results from the RTKLIB library, which, as described in Sec-
tion 4.1.3, was used to process raw GNSS measurements and provides positioning information
using GNSS-based data.

5.3.2 Accuracy of trajectory estimation

GNSS data source: u-blox ZED-F9P

Table 5.10 and Figure 5.16 provide a detailed comparison of the trajectory estimation outcomes
across three localization methods: LOAM, RTKLIB, and GALS, tested on five different Urban-
Nav sequences. The raw GNSS data utilized in this analysis are obtained from a u-blox ZED-F9P
receiver. The results demonstrate a notable reduction in trajectory estimation errors when using
the GALS system compared to both LOAM and RTKLIB. This improvement is evident across
all sequences, however, for the Whampoa, the reduction in error is less significant. This can
be attributed to the lack of valid GNSS measurements over a substantial part of the trajectory,
which limits the accuracy improvement typically provided by the GALS system.

TABLE 5.10: Comparison of ATE metrics calculated for trajectories obtained using three

different localization approaches: LOAM, RTKLIB, and GALS across UrbanNav sequences.

The RTKLIB utilize data from a u-blox ZED-F9P receiver, while the GALS approach integrates
data from both LOAM and the u-blox ZED-F9P. The lowest ATEax values are highlighted

in bold.
dataset LOAM RTKLIB (u-blox ZED-F9P) | GALS (proposed)
sequence ATErMms ATEp.x | ATERMs ATE hax ATErMs ATELax
Odaiba 6424 m 135.85 m | 8.02 m 41.24 m 588 m 11.90 m
Shinjuku 53.46 m 104.92 m | 11.67 m 74.30 m 6.84 m 22.70 m
TST 1251 m  31.159 m | 14.76 m 57.47 m 3.83 m 6.8 m
Whampoa | 35.99 m 76.848 m | 9.55 m 40.33 m 9.26 m 26.66 m
Mongkok 739 m  25.366 m | 27.01 m 90.48 m 5.64 m 1844 m
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F1cURE 5.16: Comparison of ATE metrics calculated for the five UrbanNav sequences: Odaiba

(1), Shinjuku (2), TST (3), Whampoa (4), and Mongkok (5). The plots illustrate the trajectory

errors for each sequence using three different localization methods: LOAM (A), RTKLIB with

data from the u-blox ZED-FIP receiver (B), and GALS, which combines data from LOAM

and the u-blox ZED-F9P (C). Additionally, plot (D) provides a detailed view of ATE over
time for each method. These plots complement the results presented in Table 5.10

Table 5.11 presents analogous results, this time focusing on the performance of LIO-SAM inte-
grated with GALS, in contrast to the LOAM system used previously. The RTKLIB localization
results remain unchanged from Table 5.10 and are included here again to facilitate direct com-
parison. It should be noted that LIO-SAM consistently outperforms LOAM, primarily due to the
integration of IMU with LiDAR data. In this way LIO-SAM enhances robustness in dynamic
environments and during fast motion, where LOAM may encounter difficulties. This reduces
potential drift and ensures a more stable pose estimation, which also leads to enhanced pre-
cision in the GALS trajectory. An additional comparison of the obtained routes, overlaid on

OpenStreeMap maps, is presented in Figure 5.17.

As noted earlier, the loop detection features of LIO-SAM were disabled to produce these results.
However, the impact of incorporating loop closures from LIO-SAM into GALS was also evalu-

ated and presented in Table 5.12 and Figure 5.18. The (ATEgrmg) for an example trajectory
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TABLE 5.11: Comparison of ATE metrics for trajectories derived from three approaches:

LIO-SAM, RTKLIB using data from a u-blox ZED-FIP receiver, and GALS, which integrates

data from LIO-SAM and the u-blox ZED-F9P. This comparison highlights the improvements
achieved when LIO-SAM is employed in combination with GALS for trajectory estimation.

dataset LIO-SAM RTKLIB (u-blox ZED-F9P) | GALS (proposed)
sequence ATERMS ATEmaX ATERMS ATEmaX ATERMS ATEmaX
TST 11.07 m 2159 m | 14.76 m 57.47m 3.07 m 7.41 m
Whampoa | 10.03 m 26.27 m | 9.55 m 40.33 m 454 m 883 m
Mongkok 488 m 1944 m | 27.01 m 90.48 m 4.38 m 10.87 m

B a— 7R, 4 e ey s — — . = >
| Legend S Py / i Legend \ 3 T t Legend

reference b B 3 reference 2\ & ’h o B reference
RTKLIB (u-blox F9P) i 4 & (@ o I RTKLIB (u-blox F9P) | I RTKLIB (u-blox FOP)
GALS D s N £ o : T GALS it i w GALS

FIGURE 5.17: Trajectories for the TST (A) and Whampoa (B) and Mongkok (C) sequences

from the UrbanNav dataset obtained using the proposed GALS approach with LIO-SAM (red

line), RTKLIB (green line) and ground-truth reference (black line) overlaid on OpenStreetMap.

The long green line segments in the RTKLIB trajectory indicate that multiple intermediate
positions were filtered out.

estimated by LIO-SAM with loop closures is lower compared to the trajectory that relies solely
on SLAM odometry (see Tab. 5.11). Although this enhancement is noticeable, it has a limited
effect on the trajectory estimated by GALS, provided that filtered GNSS measurements are em-
ployed to maintain global consistency. The methodology for this filtering process is described
in Section 4.1.4 and is necessary to achieve the best performance. As the results indicate, even
with loop closure constraints, the factor graph cannot rectify errors introduced by inaccurate
GNSS measurements, reflecting the influence of raw data and filtering mechanism on trajectory
estimation, as demonstrated in Figure 5.18B.

TABLE 5.12: Absolute Trajectory Error calculated for the TST sequence, illustrating the

impact of enabling or disabling specific components of our system: loop closures (LC) and the

filtration of GNSS measurements. This comparison highlights how these features influence the
accuracy of the resulting trajectories.

dataset LIO-SAM w/ LC | GALS w/o filtering | GALS w/ filtering
sequence | ATERyMs ATEnax | ATErRvms ATEnax | ATEgRms  ATEjax
TST 568 m 1515 m | 814 m 1808 m | 2.17Tm 6.65 m
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F1cUure 5.18: Comparison of the ATE for the TST sequence, calculated under different system

configurations. Plot (A) shows the results using LIO-SAM with loop closure detection enabled,

plot (B) presents ATE for GALS optimization without applying any filtration to the GNSS

measurements, plot (C) illustrates the results with GALS optimization that includes GNSS

filtration, and plot (D) shows how the error evolves over time for each configuration. These
plots complement the results in Table 5.12.

GNSS data source: Xiaomi Mi8

The subsequent experiments are similar to those described previously, however, in this case,
the raw GNSS data is sourced from a built-in GNSS receiver in the Xiaomi Mi8 smartphone
instead of the u-blox ZED-FI9P. Additionally, only sequences from Hong Kong are analyzed, as
the corresponding data for the routes recorded in Tokyo are not available. Tables 5.13 and 5.14
present a quantitative evaluation of the trajectory error for these experiments that involve the
use of LOAM and LIO-SAM, respectively. The related plots are shown in Figure 5.19. Despite
the significantly larger GNSS positioning errors (see column B of Fig. 5.19), the GALS system
still produces substantially more accurate trajectories compared to those generated by LOAM
and LIO-SAM, which rely solely on LiDAR or a combination of LiDAR and IMU data. This
enhanced performance is attributed to the GNSS filtration process, which effectively filters out
invalid positions and helps mitigate the drift of SLAM. This is particularly beneficial in long-
distance sequences, where even low-quality GNSS measurements can support more accurate
trajectory estimation by reducing the accumulated errors over time.

TABLE 5.13: Comparison of ATE metrics for trajectories obtained with LOAM, RTKLIB
using data from XiaomiMi8, and GALS combining data from LOAM and Xiaomi Mi8

dataset LOAM RTKLIB (XiaomiMi8) | GALS (proposed)
sequence ATERMS ATEmaX ATERMS ATEmaX ATERMS ATEmaX
TST 1251 m 31.159 m | 84.38 m 683.60 m 4.81 m 9.13 m

Whampoa | 35.99 m 76.848 m | 48.18 m 263.07 m | 16.57 m 43.35 m
Mongkok 739 m 25366 m | 93.84 m  665.07 m 594 m 17.86 m

TABLE 5.14: Comparison of ATE metrics for trajectories derived from LIO-SAM, RTKLIB
using data from a Xiaomi Mi8, and GALS, which integrates data from both LIO-SAM and
the Xiaomi Mi8.

dataset LIO-SAM RTKLIB (XiaomiMi8) | GALS (proposed)
sequence ATERMS ATEmaX ATERMS ATEmaX ATERMS ATEmaX
TST 11.07 m 2159 m | 84.38 m  683.60 m 3.69 m 627 m

Whampoa | 10.03 m 26.27 m | 48.18 m 263.07 m 719 m 1644 m
Mongkok 488 m 1944 m | 93.84 m 665.07 m 441 m 914 m
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FIcURE 5.19: Comparison of ATE calculated for the TST (1), Whampoa (2), Mongkok (3),

and TST (4) sequences. The plots display trajectory errors for LOAM (A1-A3) or LIO-SAM

(A4), RTKLIB with Xiaomi Mi8 data (B), and GALS (C). Plot (D) illustrates how ATE varies
over time, providing a temporal analysis of the localization accuracy for each method.

Accuracy comparison between RTKLIB and the GNSS receiver

The final results of this section focus on comparing the localization accuracy achieved directly
from the GNSS receivers versus using RTKLIB with raw measurements. The errors, calculated
based on the provided WGS-84 coordinates from both u-blox ZED-F9P and Xiaomi Mi8 receivers,
are presented in Table 5.15.

TABLE 5.15: ATE for positions returned directly by u-blox ZED-F9P and XiaomiMi8 re-

ceivers.
dataset u-blox ZED-F9P XiaomiMiQ&
sequence ATErvms ATEnax | ATERms ATE L ax
TST 3.84 m 967 m | 11.73 m 28.94m

Whampoa | 570 m  17.85 m | 13.09 m 48.25 m
Mongkok 979 m 3352 m | 1881 m 5191 m

Based on these results, it can be seen that the localization results obtained using RTKLIB and the
raw GNSS data are inferior to those provided directly by the GNSS receiver. This might be due
to a number of significant factors. First, raw GNSS data includes various sources of error, such
as multipath effects, atmospheric delays, and clock inaccuracies, which RTKLIB must address.

GNSS receivers are equipped with tuned internal algorithms designed to handle these errors
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effectively in real time, whereas RTKLIB may provide worse results without the proprietary
enhancements that receivers use. Furthermore, RTKLIB processes raw GNSS data in a post-
processing mode, which requires the completeness of collected RINEX files. If the necessary data,
such as the trajectory of a given satellite, is inaccurate, outdated, or unavailable, the localization
accuracy can degrade. In contrast, GNSS receivers provide real-time processed solutions that
are optimized for immediate use, thus often yielding more reliable results. In addition, the
hardware integration of the GNSS receivers further improves their performance, since the system
is optimized for both hardware and software. Nonetheless, the proposed GALS system offers
a versatile framework for GNSS-augmented LiIDAR SLAM by tightly integrating raw GNSS
measurements with existing LIDAR SLAM algorithms. The development of a factor graph
formulation that enables the use of raw GNSS data from low-cost receivers, without requiring
external corrections, substantially enhances both the local accuracy and global consistency of

the estimated trajectories.



Chapter 6

Practical applications of GNSS

6.1 Localization system for an electric city bus

6.1.1 Introduction

This section presents the results of the development of a localization system for electric city
buses, which is part of a project aimed at creating an ADAS. The primary goal of this system is
to assist drivers during docking maneuvers at charging stations located at bus stops or depots.
However, while providing an overview of the entire system, this section primarily focuses on the
localization component, detailing the approaches and tests conducted to evaluate its performance.
In addition, it also reports the results of tests of a GNSS-based localization system for buses
operating in a real urban environment with regular daily traffic and passengers. For that reason,
it provides a valuable perspective on the practical challenges of deploying such a system in

real-world applications.

The developed ADAS offers a solution to docking challenges by providing visual guidance to
the driver that allows them to navigate the vehicle along an optimal path. Although the bus
equipped with this system is not fully autonomous, the ADAS significantly reduces driver stress
and compensates for lack of experience. Previous studies [112, 169] introduced the overall concept
of the ADAS for both single-segment and articulated buses. These works covered the development
of motion planning and control subsystems, as well as a method for using a single camera to
localize the bus relative to the charging station. The prototype system was developed through a
collaborative research project between Poznan University of Technology and Solaris Bus & Coach,
a leading European electric bus manufacturer. For the experiments presented here, the bus was
equipped with a simplified version of the ADAS, which incorporated significant modifications
from the earlier prototype. These changes were driven by an economic analysis that assessed the
profitability of adding additional hardware to the vehicle. As a result, external sensors such as
cameras and LiDARs were removed, and the system now relies entirely on data from the GNSS
and the internal sensors of the bus. In contrast to the version that employs a vision system [169],

the current implementation can work effectively at night and under adverse weather conditions,

87



Practical applications of GNSS 88

such as snow or heavy rain. These modifications have resulted in a cost-effective system that can
be retrofitted to nearly any existing electric bus, providing reliable guidance to inexperienced

drivers toward the charging station.

Although standard GNSS receivers generally provide adequate accuracy for most applications,
scenarios such as the one presented here demand higher precision. This can be achieved by
methods such as RTK GNSS [119]. The level of accuracy achieved using this technique varies
depending on the type and manufacturer of the receiver. For example, the u-blox FOP mod-
ule [165] claims a horizontal accuracy of 1.5m in standard mode and 0.01 m in RTK mode under
optimal conditions. Given these capabilities, this localization method was chosen, as it provides
the necessary precision and reliability to determine the position of a bus at a reasonable cost.
Furthermore, the RTK GNSS ensures highly consistent pose estimates [170], which is particularly

beneficial for tasks related to precise maneuvers.

6.1.2 Architecture of the system

Hardware

The hardware used in this system comprises several key components: a single-board computer,
a CAN-USB adapter, two RTK GNSS receivers and a Long Term Evolution (LTE) module. A

schematic diagram of the system is presented in Figure 6.1.

A

LCD Display

Bus CAN CAN-USB adapter T

LTE module GNSS base station

'] [

2x RTK GNSS module

FIGURE 6.1: Hardware utilized in the ADAS system. The on-board computer handles com-

putations, the GNSS modules provide bus position and heading, the CAN-USB adapter reads

sensor data from the bus, the LTE module receives Radio Technical Commission for Maritime

(RTCM) corrections from the base station via the network, and the LCD displays the system
interface to the driver.

The selected on-board computer, the UP Xtreme, is responsible for running the software and
managing data from connected peripherals. Its primary functions include processing Controller
Area Network (CAN) messages, managing data from the GNSS receivers, and maintaining com-
munication with the GNSS base station through the LTE module. During docking operations,
it also performs motion planning and control. Details about the software used on this computer

are provided in Section 6.1.2.
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The UP Xtreme was chosen due to its Intel i5 CPU with x86 architecture, which offers greater
versatility for software installation compared to ARM-based boards like the Raspberry Pi or
Odroid. ARM boards often require specific kernels or Linux versions, while the UP Xtreme
supports the official Ubuntu as its operating system. Additionally, its broad input voltage range
(12-60 V DC) allows it to be powered directly from the bus, eliminating the need for extra power
supplies or DC-DC converters. Alternatives like the UP Board and UP Squared were considered
but discarded due to their lower performance, which resulted in longer initialization times for

the motion planner and Graphical User Interface (GUI) before maneuvers.

The CAN-USB adapter facilitates a connection to the CAN bus of a vehicle, enabling the retrieval
of its current state. Data obtained via the CAN bus include vehicle steering angle, speed, and
pantograph status (folded or raised). The steering angle and speed are used for bus odometry
calculations, which the motion planner relies on in the event of a GNSS signal loss. Meanwhile,
the pantograph state serves as a signal that the driver intends to dock at the charging station.
CAN communication was selected because all the required messages were already accessible. The
PEAK-System CAN-USB adapter was chosen for its galvanic isolation, which ensured that any

failure in our system would not interfere with the regular operation of the bus.

In terms of RTK GNSS receivers, two u-blox ZED-FI9P modules are employed. The first, called
the moving base, determines the position of the bus, while the second, called the rover, is used to
calculate the yaw angle (heading). Information about the position and heading of a bus is crucial
for this application, as it is used to plan the reference path that guides the driver throughout
the maneuver. In addition, it also helps to identify the moment when the system should be
activated. Since GNSS modules require external antennas for optimal performance, they were
installed on the roof of the bus, as shown in Figure 6.2. This placement ensures an unobstructed
view of the sky, allowing uninterrupted reception of satellite signals. The first antenna is placed
0.2m in front of the rear axle and links to the moving base receiver for the acquisition of position
data. Meanwhile, the second antenna is located 4.9 m in front of the first and is attached to the
rover module. The alignment of GNSS antenna positions with the bus coordinate system and the
synchronization of GNSS data with the internal sensors was achieved through offline calibration
conducted prior to testing. The calibration process, which relies on the optimization techniques
described in [171], ensures high accuracy and repeatability. Once calibrated, the synchronization

between the sensors is managed using software timestamps.

Front Receiver #2 Receiver #1 Pantograph Back

FIGURE 6.2: Placement of the GNSS antennas concerning the geometry of a bus roof. The

first antenna is positioned 0.2m in front of the rear axle to determine the vehicle’s position.

The second antenna is installed 4.9 m ahead of the first and provides the information about
heading of a bus.
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The u-blox ZED-F9P receivers were selected for several reasons. Most importantly, these modules
support the moving base and rover configuration in RTK mode, which can simultaneously provide
the position and heading of the vehicle. Additionally, their integration is straightforward with
existing Linux-compatible software. The modules are also cost-effective and widely available,
which was particularly advantageous during the pandemic when the availability of electronic
components was limited. Although other GNSS receivers at a similar price point, such as the
Swift Navigation Piksi Multi and SKYTRAQ PX1122R, are available, they lack built-in heading
estimation. Using such alternatives would require manual calculations of the heading angle based

on two antenna positions, resulting in reduced accuracy.

The next hardware component is an Liquid Crystal Display (LCD) that acts as a graphical
interface for the driver. It shows key information, including the current position of the bus,
the planned path, the desired steering angle, and the path error. This display is connected to
the ADAS computer and automatically turns on when the bus approaches the charging position,
showing the Human-Machine Interface (HMI) that provides the driver with a clear understanding

of the maneuver.

The final hardware element is an LTE module, which facilitates remote access and provides inter-
net connectivity to the on-board computer. A generic LTE module powered directly through the
USB port of the UP Extreme computer was chosen, as this setup allows it to automatically start
synchronously with the other components of the system. Additionally, the on-board computer
uses this module to wirelessly connect to the stationary GNSS base station, enabling it to receive

differential corrections.

Differential corrections aim to enhance positioning accuracy by minimizing errors associated with
GNSS signal propagation and processing. Specifically, these corrections address delays caused
by the Earth atmosphere, such as tropospheric and ionospheric delays. These delays impact the
calculation of the pseudorange by affecting the signal travel time. In addition, GNSS corrections
include information about satellite clock biases, which influence measurements since the signal
travel time is determined using the difference between the receiver and satellite clocks. A GNSS
base station continuously calculates these corrections based on signals from satellites and the
known fixed position of its antenna [172]. These corrections, known as pseudorange corrections,
can then be shared with other receivers to improve their calculations and overall positioning
accuracy. This is possible because atmospheric effects on GNSS signals are similar for all receivers
within a short distance from each other, typically several dozen kilometers. Corrections also
provide precise satellite orbit parameters, which are essential for determining satellite positions
at any given time. In addition, they refine carrier phase measurements, which are based on the
phase shift of the signal carrier wave. These measurements are more computationally intensive
than pseudorange calculations, and hence they require additional messages that are transmitted
along with the differential corrections. In the presented implementation, these messages are
transmitted in the Radio Technical Commission for Maritime (RTCM) standard to the on-board
computer, which forwards them to the moving base receiver, ensuring the RTK localization
mode [172]. The source of RTCM messages is the ASG-EUPOS network, which provides data

from multiple reference stations in Poland through an internet-based service.
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Unfortunately, certain errors cannot be mitigated by using RTCM data, such as those arising
from signal multipathing and obstructions. These issues depend on the actual position of a
receiver and its nearby environment. The primary causes of such errors are tall buildings and
trees, which can reflect or block satellite signals. As a result, GNSS localization tends to be less

accurate in highly urbanized areas and may fail entirely in tunnels or underground parkings.

Another critical consideration is LTE network coverage in the areas where the RTK GNSS system
operates. Although this is typically not an issue in urban regions, a lack of internet connectiv-
ity prevents the reception of RTCM corrections, thereby reducing positioning accuracy. Short
interruptions in internet access, which can occur even in cities, are generally not problematic,
since RTCM corrections remain valid for several seconds. However, prolonged connectivity issues
cause the receiver to exit RTK mode and revert to standard FIX mode, which offers a maximum
static accuracy of 1.5 m. Although it is satisfactory for determining the rough position of a bus,
this accuracy is insufficient for precise docking maneuvers. Thus, RTCM corrections are essential

for the proper functioning of the system.

The GNSS receiver operates in three main modes: standard FIX, RTK FLOAT, and RTK
FIXED. In RTK FLOAT mode, the receiver has acquired RTCM corrections but has not yet
achieved the highest precision level. Accuracy in this mode is typically within tens of centimeters,
which is better than in the case of standard FIX but still depends on the number of visible
satellites and signal quality. RTK FIXED mode is the most precise one, and it is achieved when
the receiver resolves carrier phase cycle ambiguities and determines the exact number of radio
wavelengths between satellites and the receiver. This enables centimeter-level accuracy, which
can be maintained as long as RTCM data are consistently transmitted and the antennas have a
clear sky view. All three modes (standard FIX, RTK FLOAT, and RTK FIXED) apply to both
the moving base and the rover modules. Regardless of the mode, the receivers utilize signals from
multiple satellite constellations and frequency bands, including GPS (L1/1.2), Galileo (E1/E5),
and GLONASS (L1/L2). This multi-constellation, multi-frequency approach ensures that the
system always has sufficient satellite visibility. Moreover, it also reduces the time required
to initialize after power-up. Notably, the u-blox ZED-FIP receivers used in the system start
calculating its position as soon as the bus ignition is turned on, and usually achieves standard FIX
mode even before the operating system fully initializes. However, achieving RTK FIXED mode
requires the LTE module to establish a network connection and begin RTCM data transmission,

which typically takes 40-60 seconds.

Software

Concerning the software, the system uses Ubuntu and Robot Operating System (ROS), a popular
set of open-source libraries and tools for robotic applications. ROS offers significant flexibility,
as each system component has its own package that can be independently started or stopped
as needed. The system architecture is illustrated in Figure. 6.3, with all software components

implemented as ROS nodes, facilitating seamless communication between packages.
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F1GURE 6.3: Overview of the system architecture. The software is implemented as ROS nodes,
including the NTRIP client, GNSS driver, CAN bridge, localization node, system activation
node, path planner, and feedback controller. The NTRIP client retrieves RTCM corrections
via the LTE module. The GNSS driver processes data from u-blox ZED-F9P receivers. The
CAN bridge interfaces with bus-mounted sensors. The localization node calculates the bus
pose relative to the charger. The system activation node initiates motion planning as the bus
arrives at the depot. The path planner and feedback controller generate the reference path
and guide the driver during docking maneuvers.

The first software component is an Networked Transport of RT'CM via Internet Protocol (NTRIP)
client!, which retrieves RTCM corrections using the LTE module connected to the on-board
computer. As described in Section 6.1.2, these corrections are sourced from the ASG-EUPOS
internet-based service, which aggregates data from multiple GNSS base stations across Poland.
The NTRIP client’s role is to establish a connection with this service, receive the correction data,
and pass them on to the GNSS driver. Simultaneously, the GNSS driver transmits the RTCM
messages to the moving base receiver, enabling it to operate in RTK mode. Additionally, the
driver retrieves position and heading data from the moving base and rover modules. This func-
tionality is implemented using two modified ROS packages: nmea_navsat_driver? and ublox®.
The GNSS data are updated at a frequency of 10 Hz, which is satisfactory for localization in

urban traffic.

The CAN bridge is responsible for reading the current state of the internal sensors and converting
these data into ROS messages, enabling straightforward integration with the pose estimation
and motion planning packages. The implementation leverages the ros_canopen* interface and
utilizes proprietary CAN messages provided by Solaris Bus & Coach S.A. The data collected via

the CAN interface is used to compute the bus odometry and monitor the state of the pantograph.

The localization node determines the position and orientation of the bus relative to the charger
by using data from the GNSS driver and the predefined global coordinates of the charger. Since
the GNSS receivers provide location data in the form of (latitude, longitude, altitude), this
information is converted into the Universal Transverse Mercator (UTM) system with Cartesian
coordinates. For this conversion, the gps_common® package is used in conjunction with the

Eigen library, which facilitates the required transformations between local reference frames and

Ihttps://github.com/LORD-MicroStrain/ntrip_client

2https ://github.com/ros-drivers/nmea_navsat_driver
Shttps://github.com/KumarRobotics/ublox
4nttps://github.com/ros-industrial/ros_canopen
Shttps://github.com/swri-robotics/gps_umd/tree/master/gps_common
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computes the bus pose relative to the charging station. This calculated pose is subsequently
utilized by the system activation node to initiate the motion planning system shortly before the

docking maneuver.

The next software component is the path planner, which generates the reference path. It utilizes
a general path planning framework based on the non-linear optimization of a 7th-degree polyno-
mial, ensuring smooth and kinematically feasible paths. The planner formulates path planning
as an optimization problem constrained by initial and final configurations, kinematic limits (cur-
vature and rate of curvature), and obstacle avoidance. Positional constraints are derived from
bounding boxes generated using OpenStreetMap data, which define a safe space for vehicle move-
ment. The optimization process, implemented using CasADi and the IPOPT library, ensures
obstacle-free paths with minimal curvature changes. It balances computational efficiency with

precision, generating reference paths that guide the bus during docking maneuvers.

The last module is the feedback controller that assists the driver in reaching the charging station.
It ensures precise guidance by continuously adjusting the steering based on real-time deviations
from the reference path. It calculates the error between the actual pose of the bus and the desired
trajectory, considering position, orientation, and curvature. Using this error, the controller
generates steering angle commands to minimize the deviation while maintaining smooth motion.
By accounting for the kinematic constraints of the bus, it provides reliable and accurate feedback,
enabling the driver to follow the reference path effectively, even in confined spaces or challenging

docking scenarios.

A key requirement set by the bus fleet operator for our ADAS was that the system should
operate autonomously without requiring any input or parameter adjustments from the driver.
This specification was primarily driven by safety concerns. As a result, the system activates
automatically when the driver starts the bus. Once the on-board computer boots up, the GNSS
localization software starts to operate in the background. During this process, the monitor
in driver’s cabin is turned off to avoid potential distractions. When the bus approaches the
designated location, the system triggers a package responsible for path planning and calculating
the steering angle at a distance of 55 meters from the charger. This early activation ensures that
the motion planner and the graphical interface have enough time to initialize. Concurrently,
the driver’s monitor turns on, and by the time the bus is 35 meters away, the system is fully
operational. Since the bus position is calculated relative to the charger, all distance-based
conditions can be easily tested and adjusted for various depots and charging stations as needed.
Additional safeguards have been implemented to prevent unintentional system activation, such
as when approaching the depot from the opposite direction. Once all components of the system
have been activated successfully, the driver can follow the steering suggestions displayed on the
monitor. The system will automatically deactivate when the bus halts beneath the charger or if
it detects the driver performing an unrelated maneuver, such as driving across the depot without
the intention to dock. In addition, the system will shut down if the bus moves more than 60
meters from the charger, regardless of driver actions. Although this condition is redundant, it

ensures that the system is ready for the next approach.

It should be noted that the described system is directly powered by the bus, which can slightly

increase its overall power demand. However, the flexibility of ROS packages allows them to
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be deactivated once the maneuver is complete. As a result, the main software runs only when
the bus is near the charger, minimizing power consumption for most of the time. The Intel
i5-8365UE CPU used in our UP Xtreme setup has a maximum power consumption of 15 W,
while the monitor consumes approximately 5.5 W. Unfortunately, other components, such as the
LTE module and CAN-USB adapter, are powered via USB ports and cannot be automatically
turned off. By reducing CPU activity and turning off the monitor, it is possible to save up to
around 20 W of power. Although these savings may seem negligible compared to the total energy
consumption of an electric bus, which typically ranges between 0.8 and 1.7 kWh per kilometer,

it remains a good practice to minimize power usage whenever possible.

6.1.3 Performance evaluation of the GNSS-based localization system

The overall performance of the GNSS system was assessed on three distinct routes in Poznan
during the regular operation of an electric bus in urban traffic. The average distances and travel
times for the analyzed sequences are summarized in Table 6.1. This table also provides details
on the number of RTK FIXED poses recorded for each sequence, reflecting the overall reliability
of the system. As noted previously, RTK FIXED represents the high-precision localization mode
with centimeter-level accuracy, which is critical for performing maneuvers such as docking at a
charging station.

TABLE 6.1: The recorded city bus routes that were used to analyze the reliability and per-

formance of GNSS localization. RTK FIXED positions represent a high-precision mode with

centimeter-level accuracy. Lower precision modes, such as the standard FIX and RTK FLOAT
modes, indicate the reduced accuracy of the system.

Sequence (bus stops) Distance Time No. of precision No. of poses in
RTK FIXED poses | low precision modes
Dworzec Zachodni-Kacza 7.483 km | 34.77 min. 20558 284
Garbary PKM—-Strzeszyn | 11.616 km | 42.42 min. 23749 1691
Garbary PKM-Os. Debina | 9.290 km | 43.93 min. 25264 1090

The data indicates that only a small percentage of registered poses (1.36%, 6.65%, and 4.14%
for each route, respectively) were non-RTK. These discrepancies are mainly due to the limited
visibility of the sky caused by roadside structures and vegetation. However, it should be noted
that the GNSS signals were consistently available throughout all sequences, with no interruptions

or gaps in the logged trajectories.

To perform the statistical analysis of GNSS localization performance, the ATE metric was used,
as introduced in Section 5.1.1. Since the results were collected during regular bus operations
under typical day-to-day conditions, it was impossible to implement additional measurement
systems to provide ground-truth data. For that reason, the ATE was calculated between the
positions of the moving base and the rover receivers at the corresponding timestamps. The error
was averaged over the route and is presented in Table 6.2. To compute the ATE, the rover
coordinates were transformed to the moving base frame by translating them along the longitu-
dinal axis of the bus (in the global coordinate system) by a length of 4.9m, representing the
exact distance between the two antennas mounted on the roof of the vehicle. It should be noted

that this translation introduces an additional positional error for the rover, as it depends on the
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accuracy of the heading estimation. Unfortunately, due to real-world testing conditions, it was
not possible to measure the heading estimation error directly. Such an evaluation would require
either higher-precision ground-truth data or an additional pair of GNSS receivers to compare
their measurements. Despite this limitation, the results show that the smallest positional dis-
crepancy between the moving base and rover was observed for the Dworzec Zachodni—-Kacza
sequence. This sequence also had a lower number of non-RTK poses, which corresponds with
the improved localization performance.

TABLE 6.2: ATE computed between the poses from the moving base and rover receivers.

To calculate the error, the rover poses were transformed to the moving base frame. The

columns include the sequence name, and statistics of the error: RMS, max, mean and standard
deviation, respectively.

Sequence (bus stops) ‘ ATERrwums ‘ ATE .« ‘ ATE can ‘ ATEqq
Dworzec Zachodni—Kacza 0.276 m | 3.113m | 0.175m | 0.213 m
Garbary PKM-Strzeszyn 0.602m | 4.377m | 0.428 m | 0.423 m

Garbary PKM-Os. De¢bina | 0.619m | 4340 m | 0.440 m | 0.436 m

An additional factor that could potentially degrade localization accuracy is mobile network
coverage, as our system relies on continuous internet access to receive differential corrections for
GNSS receivers. Without these corrections, the precision necessary for the system to function
correctly would be insufficient. However, this was not an issue during our tests, as the LTE
network coverage was consistently available. The recorded routes are shown in Figures 6.4 and

visualize the sections of the trajectories where the accuracy of the GNSS localization decreased.
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FIGURE 6.4: The recorded routes of the city bus shown on OpenStreetMap. RTK FIXED poses

are depicted with blue lines, the less accurate RTK FLOAT with red lines, and the least accu-

rate standard GNSS poses with yellow lines. Plot (A) corresponds to the Dworzec Zachodni-
Kacza route, (B) to Garbary PKM-Strzeszyn, and (C) to Garbary PKM-Os. Debina.

From these plots, it can be observed that there are certain segments of the trajectories, par-
ticularly in Figures 6.4B and 6.4C (indicated by numbers (1) and (2)), with only the standard
FIX mode. These segments correspond to narrow streets with dense tree canopies and high-rise
buildings (illustrated in Fig. 6.5), which obstruct GNSS signals and increase the localization
error. Unfortunately, the surroundings have a considerable impact on the accuracy of the GNSS

localization, and such situations are unavoidable [105, 108].

Figure 6.6 illustrates the error between the moving base and the rover, calculated similarly to
the result in Table 6.2, but focused on a specific segment of the Garbary PKM-Os. Debina
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Google

FI1GURE 6.5: Examples of trajectory segments where the RTK FIXED mode of GNSS was

unavailable due to limited sky visibility caused by buildings and trees. Image (1) corresponds

to a section of the trajectory from Figure 6.4B, while image (2) illustrates a scene from Fig-
ure 6.4C.

trajectory. The statistical summary of this error is presented in Table 6.3. The results indicate
that the accuracy of the GNSS-based localization decreases in these areas, as the error values
for this segment are higher than those calculated for the entire sequence. In particular, the
RMS and mean error values increased by approximately 0.16 m and 0.2 m, while the standard
deviation of the error remained mostly unchanged. This suggests that the positions recorded in

non-RTK mode may have a consistent offset, potentially caused by factors such as GNSS signal
multipathing.
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FIGURE 6.6: ATE calculated between the positions of the moving base (reference) and rover.
The error corresponds to a section of the Garbary PKM—Os. Debina route where the RTK
FIXED mode was partially unavailable due to nearby high-rise buildings and trees.

TABLE 6.3: Errors between the moving base and rover positions for a segment of the Gar-

bary PKM - Os. Debina route where the RTK FIXED mode was partially unavailable. The

columns represent the sequence name and the error statistics: RMS, max, mean, and standard
deviation, respectively.

Sequence (bus stops)

‘ ATERMS ‘ ATEmax ‘ ATEmean ‘ A']:‘Estd
part of Garbary PKM-Os. Debina | 0.777 m | 2.0943m | 0.640 m | 0.439 m
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The most critical part of the trajectory is the area near the charging station, where the system
is designed to operate. The developed ADAS can guide the bus driver to any charging station
of a specified type, provided that the geographical coordinates of a charger are known. For
one of the experiments, which falls outside the scope of this thesis, the ADAS was configured
to operate with an electric charger located at the bus depot near the Garbary PKM station.
Consequently, the focus was put on assessing the accuracy of the GNSS localization specifically
in this area. Figure 6.7A highlights the locations of all the charging stations at the depot, with
the one targeted by the system marked in green. Figure 6.7B shows the GNSS localization
modes in the vicinity of the depot. Notably, the RTK FIXED mode was available throughout
the entire approach path, enabling precise bus positioning during docking maneuvers using only
GNSS navigation alone, without the need for any external sensors. This robustness is caused
by the open space around the chargers and the absence of nearby high-rise buildings that could

obstruct satellite signals.

Legend | ~l » RTK FIXED
o . RTK FLOAT

§i
Il charger \ L/ /. . STANDARD FIX |

FIGURE 6.7: Location of charging stations at the Garbary PKM depot (A). The green marker

shows the station that was used for system evaluation. GNSS localization status near the depot

(B), including the approach path where the RTK FIXED mode was consistently available.
Arrows indicate the driving direction.

6.2 Localization system for agricultural robot

6.2.1 Introduction

Another significant application of GNSS technology is in agriculture, where it plays a crucial
role in improving precision farming practices. By enabling accurate positioning and navigation,
GNSS systems support efficient crop management, automated machinery operation, and the
development of agricultural robotics that contribute to more sustainable and productive farming
methods. Moreover, the growing advantages of using GNSS receivers for crop management are
driving the development of various hardware and software solutions to achieve high-precision
positioning. Although many devices on the market perform effectively under field conditions,
they are often designed specifically for agricultural applications and come with high costs. To
make precision farming more accessible to smaller farms, it is essential to balance the trade-off

between achieving adequate accuracy and the cost of components [78]. Furthermore, due to
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environmental regulations imposed by the European Union [150], an increasing number of farms
are required to adopt expensive solutions to minimize chemical usage, thereby promoting more

ecological farming practices.

Taking into account these factors, this section explores the application of precision positioning
techniques, such as the GNSS and VO, within the agricultural sector, specifically focusing on field
work operations. The experimental part focuses on the evaluation of GNSS-based localization
devices under real-world field conditions. It compares the positioning accuracy of the commercial
and low-cost GNSS solution. It also examines the enhancements provided by integrating satellite
navigation with VO, addressing short-term inaccuracies in GNSS readings, and demonstrates
the practicality of such a solution in agricultural environments. This approach utilizes accessible
hardware, such as laptops with built-in cameras, providing a cost-effective method to improve

positioning accuracy in challenging field conditions.

6.2.2 Experimental setup

The experiment was conducted using an electric field robot presented in Figure 6.8A. It is
a development platform designed for the research and testing of precision agriculture systems.
During the tests, the vehicle was manually operated using the remote controller. The experiment

was carried out in a small agricultural field with a size of approximately 30 by 200 m. The field

area with one of the recorded sequences is shown in Figure 6.8B.

FIGURE 6.8: An electric robot used for the experiments (A) and the map presenting the field,
where the tests were conducted (B). The red dashed rectangle indicates the field area, while
yellow line shows one of the recorded trajectories.

The robot was equipped with additional sensors and hardware used for data collection. The

setup consists of the following components:

e Topcon ASG-2 GNSS receiver
e two u-blox ZED-F9P GNSS receivers

e laptop with built-in camera
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The first component used in the experiment is the Topcon ASG-2 GNSS receiver. It is designed
primarily for agricultural applications and offers a positioning accuracy of up to 1cm in the
RTK mode, which makes it ideal for applications that require high precision, such as automated
steering and precision planting. In addition, it includes an IMU with a 3-axis accelerometer,
gyroscope, and magnetometer. This integration allows for better navigation stability and posi-
tioning, especially in challenging environments where GNSS signals may be obstructed. During
the presented experiments, the AGS-2 receiver was used as a reference system and provided a

ground-truth trajectory for comparison.

The next components were two u-blox ZED-FIP GNSS modules. They were set up in a moving
base - rover configuration, analogous to the setup described in Section 6.1.2, which enables the
estimation of both the position and heading of a robot. The ZED-F9P modules also offer high
accuracy and are suitable for agricultural applications such as the precise control of agricultural
machinery. At the same time, they are available at a relatively lower cost, making advanced
positioning technologies accessible to smaller farms that may not be able to afford more expensive

systems.

Both Topcon and u-blox receivers process signals from multiple satellite constellations, including
GPS, Galileo, Beidou, and GLONASS, enhancing accuracy by using a larger number of satellites
for positioning. Moreover, utilizing signals from multiple frequency bands significantly reduces
the time necessary to get first position estimates. Furthermore, all GNSS receivers operated
in RTK mode, benefiting from RTCM corrections provided by the ASG-Eupos system. These

corrections were sent using NTRIP, and allowed further improvement of the location accuracy.

The final component was a laptop that served multiple functions. It was responsible for recording
data from the GNSS receivers, acquiring RTCM corrections, and recording video from the built-
in camera. For that reason, it was positioned at the front of the robot to ensure an optimal field

of view.

6.2.3 Evalauation of the GNSS-based localization

The experiment involved conducting two different passes with the agricultural robot. The first
one involved driving the robot back and forth to the end of the field, featuring a single turn and
a straightforward path in both directions (see Fig. 6.8B). The second pass was relatively longer
and included multiple turns, reflecting the routes that agricultural machinery often follows in
real-world field operations. Both passes provided GNSS data that were subsequently used to
evaluate the accuracy and consistency of the GNSS systems in a scenario that closely resembles
actual agricultural practices. The evaluation was performed by computing the ATE between
the reference trajectory from the commercial Topcon ASG-2 receiver and the one obtained from
u-blox ZED-F9P. The trajectory plots along with the calculated error are shown in Figures 6.9
and 6.9 for the first and second passes, respectively. In addition, the numerical values of the

calculated metrics are presented in Table 6.4.

The results indicate that the difference between the compared trajectories is within a few cen-

timeters. However, some random disturbances can be observed in the ZED-F9P trajectories that
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FIGURE 6.9: ATE calculated between the reference (Topcon ASG-2 receiver) and u-blox F9P
trajectories (A). The plot presenting the error and its statistics over time (B). The results
relate to the first pass of the robot.
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FIGURE 6.10: ATE calculated between the reference (Topcon ASG-2) and u-blox FIP trajec-
tories (A). The plot presents the error and its statistics over time (B). The results relate to
the second pass of the robot

TABLE 6.4: The Absolute Trajectory Error metrics calculated between the reference (Topcon
ASG-2) and u-blox FIP trajectories for both passes carried out in the experiment. All values
are expressed in meters, except for Sum of Squared Errors (SSE), which is in meters squared.

Run ‘ RMS mean median std min max SSE

1 0.0671 0.0561 0.0497 0.0369 0.0064 0.5991 28.7672
2 0.0836 0.0682 0.0583 0.0483 0.0029 0.8706 99.3947
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cause the error to increase randomly to a level of around 0.6-0.8 m. These deviations may be
attributed to several potential factors. One possible cause is the temporal absence of the RTCM
corrections, which are sent from the moving base to the rover module. These corrections are
transmitted at a rate of 10 Hz and facilitate an accurate calculation of the heading along with
the position. However, any interruptions or errors in the transmission of these messages could

potentially have contributed to the inaccuracies visible on the trajectory.

Moreover, additional factors can affect signal quality and accuracy, such as multipath interfer-
ence, where GNSS signals bounce off surfaces, such as flat terrain, before reaching the receiver,
resulting in inaccurate position calculations. In addition, atmospheric conditions and the ar-
rangement of GNSS satellites can also contribute to degraded signal performance. These com-
bined factors may have played a role in the disturbances observed in the ZED-F9P trajectories,

highlighting the complexity of achieving precise GNSS localization in dynamic field conditions.

6.2.4 Correcting GNSS trajectories with visual odometry

To validate the effectiveness of the GNSS trajectory correction approach described in Section 4.2,
the trajectories recorded with the ZED-F9P receiver were integrated with VO measurements. As
discussed previously, GNSS data can be subject to random positional disturbances, which can
potentially be mitigated using the proposed optimization technique. An example segment of the
trajectory where GNSS accuracy was reduced, yet ORB-SLAM3 provided reliable pose tracking,
is shown in Figure 6.11A. Simultaneously, Figure 6.11B illustrates the variance in the coordinates
obtained from GNSS receiver. These plots demonstrate that disturbances in satellite positioning
can be detected by analyzing their variance. Consequently, such instances trigger the integration
of the VO measurements, and after transforming and synchronizing the ORB-SLAMS3 trajectory
with the GNSS data, they can be added to the factor graph for optimization.
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FIGURE 6.11: (A) Comparison between segments of the GNSS and ORB-SLAMS3 trajectories.

The red circle highlights where GNSS positioning accuracy degraded, while ORB-SLAMS3

maintained reliable pose estimation. (B) The variance of z,y, z coordinates provided directly

by the receiver. The segment of the plot highlighted by the red rectangle in (B) corresponds
to the section of the trajectory indicated by the red circle in (A).
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FIGURE 6.12: The comparison of ATE calculated for the GNSS path and the trajectory
obtained using factor graph approach, which additionally integrates measurements from ORB-
SLAMS. Plot (A) represents the results for the first pass, whereas (B) for the second.

The result of this trajectory correction is shown in Figure 6.13, which presents a section of
the robot path before and after optimization. The disturbance highlighted in the red circle

corresponds to the disturbance shown in Figure 6.11.
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FIGURE 6.13: (A) The estimated trajectory before incorporating constraints derived from VO
into the graph. (B) The trajectory after optimization, which enhanced the segment exhibiting
noticeable positioning disturbances indicated by the red circle.

In addition, Table 6.5 presents the numerical values of ATE, calculated after applying trajectory
corrections using the factor graph approach. The results correspond to the trajectories recorded
during the first and second experimental runs, respectively. Compared to Table 6.4, which
show analogous results before optimization, the most significant improvement is observed in the
maximum error value. Improvements in the other columns are relatively minor. This is because
only a short segment of both trajectories was affected by disturbances, resulting in minimal
overall accuracy changes. However, in precision agriculture applications, even a few incorrect

robot positions can have a notable impact on the results. In such cases, the presented approach
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TABLE 6.5: ATE calculated for the trajectory estimated using ZED-FIP receiver during the

first run. The trajectory was improved by integrating the visual odometry measurements into

the factor graph. All values are expressed in m, except for Sum of Squared Errors (SSE),
which is in m?.

Run ‘ RMS mean median std min max SSE
1 0.0660 0.0558 0.0497 0.0352 0.0062 0.4026 27.7628
2 0.0815 0.06787 0.0582 0.0451 0.0025 0.4261 94.4173

helps detect and mitigate GNSS disturbances by significantly reducing the unpredictable errors

in the estimated trajectories.

In general, integrating GNSS and VO using factor graphs offers a suitable solution for precise
and reliable localization, even in challenging environments. By combining satellite-based posi-
tioning with relative motion estimated using a visual system, factor graphs can effectively reduce
positioning errors, particularly in areas with degraded GNSS signals. Experimental results un-
derscore the robust performance of VO over short distances, even with low-cost cameras such
as those built into laptops. As a result, such an approach proved to be particularly effective in

compensating temporary GNSS degradations, such as interruptions in correction data.






Chapter 7

Conclusions

7.1 Summary

This dissertation explores various approaches to the SLAM problem, with a particular focus on
different map representations and the integration of GNSS data using factor graph optimization.
A key feature of the factor graph-based approach lies in its adaptability to integrate data from
different sources, such as LiDAR or visual SLAM, loop closures, and raw GNSS measurements,
which allows for robust and accurate state estimation. This flexibility makes it an ideal choice
for a wide range of applications, including autonomous navigation and robotic exploration. The
research presented in this dissertation contributes to the advancement of SLAM methodologies
by demonstrating how map structures, optimization strategies, and multi-sensor fusion enhance

localization accuracy and long-term robustness.

The feature-based PlaneLOAM system, introduced in Chapter 3, demonstrates significant po-
tential to improve localization accuracy by minimizing errors during data association. This
improvement is achieved by generating features from a larger set of points, which leads to more
precise calculations of the plane equation. The experimental results confirm that PlaneLOAM
consistently outperforms the baseline in terms of accuracy in all tested sequences. Addition-
ally, the proposed approach optimizes pose estimation using a reduced number of points, as
constraints are applied more selectively. This refined method improves the precision of the cor-
respondences, ultimately leading to a better overall performance. Beyond evaluations on publicly
available datasets, real-world experiments were conducted at the university campus and on pub-
lic roads to assess the accuracy of the system in practical scenarios. These tests verified that
the proposed feature-based approach, when combined with LiDAR, is suitable for localization
and structure-rich mapping in large environments. It is important to note that the performance
of the system is highly dependent on parameter selection, as these values significantly influence
the size and number of generated features. Improper parameter tuning can lead to unreliable
system behavior. Consequently, substantial effort was dedicated to determining a set of universal

parameter values that ensure stable performance across various environments.

105
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The second approach to map representation introduces a novel framework that simultaneously
optimizes both poses and the 3D map, utilizing surfels. This method enables a continuous and
structured representation of the environment while preserving rich geometric details. Unlike
traditional point cloud-based mapping techniques, surfel-based models facilitate efficient data
association, reduce redundancy, and improve map consistency. In addition, it incorporates a
generalized LiDAR uncertainty model, which enables weighting of measurements during opti-
mization. By accounting for sensor-specific uncertainties, this model enhances the reliability of
pose and map estimation, particularly in challenging environments where measurement noise and
inconsistencies can degrade accuracy. Experimental evaluations conducted on multiple publicly
available datasets confirm that the proposed framework surpasses existing LiDAR-based mapping
and localization methods in both robustness and precision. The system effectively estimates ac-
curate poses and generates high-fidelity maps, while inherently suppressing dynamic artifacts and
mitigating LiIDAR skewing effects. This leads to the creation of clean, structured maps, which
are crucial for applications demanding detailed and reliable 3D environmental representations,
such as autonomous navigation, robotic exploration, and large-scale mapping. Furthermore, the
ability of the framework to integrate surfel-based optimization with LiDAR uncertainty modeling

presents new opportunities to improve long-term map consistency and computational efficiency.

An effective approach to improving the robustness of SLAM, particularly over long trajecto-
ries, is to combine it with GNSS data. Chapter 4 introduces GALS, a flexible framework for
GNSS-augmented LiDAR SLAM that tightly integrates raw pseudorange and Doppler shift mea-
surements with existing LIDAR SLAM algorithms. By leveraging raw GNSS observations, this
method enhances SLAM accuracy and robustness, particularly in environments where LiDAR-
based localization alone may struggle due to limited feature availability or accumulated drift. To
validate the effectiveness of GALS, extensive experiments were conducted on five sequences from
the challenging UrbanNav dataset. The results demonstrated consistent improvements across
all tested sequences, even when using a smartphone-grade GNSS receiver, which highlights the
adaptability of the framework to low-cost sensor configurations. In terms of ATE metric, GALS
outperforms recently proposed optimization-based approaches evaluated on the same bench-
mark [103, 104]. These results underscore the ability of the framework to improve trajectory
estimation accuracy and improve overall SLAM performance in complex urban settings. Be-
yond that, GALS shows significant potential for offline SLAM applications in large-scale urban
mapping, where it can supplement existing SLAM systems with global GNSS measurements to

ensure consistent map generation.

The first part of Chapter 6 presents the findings of a study on the ADAS designed to assist bus
drivers in docking at charging stations located at bus stops or depots. The proposed system
introduces a cost-effective solution that can be integrated into existing buses. The case-study
emphasizes the practical aspects of system deployment, detailing how key GNSS functionali-
ties were achieved with minimal hardware and installation costs. In addition, a comprehensive
real-world evaluation was conducted in collaboration with a public transportation operator in
Poznan, which further demonstrates the effectiveness of the system in an operational environ-
ment. Experimental results confirm that the localization solution, based on dual GNSS receivers
with RTK corrections obtained through publicly available internet services, provides sufficient

accuracy for the bus localization. These findings indicate that RTK-GNSS technology is mature



Conclusions 107

and reliable for supporting precise vehicle maneuvers, provided that operations avoid environ-
ments where GNSS signals may be degraded, such as areas with high-rise buildings or dense
tree canopies. The results of using GNSS-only localization over a large urban area demonstrates
also the limits of this localization technology, and suggest that integration with an affordable
SLAM solution might be necessary in a production version. Although satellite signal interference
remains a potential factor that affects localization accuracy, the study confirms that the RTCM
corrections sent over the LTE network were consistently reliable, independent of environmental

conditions or weather.

The second part of Chapter 6 explores the use of GNSS-based precision localization systems and
GNSS-SLAM hybrid solutions in agricultural applications. The findings demonstrate that cost-
effective differential GNSS can provide sufficient localization precision for practical real-world
scenarios. Experimental results show that the ZED-F9P receiver system, which uses a dual mod-
ule setup (one operating in moving base mode and the other in rover mode), achieved satisfactory
positioning accuracy compared to a reference trajectory. However, to address temporary outages
of the corrections, resulting in visible path artifacts, a hybrid approach was implemented, com-
bining GNSS localization with low-cost VO. The study demonstrated that the factor-graph-based
approach to integration proposed in the GALS system is also effective in this case. Here, the VO
system, much more affordable than LiDAR-based SLAM or odometry, provided accurate and
reliable localization over short distances, even when using low-cost hardware, such as a built-in

laptop camera.

7.2 Thesis contribution

The ideas introduced in this thesis, along with their experimental validations, offer several ad-
vancements to the current state-of-the-art in robotics. The main contributions can be summa-

rized as follows:

PlaneLOAM - a feature-based SLAM system that enhances the LOAM framework
through a novel map representation using planar and linear features. While maintain-
ing the core software architecture of the original system, the proposed approach improves data
association, map management, and includes loop closure detection, leading to enhanced local-
ization accuracy and robustness. Extensive evaluation on three diverse datasets using different
LiDAR sensors demonstrates that PlaneLOAM significantly outperforms the baseline LOAM
system in trajectory estimation. These results confirm the effectiveness of higher-level feature
representations and advanced optimization techniques in improving SLAM performance for real-
world applications. Additionally, the integration of loop closure and geometric constraints for

global map optimization ensures greater long-term consistency.

MAD-BA — a unified global optimization framework that refines both the LiDAR
poses and the structure of the map using a surfel-based representation. The system
introduces a scalable and efficient BA method tailored specifically for LIDAR data. It leverages
a generalized LiDAR uncertainty model to enhance the reliability of the optimization process,

ensuring global consistency and robustness. The evaluation on public datasets confirms that the
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developed system outperforms existing methods, producing more accurate trajectories and maps

while inherently handling dynamic artifacts in LIDAR point clouds.

GALS - a framework for tightly coupled integration of LiDAR-based SLAM and
GNSS measurements using a factor graph formulation. The developed system incor-
porates raw pseudorange and Doppler shift constraints directly into the factor graph, enabling
robust localization with low-cost GNSS receivers. In addition, a filtering procedure designed
to mitigate non-Gaussian noise in GNSS data ensures higher accuracy and global consistency
in trajectory estimation. The evaluation carried out using the UrbanNav dataset demonstrates
that the developed system improves localization using different LiDAR SLAM algorithms and
GNSS receivers.

Real-world validation of GNSS-based localization for urban transport and agricul-
tural applications. The work presented in the dissertation includes real-world experiments
to assess the feasibility, reliability, and practical challenges of deploying GNSS-based systems
in real-world scenarios. In the urban environment, the ADAS system for electric buses was
developed and evaluated, highlighting both the technical feasibility and practical limitations of
using GNSS-based localization system in public transportation. In the agricultural setting, the
evaluation showed that the integration of VO with GNSS positioning can effectively compensate

for short-term GNSS inaccuracies, providing a cost-effective method of improving localization.

When considering the hypothesis proposed at the beginning of the dissertation, it is possible to
conclude that feature-based SLAM can be effectively formulated as an optimization problem,
integrating constraints from GNSS measurements to overcome local minima issues of ICP-based
methods. The experimental results confirm that the proposed systems achieve higher accuracy
compared to traditional point-based approaches and validate the main hypothesis of this disser-

tation.

7.3 Future work

Although the developed systems have shown advancements over other existing approaches, there
is still potential for further improvement. Future work can be focused on enhancing SLAM
systems through a unified approach that leverages one of the proposed map representations while
also performing multi-sensor fusion within a single framework. Moreover, to increase real-time
processing capabilities, one key direction involves incorporating a keyframe-based optimization
approach, as seen in visual SLAM systems such as ORB-SLAM, to reduce the number of poses
requiring optimization. Furthermore, integrating marginalization techniques into global BA

could further improve computational efficiency while maintaining accuracy.

Moreover, the crucial aspect of future SLAM advancements would be the integration of IMU
alongside LiDAR and GNSS data. Integration of IMU would help minimize localization errors,
especially in highly dynamic environments. This could be achieved by capturing rapid move-
ments and sudden orientation changes, thereby enhancing the reliability of SLAM. Additionally,
leveraging pre-integration methods will enable efficient use of IMU data without introducing

unnecessary computational overhead.
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Another key aspect of future SLAM research involves improving loop closure capabilities, as it is
essential to reduce accumulated drift in SLAM systems, particularly in large-scale or long-term
operations. A key challenge is ensuring robust data association between revisited locations under
varying conditions, such as changes in lighting, weather, or dynamic objects. Future research can
focus on integrating appearance-based and geometric-based loop closure detection methods or
deep learning techniques to improve feature matching under different conditions. Another area
of focus could be adaptive loop closure strategies that dynamically adjust the frequency of loop
closure detection based on the system’s confidence in the localization accuracy. For example, in
GNSS-denied environments, the system can increase the loop closure frequency to compensate
for the lack of absolute position updates, whereas in environments with strong GNSS signals,

fewer loop closures may be required.

The last potential direction would be to address the challenges posed by dynamic environments by
explicitly eliminating non-stationary objects such as pedestrians and vehicles. Although surfel
representation naturally handles this to some extent, integrating deep learning-based object
recognition methods into SLAM pipelines can further enhance this idea. The integration of such

an approach into SLAM pipelines would improve robustness in urban and cluttered scenarios.

In conclusion, integrating LIDAR, GNSS and IMU data into a unified framework offers a promis-
ing approach to improving SLAM accuracy and robustness, resulting in more reliable and precise
localization. Future research will prioritize optimizing this multi-sensor fusion to enhance scal-
ability, adaptability, and real-time efficiency in diverse applications, including mobile robotics,
urban navigation, and precision agriculture. By implementing these improvements, SLAM sys-

tems can achieve greater resilience and performance in complex and dynamic environments.
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