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ABSTRACT

One of the most important problems to be solved in mobile robotics is the question of where
the robot is, and what the world around it, looks like. This is called Simultaneous Localization
and Mapping (SLAM) problem.

In this thesis, we are interested in the SLAM system using the Lidar sensor as a perception
tool. First, we start by providing an overview of Lidar-Based SLAM and its significance in
autonomous robotic systems. After that, we delve into the detailed analysis of the Sick
LMS5xx laser measurement sensor used in this work, including its operational principles,
data reading capabilities, and configuration using the SOPAS Engineering Tool. Then, the
thesis explores the implementation of SLAM using the Robot Operating System (ROS).

It covers the installation and utilization of all necessary packages, providing a comprehen-
sive guide on how to set up and run them. The effectiveness of the SLAM implementation is
then evaluated through simulations and real-world experiments on real Pioneer-3DX mobile

robot.

Keywords: Simultaneous Localization And Mapping (SLAM) , Mobile Robots , Pioneer
3-DX , SOPAS ET', Sick LMS5xx , Robot Operating System (ROS).
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RESUME

L’un des problemes les plus fondamentaux & résoudre dans la robotique mobile est de savoir
ol se trouve le robot et & quoi ressemble le monde qui ’entoure. C’est ce qu’on appelle prob-
léme de localisation et cartographie simultanées (SLAM). Dans ce mémoire, on s’intéresse
au systéeme SLAM utilisant le capteur Lidar comme outil de perception. On commence tout
d’abords par donner un apercgu sur ce type de systéme et son importance dans le fonction-
nement autonome des robots mobiles. On présente ensuite, une analyse détaillée du capteur
laser SICK LMS5xx utilisé dans ce travail, y compris ses principes de fonctionnement et
ses capacités de lecture des données, ainsi que sa configuration & 1’aide de 1'outil logiciel
SOPAS. La mise en ceuvre du systéme SLAM en utilisant le Robot Operating System (ROS)
est ensuite détaillée. Elle couvre I'installation et 1'utilisation de tous les paquets nécessaires,
fournissant ainsi un guide complet sur la facon de les configurer et de les exécuter. L’efficacité
de la mise en ceuvre du SLAM est enfin évaluée au moyen de simulations et d’expériences

réelles sur le robot mobile Pioneer-3DX.

Mots-clés: Localisation et cartographie simultanées (SLAM), Robots mobiles, Pioneer 3-
DX, SOPAS ET, Sick LMS5xx, Systeme d’exploitation robotique (ROS).
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GENERAL INTRODUCTION

Mobile robots have gained significant attention in various fields, including manufacturing,
logistics, agriculture, search and rescue operations. The ability of these robots to navigate
and interact autonomously in dynamic environments is crucial for their successful deployment.
To achieve such autonomy, mobile robots must be equipped with perception systems that

allow them to understand and interpret their surroundings accurately [2].

Simultaneous Localization and Mapping (SLAM) is a fundamental problem in robotics
that addresses the challenge of building a map of an unknown environment while simultane-
ously estimating the robot’s pose within that environment. By combining sensor measure-
ments and motion models, SLAM algorithms enable mobile robots to create maps of their

surroundings and determine their own position relative to the map.

One of the key technologies used in SLAM is Light Detection and Ranging (Lidar), which
is a remote sensing method that measures distances by illuminating the environment with
laser beams and analyzing the reflected light. Lidar sensors provide accurate and dense 2D
or 3D point cloud data, making them highly suitable for mapping and localization tasks in
mobile robotics.

This thesis focuses on Lidar-based SLAM for mobile robots, with a specific emphasis on the
Sick LMSbhxx laser measurement sensor. The LMSbxx sensor is widely used in robotics due
to its high precision, reliability, and versatility. Understanding the operation and capabilities

of this sensor is essential for effectively implementing Lidar-based SLAM algorithms.

The main objectives of this thesis are to investigate the principles of Lidar-based SLAM,
explore the operation of the Sick LMS5xx sensor, and develop a Robot Operating System
(ROS) implementation for performing SLAM using this sensor [15]. The thesis also aims
to evaluate the performance of the proposed system through simulation experiments and

real-world tests .

By achieving these objectives, this research aims to contribute to the field of mobile
robotics by providing insights into Lidar-based SLAM and demonstrating the capabilities of

the Sick LMS5xx sensor for accurate mapping and localization. The findings of this study
have the potential to enhance the autonomy and navigation capabilities of mobile robots,

enabling them to operate effectively in complex and dynamic environments.

In the following chapters, we will delve into the theoretical foundations of Lidar-based

SLAM, explore the operation and data reading of the Sick LMS5xx sensor, discuss the im-



plementation of SLAM algorithms in ROS, and present the results of simulation experiments
and real-world tests. Through this comprehensive analysis, we aim to provide valuable in-

sights and practical guidance for researchers and practitioners working in the field of mobile
robotics and SLAM.
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CHAPTER 1

Lidar-Based SLAM for mobile robots

1.1 Introduction

Simultaneous Localization and Mapping (SLAM) is a well-established technique that enables
mobile robots to autonomously navigate and map their environments in real-time. SLAM
has gained significant attention in the field of robotics due to its ability to address the
simultaneous challenges of localization and mapping, providing a fundamental capability for

autonomous exploration, path planning, and environment understanding.

Lidar sensors, which utilize laser beams to measure distances to surrounding objects, have
become a popular choice for perception in mobile robotics. Lidar sensors offer high- resolution
and accurate 3D point cloud data, making them well-suited for mapping and localization tasks
in SLAM. By leveraging Lidar-based perception, mobile robots can effectively perceive their

surroundings and generate detailed representations of the environment [11].

In this chapter, we focus on SLAM system for mobile robots, exploring the techniques and
algorithms that enable robots to simultaneously determine their own position (localization)
and construct a map of the environment. We delve into the fundamental aspects of SLAM,
including perception in robotic systems, localization, mapping, SLAM algorithms, and scan
matching. By understanding the principles and methodologies of SLAM, we can enhance the

capabilities of mobile robots in autonomous navigation and mapping tasks.

1.2 Perception in robotic systems

Robotic mobile systems are autonomous robots or objects that can move around on their
own utilizing their own legs, wheels, or other means of propulsion. Sensors, processors, and
actuators are frequently included in these systems, allowing them to perceive their environ
ment make decisions, and carry out activities without the need for human intervention.
Autonomous vehicles, drones, and mobile robots employed in industry or agriculture are a

few examples of robotic mobile systems.

The ability of a robot to perceive and interpret data about its environment using a va-
riety of sensors and algorithms is referred to as perception in robotic systems. In order to

extract useful information from the sensor data, this must include the use of sensors like
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cameras, lidar, sonar, and radar as well as cutting-edge signal processing and machine learn-
ing techniques. A mobile robot using simultaneous localization and mapping (SLAM) can
accurately map its surroundings and determine its position within that map in real-time
by using perception. The classification of the sensors is generally made in relation to two

families : proprioceptive and exteroceptive sensors.

1.2.1 Proprioceptive sensors

Proprioceptive sensors are sensors that provide information about the internal state of a
robotic system, such as its position, orientation, velocity, and acceleration. These sensors
are critical for accurate perception and control of a robotic system, as they allow the sys-
tem to know its own state and adjust its behavior accordingly [5]. Some common types of

proprioceptive sensors include:

Joint position sensors

A robotic system can establish its overall position and orientation by using these sensors to

monitor the angles of each joint.

Figure 1.1 Joint position sensor.
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Accelerometers

These sensors determine the robotic system’s acceleration, which can be used to determine

its position and velocity over time.

Figure 1.2 Accelerometers.

Gyroscopes

These devices measure the robotic system’s angular velocity, which can be utilized to establish

its orientation.

Figure 1.3 gyroscope sensor.
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Odometry and IMU

Odometers measure robot’s curvilinear displacements by measuring wheel rotation, calculat-
ing relative position, and providing information on wheel diameter, wheelbase, and vehicle

structure.

Inertial Measurement Units (IMUs) enhance sensing capabilities, improving motion esti-

mation, localization, and navigation in various environments.

1.2.2 Exteroceptive sensors

Exteroceptive sensors are devices that give to a robotic system , information about its sur-
roundings . These sensors are essential for a robotic system to be able to see, comprehend, and

meaningfully interact with its environment [3]. Typical exteroceptive sensor types include:

Cameras

Perhaps the most popular exteroceptive sensor type utilized in robotic systems is the camera.
They record the environment’s visual information, including colors, forms, textures, and
movements. They can be utilized for navigation and obstacle avoidance, as well as for

activities like object identification, recognition, and tracking.

Lidar

Lidar sensors create a two or three-dimensional map of the environment by measuring the
distance to nearby objects using laser beams. They are frequently used in robotics and
autonomous vehicle applications for localization, mapping, obstacle avoidance, and path

planning.
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Sonar

Sonar sensors use sound waves to locate objects and gauge their distance from one another.
Together with some airborne and ground-based systems, they are frequently utilized in ap-

plications for underwater robots.

Infrared sensors

Infrared sensors locate and determine the temperature of things in the environment by detect-
ing the heat they generate. They are frequently employed in robotics applications including

search and rescue and fire detection.

A robotic system may create a thorough and detailed model of the outside environment by
combining data from these various exteroceptive sensors, and it can then utilize that model
to decide what to do and how to do it.

Figure 1.4 Exteroceptive sensors
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1.3 Localization

Localization is one of the most fundamental steps in the navigation and mapping. Its success
determines all the performances of the robot. It is necessary for other tasks such as planning,

monitoring trajectory... etc.

We can distinguish three types of localization methods [6] :

o Relative localization methods, based on the use of proprioceptive sensors.
e Absolute localization methods, based on the use of exteroceptive sensors.

o Hybrid methods based on the joint use of the two types of sensors.

Relative Localization

Relative localization consists in evaluating position, orientation, and optionally the speed of
the mobile robot by integrating the information obtained from proprioceptive sensors. The
integration is done with respect to the starting point of the robot. This data can be the travel

information (odometer), of the robot , speed (velocity) or acceleration (accelerometer).

Absolute Localization

Absolute localization is a technique that allows a robot to locate itself directly in its en-
vironment, whether in an outdoor environment (sea, space, land), or indoor environment
(workshops, buildings, power plants nuclear... etc.). These localization methods are based
on the use of exteroceptive sensors. To estimate the position of the robot, it is possible to
build a local map representing the environment close to the current position. The compari-
son of this local map and the global map of the environment then allows to find position as

shown in the figure 1.5.



Chapter 1. Lidar-Based SLAM for mobile robots 9

Local map

HinniSlinn

Figure 1.5 Absolute Localization Technique
[6].

Hybrid Localization

The disadvantage of relative localization methods is that they generate a cumulative error
with the increasing of the travelled distance by the robot. To overcome this drift problem, an
absolute location system can be used to correct the relative position estimate The combination

of the relative and absolute methods is named hybrid localization.

1.4 Mapping

Several map representations are recognized as suite for SLAM purposes, they are divided

into metric and topological map representations.

1.4.1 Map categories

Robot mapping is the process of creating a map of the environment that is useful for the
current task of the robot. Although this process appears to be simple for humans, it is much
more challenging for mobile robots. The same sensors that the robot uses to observe its

environment should be used to build a suitable map for an autonomous navigation .

a)Metric maps

This kind of maps is the most accurate representation of the world. They use a global
coordinate system and maintain a significant amount of information about the environment’s
specifics, such as distances, measures, sizes, and so forth. The processing time and storage

requirements of this approach are its main drawbacks, which make it more challenging to use
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in some real-time applications [23]. ”Occupancy grid maps” and ”feature-based maps” are

two extensively used ways to represent metric maps of the environment in SLAM research.

Occupancy grid maps

They are discrete cell maps that could include information in 2D or 3D. The map is divided
into grids, and each grid cell can either be occupied or empty. Occupancy grid maps can
display different types of environments. However, the divided grids require a lot of memory,

and updating them requires a lot of computation.

They determine and maintain the location of specific environmental features. Landmarks
are objects that can be points, lines, or corners. SLAM can benefit from feature-based maps
because of their compactness research. Due to their small size and ability to accurately
represent structured environments, line-segment-based maps are frequently used in indoor

environment applications because of their low memory usage and computational cost.

Robot

Figure 1.6 Occupancy grid map

b)Topological maps

This method creates an abstract representation of the environment, typically in the form of

a graph with poses and connections between them. Links represent relationships or potential
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actions that could be taken between the various locations, and poses represent environment
locations with similar features. These maps take up a lot less storage space than metric maps
because they are more straightforward and compact [24]. Table 1.1 resumes the advantages

and disadvantages of metric and topological maps.

c) Hybrid maps

This final paradigm seeks to combine the benefits and minimize the drawbacks of each type

of map in a unique mapping technique [10].

Feature Metric maps | Topological maps
Accuracy Yes No

Storage needs | High Low

Path planning | Complex Simple

Optimal routes | Yes No

CPU Needs High Low

Table 1.1: Advantages and disadvantages of metric and topological maps.

1.5 SLAM

Simultaneous Localization and Mapping, or SLAM for short, is a computational technique
used in robotics and autonomous systems to map a new environment while also figuring
out where the robot is in it. SLAM uses data from a variety of sensors, including cameras,
lidars, and odometry sensors, to build an environment map and determine the position and
orientation of the robot within it. Features extraction, data association, state estimation,

and map updating are some of the steps in the procedure [22].

Robots and autonomous systems benefit from SLAM because it gives them the ability
to operate in uncharted territory and navigate on their own without the aid of outside
localization systems. There are numerous realworld uses for SLAM, including in autonomous

vehicles and drones and robotic exploration missions.
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1.5.1 Formulation of the SLAM problem

he SLAM is composed of a set of methods allowing a robot to build a map of an environment
and at the same time to locate itself using this map. The trajectory of the vehicle and the
position of landmarks in the environment are estimated along without the need for a priori

knowledge.

Consider a robot moving in an unknown environment, observing a certain number of

landmarks thanks to a sensor mounted on the robot. Figure 1.7 illustrates the problem.
Mz " 3
- ir* Zii2 Xiti2
2 A
7\

X Ult+2

2 | (@Y5)+2

1 xr'.'.'-J z5
Z <A} 1
=/ | Ulgsy q 4
Xt —1 Xt 4 v
[ ut Z; 1 ms

= e 4
’ \ Z; |
v

w4 .
2 t m
Zi 1| §
' Robot | Bitter
a k mx | '
2 Estimate ’ . *
Position J b §
real I

Figure 1.7 The basic idea of SLAM

[25]
The following quantities are currently being determined:

e I;: the state vector. It contains the position of the robot.

o ug: the control vector. Applying u; at moment k; leads the robot from state z; to

state Tp41-
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e my;: a vector containing the position of landmark 1.

e 2 observation measure at moment k.

The following sets are also defined:

o Xox = {zo,x1,...,%x}: the set of state vectors up to moment k.

o Upr = {uo,u1,...,ur}: the set of control vectors up to moment k.

o Zox ={%0,21,--.,2}: the set of observations up to moment k.

o« m={my,my,...,my}: the environment map containing a list of static objects.

The probabilistic formulation of the SLAM problem requires calculating, at each moment

k, of the amount of probability:

P(‘rka m | ZO:ka UO:k‘; m0) (11)

In this work, to get the measures Zk, we will use a lidar sensor, which measures the amount
of time it takes for laser beams to leave the sensor, bounce off nearby objects, and return.
Algorithms use this data to process a 3D map of the environment and determine the robot’s

location within it.

Lidar-based SLAM is an excellent option for mobile robots . It has many benefits, includ-
ing high accuracy, high resolution, and the ability to operate in different lighting conditions.
However, it also has some drawbacks that must be taken into account when developing and

putting into practice lidar-based SLAM systems, such as cost and complexity.

1.5.2 Algorithmes of SLAM

The algorithms developed in this field can be classified according to several criteria: the
types of sensors used, the calculation methods adopted, the types of maps representing the
environment, the types of environment... etc. Many researches try to solve the problem of
simultaneous localization and mapping. The most important used algorithms are: Kalman

filter, Particle filter and Pose-graph.
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Kalman filter

Kalman offers a recursive solution for filtering linear data. After each meaurement acquisi-
tion,it is possible to estimate the new position of the robot. When the global environment
map is built as the robot explores its environment, this filter also makes it possible to esti-
mate the position of each geometric element introduced into the map. It intends to estimate
a state vector x, containing the pose of the mobile robot and landmarks locations, as well
as the corresponding covariance matrix modeling the estimation uncertainty. This is done

through a recursive process based on two stages: prediction and correction [25].

- Prediction step which consists in the use of a motion model in order to predict the

state of the robot based on the control information.

oy = f(@r—1, Ur) + Wi (1.2)

where represents the model of the robotic vehicle and wy ~ R(0, Q) is a Gaussian noise with

zero mean and variance .

- Correction step which uses a measurement model to correct the state vector based on

the acquired measurements.

2, = h(zg, m) + vg (1.3)

where describes the observation model and V;, ~ R(0, R) a Gaussian noise with zero mean

and variance.

Particle filter

A particle filter is a recursive filter used to estimate a posteriori state using a set of particles.
Unlike parametric filters like the Kalman filter, a particle filter represents a distribution
by a set of samples created from this distribution. A particle filter is thus able to treat
strongly non-linear systems with nonGaussian noise. The complexity of particulate filter
calculations increases exponentially with the number of environmental landmarks, which is

a major problem in a real-time application [27].

In order to solve these kinds of problems, some research combines particle filtering with
other methods. This is the case of Montemerlo’s work in FastSLAM . The use of particle
filtering also suffers from the difficulties encountered when defining the number of particles.

Indeed, the quality of the estimate is highly correlated to the discretization of the research
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space. But it is difficult to find an optimal number of particles.

Graph based SLAM

In recent years, Graph-based SLAM is becoming the state-of-art solution for SLAM problem.
The objective is to find the best robot poses X and landmarks locations M given sensor

measurements 7 and control U information.

This method describes the SLAM problem as a graph; a node corresponds to a robot pose
or a landmark position. An edge between two nodes represents a spatial constraint between
the nodes derived from some sensor data. As the robot progresses it compounds an increasing
number of uncertain relative poses so that the cumulative error in the pose of the nodes will

increase [27].

The solution to the SLAM problem, in this case, can be shown to be equivalent to finding

the optimum of eq. (1.4):

X* M* = ar;g{min [Z ((mk_l, “k)) kQ—l (CIJk — f(g:k_l,uk))

M k
X Zk:(zk — h(xg, M))ICR_1 <Zk — h(zy, M))]
(1.4)

1.6 Scan Matching

In recent years, technique surveys have been useful in resolving SLAM problems. It has been
put into practice using a variety of methods, one of which is the scan-matching algorithm.
Find the rigid-body transformation (translation+rotation) that best aligns scan and map, or

scan and scan, or map and map.

Many SLAM algorithms make use of the idea of scanmatching, and some of them do
so exclusively. Combining range measurements from one scan to the next is the idea. If
the matching is done with an existing map, then new scans are implicitly matched with all

previous scans, and the result can be used to estimate the transformation between them [13].

Several algorithms in this area are based on the most well-known scan matching, the
Iterative Closest Point (ICP) algorithm, the Iterative Dual Correspondences (IDC) , the
normal distribution transformat (NDT) and Likelihood-Fieldmatching LF. The problem can

be stated as follows. Assume we have two sets of corresponding points a; and b;, i=1... N
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are linked by:

where R is a rotation matrix, T is a translation vector and v is a noise vector. The aim
is to find the optimal rotation matrix R and the translation vector T which minimizes the

least squares criterion

N
62 ZZ”CL,L'—Rbi—tz”z (11)
i=1

Figure 1.8 demonstrates the utilization of scan matching to estimate the transformation

of a robot, enabling accurate localization and mapping through alignment of scans or maps.
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1.7 Conclusion

In this chapter, we studied the different parts of a SLAM (simultaneous localization and map-
ping) system. First, we discussed the perception which is a very important and indispensable
step in SLAM systems. The robot must be equipped with proprioceptive sensors and exte-
roceptive sensors allowing it to localize and perceive its environment. We then started by
defining the localization of the mobile robot and the mapping that describes the different
representations of environment in SLAM systems. In a second step, the three most used for

SLAM resolution were presented : is the Kalman filter, particulate filtering and GraphSIAM.

Finally, we ended our chapter with the presentation of the most common scan matching
methods for aligning two successive point clouds (scans in the case of SLAM based laser
rangefinder) in order to determine the motion (rotation and translation) performed by the

robot between the acquisition times of two successive scans
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CHAPTER 2

Sick LMS5xx laser measurement sensor

operation and reading data

2.1 Introduction

Robotics and industrial automation both use the Sick LMS5xx laser measurement sensor.
It produces a 2D map of the environment and measures distances using a laser beam. The
sensor sends a stream of packets containing distance and angle data so that it can be read.
Its uses range from obstacle detection to mapping, localization, navigation, and quality as-
surance in manufacturing processes. For path planning and obstacle avoidance, the LMSbxx

is frequently incorporated into robotics platforms.

It is a strong and versatile sensor that can be applied in a variety of industrial automation
applications. The LMSbxx offers precise and trustworthy measurements while being simple

to use. A computer or microcontroller can process its data.

In this chapter, we will study the operating principle of Sick LMS5xx scanner and give its
characteristics as well as how to configure it and access its measurements using the software
SOAPS an Matlab.

2.2 Description of Sick LMS5xx and applications

The LMSbHxx is a laser measurement technology by SICK , a german based company that
specializes in industrial sensor technologies and offers advanced features and benefits in ap-
plications where speed, accuracy, and security are paramount. It is the world’s first 2D laser
scanner that revolutionized measurement technology and brings a whole range of pioneering

features.

The LMS5xx’s 5-echo technology uses high-speed sampling to provide five measurements
for each emitted pulse for improved visibility and accuracy in adverse weather conditions. The
laser measurement sensor offers superior performance with benefits like maximum detection
reliability, superior measurement precision, high scanning speed, and flexible and powerful

configuration software.



Chapter 2. Sick LMShxx Laser Measurement Sensor: Operation and Reading Data 20

The LMS5xx laser measurement technology by SICK can be used in various applications
such as anti-collision systems for long-range RTGs, RMGs, STSs and straddle carriers, navi-
gation and geomapping, and other applications. The different models in the LMS5xx family
make it easy to select the ideal product for specific requirements. More information on these

applications can be found on the SICK website under the Applications Finder [17].

Figure 2.1 Sick LMS5xx

Ports

The Sick LMS5xx laser measurement sensor is used in anti-collision systems for long-range
RTGs, RMGs, STSs, and straddle carriers in container terminals. These systems rely on the
sensor’s precise distance measurements to detect objects or personnel in the cranes’ vicinity,
preventing collisions and ensuring safety. Additionally, the sensor assists in trailer positioning

beneath STS cranes during container loading and unloading operations.

Its accurate distance measurements enable precise alignment of trailers, enhancing effi-
ciency and minimizing errors in container handling processes. The Sick LMS 5XX plays
a crucial role in optimizing safety and productivity in these applications within container

terminals [18].
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Figure 2.2 Using sick LMShxx in saftey of container

Traffic

The Sick LMS 5XX laser measurement sensor has a wide range of applications. It can trigger
cameras, classify vehicles, monitor speed, ensure vehicle separation . With its compact design
and advanced capabilities the Sick LMS5xx contributes to safe traffic flow, and enhanced

security.

Figure 2.3 Using sick LMSbxx in saftey of traffic

Security

The Sick LMS 5XX laser measurement sensor is versatile in its monitoring and security
applications. It is utilized for area monitoring in museums, galleries, and other buildings,

as well as for perimeter and large fagade surveillance. Additionally, the sensor offers roof
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protection in high-security buildings such as prisons, banks, and art galleries. With its
compact design and advanced features, the Sick LMS 5XX ensures reliable monitoring and

enhanced security in various settings.

Figure 2.4 Using sick LMS5xx in security

Navigation and geomapping

The Sick LMS 5XX laser measurement sensor is a versatile choice for AGV (Automated
Guided Vehicle) applications in both indoor and outdoor environments. It offers navigation
capabilities with or without reflectors, enables long-range anti-collision functionality, facili-
tates geographical data acquisition, and supports street profiling. With its compact design
and advanced features, the Sick LMS 5XX enhances AGV efficiency and safety in various
operational scenarios [18].

Figure 2.5 using sick LMSHxx in Navigation and geomapping
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2.3 Operating principle of the LMS5xx

The Laser scanner sensors operate by shining a laser off of a rotating mirror. As the mirror
spins, the laser scans 190°, effectively creating a fan of laser light as shown in the picture
below. Any object that breaks this fan reflects laser light back to the sensor. The distance is

Scanning range in m (ft)

90
(295.20)

60
(196.85)

30
(98.43)

-30
(-98.43)

-60
(-196.85)

-90
(-295.20)
-60 -30 0 30 60 90 120
(-196.85)(-98.43) (98.43) (196.85) (295.20) (393.7)

Scanning range in m (ft)

- Scanning range max. 80 m (262.47 ft)

D Scanning range for objects up to
10 % remission 26 m (85.3 ft)

Figure 2.6 Aperture angle and range of the laser .

calculated based on how long the laser takes to bounce back to the sensor. LMS 5xx is a non-
contact laser mesurement sensor that scans the surrounding perimeter radially on a single
plane using pulses of light . The LMS5xx measures in two-demensional radial coordinates ,
if a laser beam emitted is reflected form a target object, then the position of the object is

given in the from of distance and angle [4] .
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~1

Figure 2.7 Measuring principle of the LMS5xx

2.3.1 Distance measurement

The LMS5xx emits pulsed laser beams using a laser diode. If a laser beam is reflected on a

target object the reflected beam is received at the sensor.

Ve

Lo

Y
\

F —
Send pulse

Receive pulse -

Figure 2.8 Distance measuremen of the LMS5xx

The distance to the object is calculated by the time required for the pulsed beam to be
reflected and received by the sensor.
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2.3.2 Direction measurement

As we said before, the emitted laser beams are deflected using an internal rotating mirror and
scanning the surroundings in a circular manner. The measurements are triggered at regular
steps using an angular encoder. The LMS5xx Lite scans with a scanning frequency of 25, 50
or 75 Hz and angular steps of 0.25°, 0.5° or 1°.

Special features of the LM S5xx

Model Name Part Number | MS511-11100 lite 1054155
Field of View 190°

Angular Resolution 0.25°, 0.5°, 1°

Response Time > 13 ms

Resolution Power Standard Resolution

Scanning Frequency 25 Hz, 35 Hz, 50 Hz, 75 Hz,
Scanning Range 40 m

Working Range 0.2m ... 80 m

Data Interface TCP/IP, USB, RS-232, RS-422
Data Transmission Rate 20 kBit/s, 500 kBit/s, 1 MBit/s, Synchronization
Supply Voltage 24 V DC, £+ 20%

Power Consumption 22 W

Storage Temperature 40 °C ... +70 °C

Poids 3.7 kg

Dimensions (L x 1 x H) 160 mm x 155 mm x 185 mm

Table 2.1 Specifications for the LMS5xx. [20]
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2.3.3 Data interfaces

The LMS5xx has different data interfaces for the configuration and the transmission of mea-

sured values.

Ethernet interface: The Ethernet interface has a data transmission rate of 10/100 Mbit/s.
It is a TCP/IP interface supporting full duplex and half duplex. The Ethernet interface allows
the configuration of the LMS5xx as well as the output of measured values. The factory setting

for the Ethernet interface is as follows:
o IP address: 192.168.0.1
 subnet mask: 255.255.0.0
e TCP port: 2111

If we desired to change the parameters of the Ethernet interface,we must first save the
data in non-volatile memory in the LMS5xx using the software SOPAS ET and then restart
the LMS5xx [17] .

Serial host interface An RS-232/RS-422 interface serves as the serial host interface. The
LMS5xx can be configured via the host interface, but there is a limited measured value

output.
The factory setting for the host interface is as follows: 57.6 kBd
o 8 data bits
e 1 stop bit

e no parity

USB auxiliary interface: The mini-USB auxiliary interface on the Sick LMS5xx sensors
offers convenient configuration options. This interface allows users to modify parameters and
settings of the sensor through a USB connection, and communicating with a host device. This
flexibility and versatility provided by the mini-USB auxiliary interface enhance the usability

and adaptability of the Sick LMSbxx sensors in various applications.
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2.3.4 Data communication using telegrams

Data communication using telegrams refers to the process of sending messages or commands
through a terminal program using either binary or ASCII telegram formats to control specific
devices, such as laser scanners, and receive confirmation of commands/telegrams. The data
in these telegrams can include actual commands with letters and characters, and parameters
in either decimal numbers or fixed hexadecimal values with specific meanings, and are often

separated by blank spaces.

The telegrams also contain headers, lengths, checksums, and framing to indicate the start
and stop of each telegram and verify its accuracy. The use of telegrams allows for specific

and efficient communication between devices and terminal programs [21].

The following functions can be run using telegrams:

¢ Request for measured values by the host and subsequent output of the measured values
by the LMS5xx.

e Parameter setting by the host for the configuration of the LMS5xx.

» Parameters and status log querying by the host.

The telegrams each comprise a frame and the data.
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Binary telegram (CoLa B)

A binary telegram (CoLa B) is the basic protocol used by scanners, where all values are in
hexadecimal code and grouped into pairs of two digits. The string consists of four parts:
header, data length (without CS), data, and the checksum (CS)as shown in Table 2.2.

The header indicates the start of the telegram, the size of the data length is 4 bytes (so the
data part might have a maximum of 4,294,967,295 digit pairs) . The data part comprises the
actual command with letters and characters converted to Hex, and the parameters are either
decimal numbers converted to Hex or fixed Hex values with a specific intrinsic meaning.
There is always a blank (20) between the command and the parameters but not between the

different parameter values.

The checksum serves to verify that the telegram has been transferred correctly, and its
length is 1 byte, CRCS.

Frame Telegram | Frame
Designation STX | STX | STX | STX | Length Data CS
Length (byte) | 1 1 1 1 4 <2.495 1
‘%}fen %i;};; f Binar Checksum
Description start of the text character | . Y (xor of all
without( | encoded
cs) data bytes)

Table 2.2 Frame for the telegrams with binary coding
[7].

Table 2.3 illustrates an example of a binary telegram

02 020202 | 00 00 00 17 | 73 4D 4E 20 53 65 74 41 63 63 65 73 73 4D 6F 64 65 20 03 F4 72 47 44

B3

Header Length Data

CS

Table 2.3 Example of a Binary telegram

[21]
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ASCII telegram (CoLa A)

An ASCII telegram is an alternative format to the binary telegram when using CoLa A pro-

tocol for laser scanners. It conmsists of framing, indicated with<STX>and <ETX>, which

marks the start and end of the telegram, and the data part, which comprises the actual

command with letters and characters (plaintext), parameter values either in decimal or hex-

adecimal, and fixed hexadecimal values with a specific meaning. The advantage of ASCII

telegram is that commands can be written in plaint text. Table 2.4 shows the frame for
Telegrams with ASCII coding [21].

Frame Telegram | Frame
Designation STX Data ETX
Length (byte) | 1 <30.000 |1
End of
Description start of the text character ASCII text
coded
character

Table 2.4 Frame for the telegrams with ASCII coding (Cola A)

In CoLa A, depending on the preferences of the user, all values can be written directly in

Hex. Table 2.5 show the same example but using an ASCII telegram [21].

ASCII | <STX> | sMNSPCSetAccessModeSPC03SPCF4724744 <ETX>
Hex 02 | 73 4D 4E 20 53 65 74 41 63 63 65 73 73 4D 6F 64 65 20 30 33 20 46 34 37 32 34 37 34 34 | 03
Start | Data Stop

1.

Table 2.5 Example of ASCII telegram
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This is an example of telegram for setting the user level “Authorized Client”. As only fixed
hexadecimal parameter values are needed, the option to use parameter values in decimal code

with special indicator cannot be applied here:

Framing = {STX} = telegram start = 02 (Hex)
o sMN = start of Sopas command (and blank) = 73 4D 4E 20 (Hex)

o SetAccessMode = the actual command for setting the user level (and blank) = 53 65
74 41 63 63 65 73 73 4D 6F 64 65 20 (Hex)

o 03 = fixed Hex value meaning user level "Authorized Client" (and blank) = 30 33 20
(Hex)

o F4 72 47 44 = fixed Hex value, serving as password for the selected user level "Autho-
rized Client" = 46 34 37 32 34 37 34 34 (Hex)

o Framing = {ETX} = telegram stop = 03 (Hex)

Command basics

Description | Value ASCII | Value Hex | Value Binary
Start of text | <STX> 02 02 02 02 02 + given length
End of text | <ETX> 03 Calculated checksum
Read sRN 73 52 AE
Write sWN 73 57 4E
Method sMN 73 4D 4E
Event sEN 73 45 AE

sRA 73 52 41

sWA 73 57 41
Answer sAN 73 41 4E

sEA 73 45 41

sSN 73 53 4E
Space {SPC} 20 20

[21].

Table 2.6: ASCII, Hexadecimal, and Binary Values for Communication telgram .
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2.3.5 Measured value output

The way that data is displayed or transmitted from a sensor or device is referred to as its
output format. Output formats refer to the various data formats that can be used to represent
the measurements and other parameters of the Sick LMS 5XX laser measurement sensors.
As well as ASCII, binary, and ROS (Robot Operating System) formats, the Sick LMS 5XX

also supports other output formats.

For instance, binary format might be more effective for large data sets or high-speed data
transmission while ASCII format might be simpler to read and understand. First, we request
measured data by using a telegram on the interface from which we want to receive measured

data. There are two possible ways to do that [?] :

e Only one measured value telegram can be requested using the sRN LMDscandata tele-

gram. In this case, the last scanned measurement is transferred (Figure 2.9).

e Measured data can be continuously requested using the sEN LMDscandata telegram.
Measured data will then be transferred until the measured value output is stopped

using the sEN LMDscandata telegram (see Figure 2.10).

—

: ]
= -

Figure 2.9 Single measured value output
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Measured value request

Y

Output of the measured value telegrams

‘ csmedr sevede sssed wmeePe

Stop the output
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Figure 2.10 Continuous output of measured values .

pm jm )im

2.4 Software and Reading results

In this section, we will explore the software aspects related to the operation and data pro-
cessing of the Sick LMSbhxx laser measurement sensor. Two important software tools that
can be utilized with the LMSbxx are SOPAS Engineering Tool and MATLAB .

2.4.1 SOPAS Engineering Tool

SOPAS is a software platform for configuring and visualizing sensors made by the SICK
Group. Encoder programming has been integrated into this proven software platform to
increase efficiency and flexibility when managing encoders. To establish a connection between
SOPAS ET and the LMS5xx device, we can either using an USB port or an RJ45 cable [19].

This a serves as a medium through which data communication was established between
SOPAS ET and the LMS bxx. By connecting the RJ45 cable to the respective ports on
both SOPAS ET and the LMS 5xx, we enabled seamless communication and data exchange
between the two systems. This connection allows us to efficiently manage and control the LMS

5xx device using the SOPAS ET software, ensuring optimal performance and functionality.
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Configuring the Ethernet connection

When the SOPAS tool is started, a search is performed which lists all scanners available in
the network (see figure 2.11). To configure the Sick LMS 5xx using SOPAS and establish
a connection via an RJ45 cable, we followed a series of steps. First, we accessed the ’
Parameters’ section, located at the top left corner of the SOPAS interface. Next, we navigated
to the 'Network /Interface’ option, which allowed us to manage network settings. Within this

section, we selected the 'Ethernet’ option to configure the Ethernet interface.

Bl soPAS Engineering Tool 2022.4 X

il SOPAS Eng = a
SICK DEeBla I B
#

New PI’O]ECT DEVICE SEARCH DEVICE CATALOG EMULATORS

A: o © n

LMS5xx FieldEval ... § »

] Reassign connections

ONLINE 3

f‘:
- LOGIN

b LMS5xx_FieldEval_LITE (not defined) 169.254.191.71:2112

V...

’ >
Serial Number: 142..

Search devices: Default v Search settings...

Notifications  Data recorder - 2 connection(s) found

Figure 2.11 Connection between SOPAS ET and LMS5xx using RJ45 cable.

Upon selecting the Ethernet interface, a configuration table was displayed, presenting
various settings. To make the necessary modifications, we clicked on the "Write Parame-
ters’ option, numbered as 4 at the top (see Figure 2.12). Within this option, we changed
the communication format from ’Cola ASCII’ to ’Cola Binary,” ensuring a more efficient
and streamlined data exchange process. Once the modifications were made, We saved the
changes, ensuring that the new configuration was implemented successfully. This configura-
tion adjustment allows for improved communication between the SOPAS software and the
Sick LMS 5xx device, enhancing data transfer and enabling seamless control and management
of the LMS 5xx.
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Device LMS5xx_FieldEval_LITE (not defined) Parameters View Help
SICK asSQaRBe v ~- 00020 e|=
Sensor Intelligence.

4 [£] LMSSxx_FieldEval_LITE (not defined)
4 {J Parameter
[) Basic settings

2 Fiter

[-]8] x

131 contamination measurement
Field
3] Evaluation case General
1) pata processing
4 ) Network / interfaces / 10s
B3 el 1P address 169 . 254 191 . 71
Digital inputs Subnetmask | 255 . 255 . 255 . 0

[2) synchronisation
(2] Digital outputs
[2) Display settings
» (J Monitor
» O Service

Default gateway | 0

Speed | Auto v Negotiated | 100Mb Full Duplex v

To apply Ethernet speed a device reset is necessary.
Parameters have to be saved permanently, before.

MAC address |00 - 06 - 77 - 20 - 03 - 2A
Ethernet Host TCP/1P
Cola dialect Cola ASCI v

To apply a new COLA dialect a device reset is necessary.
Parameters have to be saved permanently, before.

Server / Client  Server v Port. 2112
Ethernet Aux TCP/IP

Server / Client | Server v Port 2111
Ethernet UDP/TP

SICK Cola dialect | Cola Binary v Fort 2213

Sensor Intelligence

Context Help Network / interfaces / 105 # | Ethernet &

Figure 2.12 Configuration of sopas with ethernet connection

Results in SOPAS

During the configuration process of the Sick LMS 5xx using SOPAS, we proceeded to the
"Monitor’ option to observe the results. Upon execution, the LMS 5xx generated a scan
depicting a static environment with various obstacles as shown in Figure 2.13. The laser

rangefinder accurately detected and represented these obstacles in the scan.
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Figure 2.13 A scan of a static environment

However, the subsequent scan captured an interesting event—an individual moving in front
of the laser rangefinder. The sensor promptly detected the person’s presence, as indicated

by a distinct red circle on the scan in Figure 2.14.

This real-time detection demonstrates the capability of the Sick LMS 5xx in accurately
perceiving dynamic elements within its surroundings. In figure 2.15 we can see a scan showing

the person moving in front of the laser rangefinder .
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Figure 2.14 A scan showing a person moving in the environment of figure 2.14

Continuing the observation, the third scan depicted the same person moving to the left
of the sensor. The red circle in the scan indicated the person’s position, allowing for precise
tracking of his movement. This demonstrates the ability of the Sick LMS 5xx to capture
and represent changes in the environment, enabling accurate monitoring of dynamic objects.
Figure 2.14 shows a scan with the person moving left] . These scans showcase the robust
sensing capabilities of the Sick LMS 5xx, enabling the detection and tracking of both static

obstacles and dynamic objects.

Such real-time perception is valuable for various applications, including robotics, surveil-
lance, and safety systems. The captured images of the scans provide visual evidence of the
sensor’s performance and the accuracy of the detected objects’ representation . Figure 2.17
shows the telegram “sRN LMDscandata” sent by the host PC (via SOPAS) to SICK LMS5xx

asking to send him a single scan.
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Figure 2.15 Scan with the person moving left.
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SOPAS Terminal

LMS5xx_FieldEval_LITE (not defined)

Format de saisie : aSISl] Hex » | B 5 @

N Com  Longueur Données
1817 1‘ 3968 <34><20><33><43><39><20><33><44><34><20><33> <45> <31><20> <33> <45> <41><20><33><46><38><20><34> <30> <35> <20...
1818 1‘ 3968 <20><43><42><20><44> <30><20><44> <33> <20> <44> <37> <20> <30> <20> <30> < 20> <31>< 20> <42 > < 20> <be> <6f> < 74> <20> <64...

n 17 <02><73><52><de><20> <4c> <4d><44> < 73> <63> <61><be> <64> <61> <74> <

1820 1‘ 3968 <20><39><38><39><20><39><44><33><20><41><32> <36><20><39> <46> <43> <20> <39> <44 > <36> <20><39><42> <44> <20> <39...
1821 1‘ 368 <42><20><31><41><33><20><31><41><41><20> <31> <41> <43> <20> <31> <42> <42> < 20> <31><42><39><20><31> <42> <43> <20...
1822 1‘ 45 <02><73><53><49><20><34><37><20><30><20> <31> <20> <44> <41> <30> <43> <35> <32><20><30> <20><30><20> <39> <31> <46...
v
02 73 52 4E 20 4AC 4D 44 73 63 61 GE 64 61 74 ¢l .sRN LMDscandata
03 .
Filtre Tramage Historique -

n établie avec ColLa USB

Figure 2.16 “sRN LMDscandata” telegram sent by the host PC (via SOPAS) to SICK LMSbhxx
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The data sent by the LMS5xx to the host PC is shown in figure 2.17.

& SOPAS Terminal

LMS5xx_FieldEval_LITE (not defined)

Format de saisie : AJSIM  Hex » B & &

v
N Com  Longueur Données
1815 1' 3968 <41><46><20><42><30><20><42><31> <20> <42> <30> <20> <41> <46> <20> <42><33> <20> <42> <43> <20> <42><42> <20> <42> <44.. A
1816 1' 3968 <39><39><39><20><39>«37><35><20> <39> <34> <46><20> «39> <32> <43> <20><39> <30> <42> <20> <38><45><42> <20> <38><43...
1817 1' 3968 <34><20><33><43><39><20><33><44> <34> <20> <33><45> <31> <20> <33> <45> <41><20> <33> <46><38><20><34> <30> <35> <20...
1818 1' 3968 <20><43><42><20><44><30><20><44> <33> <20> <44><37> <20> <30> <20> <30><20> <315 < 20> <42> <20 > <be> <6f> < 74> <20> <64...
1819 g- 17 <02><73><52><4e><20> <dc> <4d><44> <T73><63><61><be><b64><61><74><61><03>

<20><39><38><39><20><39><44><33> <20> <41><32><36> <20> <39> <46> <43><20> < 39> <44 > <36><20><39><42> <44 < 20> <39...

1821 1" 368 <42><20><31><41><33><20><31><41> <415 <20> <31><41> <43> <20> <31> <42> <425 <20> <315 <42 > <39><20><31> 242> <43> <20.. v
20 39 38 39 20 39 44 33 20 41 32 36 20 39 46 43 989 9D3 A26 9FC
20 39 44 36 20 39 42 44 20 39 38 32 20 39 36 42 9D6 9BD 982 96B
20 37 44 42 20 37 43 45 20 37 33 30 20 37 32 32 7DB 7CE 730 722
20 37 35 30 20 37 35 34 20 37 34 38 20 37 34 31 750 754 748 741
20 37 33 37 20 37 32 42 20 37 32 34 20 37 31 44 737 72B 724 71D
20 37 31 32 20 37 30 45 20 37 30 45 20 37 30 33 712 70E 70E 703
20 37 30 33 20 34 42 33 20 33 34 43 20 33 34 44 703 4B3 34C 34D
20 33 35 34 20 33 35 35 20 33 35 42 20 33 35 43 354 355 35B 35C
20 33 36 32 20 33 36 31 20 33 36 41 20 33 36 31 362 361 36A 361
20 33 36 37 20 33 37 38 20 33 39 31 20 34 39 33 367 378 391 483
20 34 39 32 20 34 39 36 20 34 35 43 20 34 41 39 492 496 45C 4A9
Filtre Tramage Historique a

Figure 2.17 Data sent by SICK LMS5xx to PC (through SOPAS)

Matlab

An other alternative to access measurments data from Sick LMS5xx is to use Matlab software.
In this case, we used USB interface to do that.Hence, we use some instructions in MATLAB

which are of the following form :



Chapter 2. Sick LMSbxx Laser Measurement Sensor: Operation and Reading Data

40

vik=hex2dec({'02' , '73', '52', '4E', '20', '4C', '4D', '44', '73',
'61', '6E', '64', '61', '74', '61','03'})% SRN LMDscandata

if exist('s')
fclose(s)
delete(s)
clear s
end

s = serial('CoM3');

set(s, 'Timeout',0.1);

set(s, 'InputBuffersize’, 40000);
set(s, 'Terminator', 'CR');

set(s, 'BaudRate’, 50000)

fopen(s) _
s.RecordMode="index’
s.RecordDetail='verbose’
s.RecordName="dd . txt "'

record(s)
fwrite(s,vik)
data=deczhex(fread(s))

I63Il'I

Figure 2.18 MATLAB instructions
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Data Reading Results

After sending the ’'sRN LMDscandata’ telegram in hexadecimal format from the PC to the
Sick LMS 5xx via the Serial interface, we successfully read and processed the hexadecimal

measurements in MATLAB. The data measurement is shown in Figure 2.19 below

J dd1.txt - Bloc-notes

Fichier Edition Format Affichage Aide
|Legend:
* - An event occurred.
> - A write operation occurred.
< - A read operation occurred.

1 Recording on 16-Mar-2023 at 10:59:48.453. Binary data in little endian format.
2 > 17 uchar values.

92 73 52 4e 20 4c 4d 44 73 63 61 6e 64 61 74 61

03
3 < 2032 uchar values.

8d 2d 406 58 @8 f@ 50 64 18 46 28 00 @d 60 c3 15
cO 28 40 Oc 06 a8 B89 2e 66 83 18 f3 28 8d 29 c6
82 97 03 10 63 39 24 82 02 d2 2c 42 39 a4 83 @9
al 50 40 @5 21 10 82 75 8e 2c 42 24 78 44 13 29
e0 8f 40 50 82 74 9a c@ 87 03 54 e@ 20 c6 61 08
c3 50 60 20 e6 28 89 20 e6 78 8b 1@ 5¢c 61 29 a2
01 38 10 f0 8a 86 13 42 18 89 60 38 @d c4 17 06
82 c4 81 18 4d ad 42 8b 21 68 81 @9 38 d4 18 @9
b2 40 02 10 c3 01 od b4 al 08 32 48 45 ed @6 44
el c5 83 10 83 c6 00 61 35 ca ©3 12 1c 4c 83 12
f5 a8 8b 1le c6 58 81 1a 94 46 14 e5 81 Oc B2 40
60 c5 83 80 32 @a do c5 903 10 e4 02 18 18 81 18
44 60 80 ©8 8a aa 18 ©5 ed 78 14 61 c9 od 30 00
60 38 19 e8 19 21 e8 99 03 c@ 83 02 60 09 8d @0
c2 83 14 c4 12 €60 28 20 co 8b 10 do a3 80 fo 21
a8 @b a8 c2 3d 80 c3 ©5 20 58 06 64 09 €0 1lc cl
©c dl el of 50 58 64 ©d 40 38 @3 2d 40 b8 od 28
60 c3 @b 28 e0 @1 ©8 bo 8d 21 c2 b8 c2 64 7@ 02
74 3d ac 8c 29 e2 28 88 38 42 a8 81 2c 42 83 @0
07 54 e@ 3c 42 83 97 43 50 65 09 c2 58 08 87 1@
65 1c 406 58 08 bo 54 61 38 co ad 08 19 ed 58 85
c@ f@ cl 6c 86 61 87 cb 10 64 91 e6 68 38 87 14
65 38 c6 61 28 ©5 60 c5 e3 54 81 45 28 28 co 17
10 86 75 9a c@ @d 21 50 28 c@ d3 18 20 8d of @2
c3 08 do cl 1a d1 14 69 30 43 54 e@ 1d 46 69 08
c3 54 e@ 20 e6 83 18 63 cl 08 08 c@ c3 8f 14 54

A mm e Fe e mam mm AR A A e e e Aa am mm

Figure 2.19 Data measurement read using Matlab.
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2.5 Conclusion

In conclusion, this chapter provided a comprehensive overview of the Sick LMSbxx laser
measurement sensor, its operation, and reading data. By delving into its principles and
discussing its various applications, we have highlighted the importance of understanding this

sensor for professionals in different fields.

With the introduction of the SOPAS Engineering Tool, this chapter has also highlighted
the convenience and efficiency it offers in configuring and accessing data from the sensor.
Overall, this chapter has shed light on the operation and reading of data from the Sick
LMSb5xx laser measurement sensor, enabling professionals to harness its full potential for a
wide range of purposes and more particularly in Lidar-based SLAM systems and autonomous

navigation of mobile robots.
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CHAPTER 3

ROS Implementation of SLAM and Results

3.1 Introduction

In this Chapter, we will focus on the implementation of Simultaneous Localization and Map-
ping (SLAM) using the Robot Operating System (ROS) framework. We explore the hardware
and software components involved in SLAM and present the results from simulations and

real-world experiments.

In the following sections, we briefly touch upon the Pioneer P3DX robot, our platform
for SLAM implementation. ROS, our chosen framework, offers a flexible architecture for
developing complex robotic systems. We discuss the packages and drivers used, including
Teleop, Gmapping, ROSARIA, and the Sick-Scan sensor driver. These components enable

teleoperation, mapping, communication, and data respectively.

Gazebo, a popular robotics simulator, is utilized for testing the SLAM algorithm, while
Rviz is used for visualization. We present then the results from simulations in Gazebo and
real-world experiments. Through this chapter, we hope to discover the world of robotics and
SLAM techniques.

3.2 Pioneer P3DX robot

The Pioneer 3-DX mobile robot used in this work is presented in figure (3.1). It is a wheeled
differential drive mobile robot employed to evaluate the proposed control methods.

Figure 3.1 P3-DX mobile robot.

[16]
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Robots may be smaller than most of other robots, but they pack an impressive array of
intelligent mobile robot capabilities that rival bigger and much more expensive machines.
The P3- DX with onboard PC is a fully autonomous intelligent mobile robot. Pioneer’s
modest size lends itself very well to navigation in tight quarters and cluttered spaces, such
as classrooms, laboratories, and small offices. The P3-DX is fully capable of mapping its

environment, finding its way home and performing other sophisticated path-planning tasks.

Weighing only 9 kg (with one battery), the basic P3-DX mobile robot is lightweight, but
his strong aluminum body and solid construction makes it virtually indestructible. These
characteristics also permit it to carry extraordinary payloads, the P3-DX can carry up to 23
Kg additional weight [16]. The physical dimensions are shown in figure (3.2).

26 cm swing radius

al (k@9 )) | 18.5 em 38 cm

) : 5 cm \

Figure 3.2 Physical dimensions of the robot.

[16]

3.3 Robot Operating System (ROS)

The Robot Operating System (ROS) is a set of software libraries and tools that help us build
robot applications from drivers to state-of-the-art algorithms, and with powerful developer

tools.

In the field of robotics, there exist various versions of the Robot Operating System (ROS)
that cater to different needs and requirements. However, for the purpose of this project,
our focus was on utilizing ROS Noetic, which proved to be the most suitable choice for our

simulation and real-world experimental endeavors.

Ros noetic ROS Noetic, released in 2020, is a popular version of the Robot Operating
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System (ROS). It offers improved compatibility with modern hardware and software frame-
works, supports Python 3 as the default language, and provides extensive documentation
and tutorials. With an active community and a wide range of open-source packages, ROS

Noetic simplifies the development of robust robotic applications [26].

Figure 3.3 Ros noetic ninjemys.

[26]

3.4 Packages and Drivers

In the following subsections, we will discuss the installation procedures and functionality of
the packages and drivers utilized in this project, providing a comprehensive overview of their
integration within the ROS .
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3.4.1 Teleop keyboard package

The package teleop-twist-keyboard authored by Graylin Trevor Jay offers the option of con-
trolling the robot via the keyboard. Figure (3.4) illustrate the essential Command Lines to

install and run this package.

# Installing
$ sudo apt—get install ros—moetic—teleop—twist—keyboard

#Running
$ rosrun teleop_ twist_keyboard teleop_ twist_keyboard.py cmd_ vel:=/
cmd  vel

#Controls
Reading from the keyboard and Publishing to Twist!

Moving around:

u 1 0

j k 1

m Y

q/z : increase/decrease max speeds by 10%

w/x : increase/decrease only linear speed by 10%
e/c : increase/decrease only angular speed by 10%

anything else : stop
CTRL—C to quit

Figure 3.4 Command Lines to install and run teleop_twist_keyboard. |14]

3.4.2 Gmapping package

The Gmapping package, widely used in the field of robotics, allows for the creation of occu-
pancy grid maps from laser and odometry data. By employing probabilistic techniques, it
enables simultaneous localization and mapping (SLAM) capabilities, aiding in autonomous
navigation and environment understanding. Figure (3.5) illustrate the essential Command

Lines to install and run this package.
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# Bring Gmapping into the workspace
$ cd ~/ catkin_ws / s 1 ¢
$ git clone https://github.com/ros—perception/slam_gmapping. git
$ cd
$ catkin make
#Running
$ rosrun gmapping slam_gmapping scan:=/laser /scan

Figure 3.5 Command Lines to install and run Gmapping . [3]

3.4.3 RosAria stack

The RosAria node authored by SreckoJurié¢- Kavelj is available for ROS distributions. The
node provides an interface with ROS for Adept MobileRobots which use the open source
ARIA library. First, the ARIA library must be installed from Adept MobileRobots or its
alternative version AriaCoda. The ARIACoda software for Ubuntu 20.04.4, for a 64- bit
architecture was downloaded. The RosAria node was cloned from source using git. By using
rosdep, we also installed the necessary dependencies. Lastly, the node was built using catkin.
To test and run the RosAria node, the “How to use ROSARIA” tutorial is referenced [9).

The RosAria node publishes on multiple topics including pose and battery voltage. In
this section we only consider topics relevant to the control objective. RosAria publishes the
current pose estimation received from the robot in /RosAria/pose. The type of this data is

nav_msgs/Odometry.

The message contains the position in xyz coordinates as well as the rotation of the robot.
The pose of the robot is set to [0, 0, 0] at the start of the RosAria node. The desired velocity
of the robot is set via the /RosAria/cmd_vel topic. This desired velocity state is set in
ARIA, which sends commands every robot cycle (100ms by default) to effect this state in the
robot’s embedded motion controller, which performs motor control to achieve then maintain

the robot velocity automatically (using previously configured acceleration parameters).

In our case, we have connected the mobile robot to our computer using a RS232 serial
communications link. Figure (3.6) clarify the necessary Terminal Window Command Lines

to build and run the RosAria node.
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# Bring ROSARIA into the workspace
cd ~/catkin_ws/src
git clone https://github.com/amor—ros—pkg/rosaria . git
cd

catkin make

&hH SH H PH

Running RosAria

Tab 1 (roscore)

source catkin_ws/devel/setup.sh

sudo chmod 777 —R /dev/ttyUSBO  #or /dev/ttySO0
roscore

Tab 2 (rosaria node)

source catkin_ws/devel/setup.sh

rosrun rosaria RosAria

& H Ik H ew oIk

Figure 3.6 Terminal Window Command Lines to build and run the RosAria node. |9

Rosaria client interface: This command launches the RosAria client interface, which

provides control and monitoring of the P3dx robot.

# Running RosAria client interface
$ source catkin_ ws/devel/setup.sh
$ rosrun rosaria client interface

Figure 3.7 Terminal Window Command Lines to Launch RosAriaclientinter face . [9)

3.4.4 Package Small House World

The Small House World package is a downloadable resource designed for testing in Gazebo.
It provides pre-built assets and models that resemble a small house environment. By using
this package, we can create a custom map in Gazebo for simulating various robotic scenarios

within a realistic indoor setting.

It offers convenient and efficient tools for evaluating and refining our robot’s performance
in confined spaces.Figure (3.7) clarify the necessary Terminal Window Command Lines to
build and run the AWS Robomaker small house world .
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Figure 3.8 AWS Robomaker Small House World on Gazebo.

# Bring AWS Robomaker Small House World into the workspace

$ cd ~/catkin_ws/src

$ git clone https://github.com/aws—robotics/aws—robomaker—small—
house—world . git

$ cd

$ catkin make

# Running

$ source catkin_ws/devel/setup.sh

$ roslaunch aws robomaker small house world view small house.
launch

Figure 3.9 Installing and running Small House World Package.

3.4.5 Sick-Scan sensor driver

The Sick-Scan sensor driver is a crucial component that enables communication and data
acquisition from Sick LIDAR sensors. It provides a seamless interface between the sensor
and the Robot Operating System (ROS), allowing for real-time access to laser data. The
driver facilitates accurate perception and mapping capabilities by providing high-quality

sensor measurements for further processing and analysis within the robotic system.

Figure (3.10) illustrate the essential Command Lines to install and run this package.
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# Bring Sick scan into the workspace

source /opt/ros/<rosdistro>/setup.bash

mkdir —p ~/ros_ catkin_ws/src/

cd ~/ros_catkin_ws/src/

git clone —b devel —single—branch git://github.com/SICKAG/

sick _scan. git

cd

catkin make

source ~/ros_catkin_ws/install/setup.bash
Running

roslaunch sick scan sick lms b5xx.launch

&hH SH H PH

oI s

Figure 3.10 Terminal Window Command Lines to install and launch sick scan. [1]

3.5 Used tools

Two important tools that are commonly employed in robotics Simultaneous Localization and
Mapping are Gazebo and RViz. In the subsequent subsections, we will discuss and define
these tools in detail, along with explaining the commands required to launch and install
Gazebo and RViz.

3.5.1 Gazebo

Gazebo is a versatile software tool that enables the simulation of robot models before im-
plementing them on hardware. It provides a virtual world where developers can thoroughly
test the functionality and performance of their robots. With an easy-to-use programming
interface and high-quality graphics, Gazebo offers a user-friendly environment for designing

and evaluating robotic systems [7].

Furthermore, Gazebo serves as a multi-robot simulator capable of simulating a wide range
of robots, sensors, and objects in a three-dimensional world. It goes beyond simply generating
sensor feedback by also simulating realistic physical interactions between objects, including
accurate rigid-body physics simulations. This realistic simulation environment allows devel-
opers to execute code intended for physical robots on an artificial version, ensuring that the

software functions as expected before deployment.
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To install Gazebo along with ROS Noetic, we can follow these steps:

Open a terminal and run the following command:

$sudo apt-get install ros-noetic-gazebo-ros-pkgs

Source the ROS setup files in every new terminal session before using ROS or Gazebo:

$source /opt/ros/moetic/setup.bash

Once Gazebo is installed, we can launch it by running the following command in a

terminal:

$gazebo

Alternatively, we can launch Gazebo with Pioneer 3-DX by running the following com-

mands in a terminal:

$source ~/catkin_ws/devel/setup.sh

$roslaunch p3dx_gazebo pioneer3dx.launch

In Figure 3.11, we present the P3DX mobile robot situated in an empty Gazebo environ-

ment.

Activities

<
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A
Py
L4
D
8
B
<>
”’

[E] Terminator ~

/home/hadi/1catkin_ws/src/pioneer_p3dx_model/p3dx_gazebo/launch/pioneer3dx.launc... - 0 &

16:10 2 ols> ®
Gazebo

File Edit Camera View Window Help

World | Insert Layers

Gul

Scene
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Physics

Atmosphere

Wind
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~ ground_plane

LINKS

link

» p3dx
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Il Real Time Factor: Sim Time:

Figure 3.11 P3dx mobile robot in the Gazebo environment.
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3.5.2 Ros visualization

Rviz, short for ROS visualization, is an effective 3D visualization tool used in robotics. It
offers various capabilities that aid in visualizing and analyzing the data generated by a robot.
One of its primary applications is visualizing maps generated by a robot in an unknown
environment. Using the gmapping package, Rviz allows the generated map to be saved and
used for autonomous navigation. Key topics such as the /scan topic from the laserscan node

and the /map topic from the gmapping node are utilized prominently in this process.

Additionally, Rviz provides a comprehensive view of the simulated robot model and enables
logging of sensor data from the robot’s sensors. This logged data can be replayed, allowing
for detailed analysis and debugging of the robot’s behavior. By visualizing what the robot
perceives, thinks, and does, users can effectively debug and refine their robot applications,

from sensor inputs to planned or unplanned actions [?] .

Rviz supports the display of 3D sensor data, such as point clouds generated by stereo
cameras, lasers, Kinects, and other devices. It can also visualize 2D sensor data, such as
images from webcams or RGB cameras. With these capabilities, Rviz serves as a valuable
tool for visualizing and interpreting sensor data, aiding researchers and developers in the

analysis and improvement of their robotic systems.

To install RViz (ROS Visualization), we can follow these steps:

— Open a terminal and run the following command to install RViz:

sudo apt-get imnstall ros-noetic-rviz

— Source the ROS setup files in every new terminal session before using ROS or Gazebo:
$source /opt/ros/mnoetic/setup.bash

— Once RViz is installed, you can launch it by running the following command in a
terminal:
$rviz

— Alternatively, you can launch RViz with the Pioneer 3-DX configuration by running
the following command in a terminal:
$source ~/catkin_ws/devel/setup.sh

roslaunch p3dx_description rviz.launch
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In Figure 3.12, we present the P3DX mobile robot situated in an Rviz. This figure show

also the trajectory of the robot when controlled in gazebo using teleop_twist_keyboard.py.
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Figure 3.12 P3dx mobile robot in the Rviz

3.5.3 MobileSim

MobileSim is a simulator for use with ARIA. It provides a simple 2D simulation scalable to
many robots, and useful for software testing. ARIA automatically detects MobileSim if it is

running on the same computer, and will connect to it.

MobileSim will emulate the robot base and sonar , but connection to other devices such
as laser, camera, etc. are through separate nodes in ROS and cannot currently be connected
to MobileSim.

1. Download the MobileSim package mobilesim from [12].

2. Install the MobileSim package using the following command:

sudo dpkg i mobilesim_0.9.8+ubuntul6_amd64.deb

3. Launch MobileSim from the terminal using the following command:

MobileSim nomap
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3.6 Results and discussion

As has been mentioned previously, our objective is to build a map of the mobile robot
environment first in gazebo and after that in real world environment. Thereby, in order to do
that, we considered the webots platform of the simulation to test and evaluate the Gmapping
algorithm preferences in terms of building a 2D map , then we take advantage of having the
sensor sick lms 5xx and the real P3DX robot to do an experiment test with SLAM in order
to build a 2D map.

3.6.1 Simulation Results in Gazebo

After we finished adding those packages, we are now ready to launch our project. To launch
the necessary packages for performing SLAM (Simultaneous Localization and Mapping), we

can follow the steps below:

In a new terminal:

1. Execute the command:
source ~/1catkin_ws/devel/setup.bash

This command sets up the environment variables for our workspace.

2. Launch the package aws_robomaker _small_house_world by running the command:
roslaunch aws_robomaker_small house_world view_small_house.launch

This command starts the visualization of the small house world in Gazebo.

Figure 3.13 Small house world environment gazebo.



Chapter 3. ROS Implementation of SLAM and Results

95

In a new terminal:

1. Execute the command:

source ~/1catkin_ws/devel/setup.bash.

2. Launch the package p3dx_gazebo by running the command:

roslaunch p3dx_gazebo pioneer3dx.launch.

This command launches the Gazebo simulation of the Pioneer 3-DX robot.

LY KX [= Ol
|

YIATY
-t

Figure 3.14 Launch p3dx in gazebo.

In a new terminal:

1. Execute the command:

source ~/1catkin_ws/devel/setup.bash.

2. Set the parameter use_sim_time to true by running the command:
rosparam set use_sim_time true.

This command enables the use of simulated time in ROS.

3. Start the SLAM algorithm using the gmapping package with the following command:

rosrun gmapping slam_gmapping scan:=/laser/scan.

This command runs the SLAM algorithm using laser scan data from the robot.
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Figure 3.15 Launch Gmapping package

In a new terminal:

1. Execute the command:

source ~/1catkin_ws/devel/setup.bash.

2. Launch the package p3dx_description to start RViz visualization by running;:
roslaunch p3dx_description rviz.launch.

This command opens RViz with the robot model and sensor data visualization.
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Figure 3.16 Rviz

In a new terminal:

1. Execute the command:

source ~/1catkin_ws/devel/setup.bash.

2. Control the robot using the teleop_twist_keyboard package by running:
rosrun teleop_twist_keyboard teleop_twist_keyboard.py cmd_vel:=/cmd_vel.

This command allows us to use the keyboard to send velocity commands to the robot.
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Figure 3.17 Teleop twist keyboard

To simplify the process and reduce the time required, we can use a launch file or a Python
script to launch the necessary packages. Instead of running multiple commands in separate
terminals, we can create a Python script named 'p3dx.py’ and execute it using the command
python3 p3dx.py in the terminal.

In Figure 3.18, we present the Python script (p3dx.py) that simplifies the process of
launching the necessary packages for SLAM.
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1 #! fusr/bin/env python3
2 import os
3

4
5 tabl_commandi1 1catki 1 t
6 tab1l_command2 1 11
T
8
9 tab2_commandi1 1 3 1catki 1 t

10 tab2_command2 1 3d> z i X1

11

12

13 tab3 commandi1 1 3 1catki 1 t

14 tab3 command2 i

15

16

17 tab4_commandi1 1 - 1catki 1 t

18 tab4 command2 1 3d ipti iz.1

19

20

21 tab5_commandi1 1 3 1catki 1 t

22 tab5_command2 1 i 1 i

23
24
25 os.system(f -t inal --t - -c \"{tab1_ 1}; {tabi_ 2}; ex \"
tab - -c \"{tab2_ 1}; {tab2_ 2}; ex \"' --tab - -
\"{tab3_ 1}; {tab3_ 2}; ex \"' --tab - -c \"{tab4a_ 1};
(taba_ 2}; ex \"' --tab - -c \"{tab5_ 1}; {tab5_ 2}; e» )
26

27 #credit: Abdelhadi Bousaid

Figure 3.18 Python script to launch Slam

We achieved successful outcomes in our simulation and mapping experiments using the Pio-
neer P3DX robot. Firstly, we successfully launched the P3DX robot in the Gazebo simulation
environment, specifically utilizing the Small House World environment. This allowed us to
simulate the robot’s movements and interactions with the environment. Next, we employed

the Gmapping SLAM algorithm to generate a 2D map of the environment.

By collecting data from the robot’s sensors and utilizing the Gmapping package, addi-
tionally, we achieved successful control of the Pioneer P3DX robot using the Teleop Twist
Keyboard package. This allowed us to control the robot’s movements manually using the
Keyboard interface.This allowed us to simulate the robot’s movements and interactions with
the environment. Figure 3.19 provides a visual representation of the successful launch, show-

casing the robot operating within Gazebo.
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Figure 3.19 The beginning of building the map

Finally , the resulting 2D map demonstrated the robot’s exploration and the successful map-

ping process. Figure 3.20 presents this map within the RViz visualization tool.

Figure 3.20 The end of building the map

To save the map in RViz using a command, we can use the following command:
rosrun map_server map_saver —-f <map_name>.

We replace <map_name> with the desired file path



Chapter 3. ROS Implementation of SLAM and Results 61

Results for a created environment in Gazebo

Gazebo also offers us the possibility of creating our own environment. Figure 3.20 shows a
simple environment we created . We can also add obstacles in it. The map corresponding to

that environment is shown in Figure 3.22.

(a) (b}

Figure 3.22 The environment we created: (a) in gazebo (b) the obtained map in rviz
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3.6.2 Results using MobileSim

To test the fonctionnality of Rosaria and rosaria_ client interface, we performe a simulation
using MobileSim. We teleoperate the simulated P3DX mobile robot using rosaria_ client

interface with the commands below:
1. Start the mobilesim Application
2. New window, 3 new Tabs:

(a) In the first Tab:

hadi@Latitude-5490:~$ source ~/catkin_ws/devel/setup.bash
hadi@Latitude-5490:~$ roscore

(b) In the second Tab:

hadi@Latitude-5490:~$ source ~/catkin_ws/devel/setup.bash

hadi@Latitude-5490:~$ rosrun rosaria RosAria

(c) In the third Tab:

hadi@Latitude-5490:~$ source ~/catkin_ws/devel/setup.bash
hadi@Latitude-5490:~$ rosrun rosaria_client interface
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Figure 3.23 Initial position of the robot

Hie view dxt i

Figure 3.24 New pose of the robot after teleoperation
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By observing the successful movement of the Pioneer P3DX robot within the mobile
simulator with ROSARIA client interface , we can confirm that ROSARIA is functioning

correctly.

3.6.3 Experimental Results

First of all, we have teleoperated successfully the real P3dx robot using rosaria and rosaria_ client
interface . Second , we used the sick scan driver with the previous commands which allows
us to read data (scans) from the sick LMS5xx lidar placed on the P3dx robot.

Figure 3.25 Sick Imsbxx and robot P-3DX
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To establish a communication between our PC and the Sick LMSbxx, we used we used
the Ethernet interface and found some problems (troubleshouting) to do so , but finally we

managed to access the measures.
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Figure 3.26 A scan measured by the Sick LMSHxx scanner

Figure 3.25 shows some simple test results. a 2D map scan was displayed in Rviz the une
part of the environment world in front of it . all these results pave the way for the next

experiment.
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Now, we had this experiment to gather the Sick Imsbxx with the P-3DX robot and scan
a big room environment in LTSS laboratory to build a 2D maps. Let’s go through the
commands to set up SLAM using gmapping with our Pioneer P3DX robot and the Sick

LMS5xx laser scanner.

In a terminal:
1. Execute the command: source /catkin,s/devel/setup.bash
This command sets up the environment variables for your ROS workspace.

2. Execute the command: roscore

This command starts the ROS core, which provides essential services for communication
between ROS nodes.

In a new terminal:

1. Execute the command: source ~/catkin,s/devel/setup.bash.

2. Execute the command: sudo usermod -a -G dialout $Hadi OR: sudo chmod 777
-R /dev/ttyUSBO

This command adds your user to the "dialout" group, granting access to serial ports.

3. Execute the command: rosrun rosaria RosAria

This command launches the RosAria node, which connects to the Aria software for

communication with the P3dx robot.
In a new terminal:

1. Execute the command: source ~/catkin,s/devel/setup.bash.

2. Execute the command: roslaunch sickgcansickymssrx.launch

This command launches the driver for the Sick LMS 5xx laser scanner, used for obtain-

ing laser scan data from the robot.
In a new terminal:

1. Execute the command: source ~/catkin_ws/devel/setup.bash.
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2. Execute the command: rosrun tf static_transform_publisher 0.17 0 0.4 0 O
0 base_link cloud 33

This command publishes a static transform between the "base_link" frame and the
"cloud" frame. Adjust the translation values (0.17, 0, 0.4) as needed.

In a new terminal:

1. Execute the command: source ~/catkin_ws/devel/setup.bash.

2. Execute the command: rosrun gmapping slam_gmapping scan:=scan

This command runs the GMapping package, which performs SLAM using the laser
scan data from the robot. The scan:=scan argument sets the topic name for the laser

scan data.
In a new terminal:

1. Execute the command: source ~/catkin_ws/devel/setup.bash.

2. Execute the command: rosrun rosaria_client interface

This command launches the RosAria client interface, which provides control and mon-
itoring of the P3dx robot.

In a new terminal:

1. Execute the command: source ~/catkin_ws/devel/setup.bash.

2. Execute the command: rosrun map_server map_saver f cartel

This command saves the map generated by GMapping. Adjust the filename (cartel) as
needed. We can repeat the same process to save additional maps by changing the filename

in the map_ saver command.
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Figure 3.27 The environment of the scan .

We initiated the scanning process in the LTSS environment using the aforementioned
commands. The SLAM algorithm executed successfully, resulting in the desired outcome,

and we obtained the corresponding map with Rviz, as depicted in Figures 3.28 and 3.29.
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3.7 Conclusion

In conclusion, Chapter 3 presented the ROS implementation of SLAM on the Pioneer P3DX
robot. We discussed the packages, drivers, and tools used for the implementation, including
Teleop keyboard, Gmapping, RosAria, Small House World, and the Sick-Scan sensor driver.

We also showcased simulation results in Gazebo, results using MobileSim, and experimen-
tal results. The implemented SLAM system demonstrated reliable mapping and localization
capabilities, highlighting its potential for real-world applications . The obtained map could

be used for autonomous navigation of the robot in future works.
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GENERAL CONCLUSION

In this thesis, we have explored the field of Lidar-based SLAM for mobile robots, with a
specific focus on the Sick LMS5xx laser measurement sensor. We started by providing an
overview of SLAM and its significance in enabling autonomous robot navigation and mapping.
We discussed the importance of perception in robotic systems, particularly exteroceptive
sensors, and highlighted the role of Lidar in accurately capturing the environment. Our
study focused on understanding the operation and reading of data from the Sick LMSbxx

SEnsor.

We explored its operating principles, including distance and direction measurements, as
well as data interfaces and communication protocols. Through the use of the SOPAS Engi-
neering Tool, we gained insights into the software aspects of the sensor and its integration
with the Robot Operating System (ROS). By leveraging packages and drivers such as Teleop
keyboard, Gmapping, RosAria, and Sick-Scan sensor driver, we were able to perform SLAM
and generate maps of simulated environments using Gazebo and MobileSim. We also con-

ducted real-world experiments to validate the performance of our SLAM implementation.

The results of our simulation experiments and real-world tests demonstrate the effective-
ness of the Lidar-based SLAM approach using the Sick LMS5xx sensor. We successfully
achieved our goal of implementing SLAM in both simulated and real-world environments,
showcasing the sensor’s capabilities for accurate mapping and localization. Looking ahead,
the maps generated through our SLAM system provide a foundation for future navigation
tasks. By utilizing the acquired maps, mobile robots can navigate autonomously and make

informed decisions based on their surroundings.

This opens up opportunities for various applications, such as path planning, obstacle
avoidance, and efficient exploration of unknown environments. In conclusion, this thesis has
contributed to the field of mobile robotics by providing insights into Lidar-based SLAM and
showcasing the capabilities of the Sick LMS5xx sensor. The knowledge and findings presented
here can serve as a valuable resource for researchers and practitioners working in the field.
With further advancements in SLAM algorithms and sensor technologies, we can expect even

greater autonomy and navigational capabilities for mobile robots in the future.
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