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locations using sensors like LiDAR. Unlike other SLAM methods, Hector
SLAM operates without odometry, relying solely on LiDAR data to produce
Keywords: accurate maps. This study investigates the application of Hector SLAM in a
differential drive mobile robot controlled via the Robot Operating System
SLAM: (ROS), with PID control managing the motor speeds. The research
Path pl;mning; contribution is the integration of Hector SLAM with PID control to enhance
Navigation; mapping accuracy in environments without odometry data. The method
ROS involves testing the robot's mapping performance in an indoor environment,
focusing on the impact of varying linear and angular velocities on the quality
of the generated maps. The PID control was tuned to ensure stable speed
values for the robot's differential drive motors. Results show that Hector
SLAM, when combined with well-tuned PID control, generates highly
accurate maps that closely match the actual environment dimensions, with
minimal errors. Specifically, the mapping error was found to be within 0.10
meters, validating the effectiveness of this approach in non-odometric
systems. In conclusion, the study demonstrates that Hector SLAM, supported
by PID-controlled motor stability, is an effective solution for mapping in
differential drive mobile robots, particularly in scenarios where odometry is
unavailable.
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1. INTRODUCTION

Navigation technology is a crucial aspect of modern technological development, playing a vital role in
various fields such as transportation, healthcare, and logistics. The rapid advancement of information and
communication technology has led to a growing demand for devices that are not only effective and efficient
but also possess a high level of intelligence, significantly aiding human activities. Robotics-based logistics
devices, particularly within warehousing contexts, are among the technologies that can be seamlessly integrated
into our surroundings [1], [2].

For mobile robots, navigation is an essential function [3], [4]. It enables the robot to explore and map
unknown environments, creating a static map that serves as reference data for future navigation. This map
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allows the robot to travel from one point to another while avoiding obstacles [5]. There are general problems
of navigation which are perception, localization, motion control, and path planning [6], [7], [8]. Perception in
robotics refers to the ability of a robot to gather and interpret sensory information from its environment [9].
Localization is the process by which a robot determines its position and orientation within a given environment
[10], [11]. Motion control refers to the algorithms and techniques used to direct the robot's movements,
ensuring that it can follow a desired trajectory or path. Path planning is the process of determining the best
route or sequence of movements that a robot should take to reach its destination while avoiding obstacles [12],
[13], [14].

LiDAR (Light Detection and Ranging) is a key sensor used in navigation, employing laser beams to detect
objects within a specified range [15]. By measuring the time, it takes for the laser signal to be reflected from
objects, LiIDAR facilitates the construction of a map and navigation system through the Simultaneous
Localization and Mapping (SLAM) algorithm. SLAM allows the robot to concurrently map its environment
and determine its location within it.

SLAM has evolved into various methodologies, such as Oriented FAST and Rotated BRIEF Simultaneous
Localization and Mapping (ORB-SLAM), Large-Scale Direct Monocular Simultaneous Localization and
Mapping (LSD-SLAM), and Hector Simultaneous Localization and Mapping (Hector SLAM) [16]. ORB-
SLAM is known for its ability to create 3D maps using monocular, stereo, and RGB-D cameras with a feature-
based approach. LSD-SLAM, on the other hand, utilizes a direct method to achieve similar outcomes. Hector
SLAM, however, specializes in 2D mapping and does not require odometry; instead, it relies on laser scan data
[17]. Despite this, it still provides accurate and robust localization [18]. Hector SLAM's ability to function
effectively without odometry, using only laser scan data for mapping, makes it particularly suitable for
environments where wheel odometry is unreliable or unavailable.

Mapping is conducted by the mobile robot as it navigates through the room and its surroundings. The
environmental conditions and domain location must be carefully considered, as they significantly influence the
robot's performance and the resulting map [19]. Hector SLAM is capable of producing maps that closely
resemble the actual indoor environment [20], with the resulting maps demonstrating high precision and stability
[21], [22].

The performance of Hector SLAM has been validated by various researchers [23], [24], [25]. In [23],
Hector SLAM was combined with LiDAR and ROS in a mobile robot to map an L-shaped environment,
proving its effectiveness in unknown settings. Yu and Zhang [24] enhanced Hector SLAM's accuracy by
integrating odometry, IMU, and a Kalman filter, resulting in an improved method named information fusion.
This method demonstrated enhanced mapping accuracy. Additionally, in [25], Hector SLAM was compared to
Gmapping, with results showing that Hector SLAM produced more accurate maps.

This study aims to design and implement control and navigation for a differential drive mobile robot using
PID control and Hector SLAM within a specified environment. The contributions of this research include:

1) Developing a PID control system for DC motor speed control in a differential drive mobile robot,

including a GUI interface for PID tuning.
2) Designing and implementing robot navigation that leverages Hector SLAM using ROS and Rviz for
visualization.

This paper consists of four parts. Section 2 reviews the mobile robot used and the proposed control and
navigation algorithm. The simulation and experimental results are explained in Section 3. Finally, the
conclusion is given in Section 4.

2. MATERIAL AND METHOD
2.1. Robot Hardware

This study utilized a non-holonomic differential drive mobile robot, a system that employs two
independent motors to control the robot's movement vector. Robot motion production is influenced by the
values of angular speed (w) and linear speed (v) [26]. When every wheel travels at the same speed, the robot
will move straight. When the wheels move at various rates, the robot will maneuver. The lower wheel rotation
will be followed by robotic maneuvers. The differential drive system was chosen for its simplicity and
effectiveness, particularly when coupled with DC motors due to their straightforward control mechanisms [27].
A DC motor is a simple type of motor to use [28]. But in its use, the load frequently causes the DC motor's
speed to drop; as a result, the speed is not constant, necessitating the creation of a controller [29], [30], [31],
[32].
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The robot was equipped with two active wheels, two passive castor wheels, a DC motor driver, a Teensy
3.5 microcontroller, a Jetson Nano for processing, and a LiDAR sensor Fig. 1. The Jetson Nano served as the
system's primary processor, handling SLAM and navigation tasks. A remote PC (NUC) was used to visualize
mapping and navigation processes via a local network, using Virtual Network Computing (VNC) for
communication. The Teensy 3.5 microcontroller managed motor speed control via a PID controller, with the
LiDAR sensor providing the necessary laser data for Hector SLAM. The entire system primarily operates under
ROS, excluding the PID control, with each ROS process running as a node that communicates to perform tasks
[33]. The robot design and its implementation are illustrated in Fig. 2 and Fig. 3, respectively.
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2.2. Methods
The study employed two primary methods: PID control for motor control and Hector SLAM for
navigation and mapping.

2.2.1. PID Control

The PID controller in this system is used to control the speed of both motors so that they can have
synchronous velocity. PID was chosen because of its simplicity, robustness, and ability to produce desired
responses from the closed-loop system [34], [35], [36], [37]. Moreover, a mathematical model of the plant is
not required to determine its gain value [38]. PID tuning is done manually with the help of an interface
connected to the microcontroller. Tuning is important for PID to get the right gain which produces good system
responses [39], [40], [41]. This interface is created using MATLAB application to simplify the PID tuning of
both motors, Fig. 4. This interface consists of the slider as an input for the set point value, Kp, Ki, Kp, and a
graph of the system response between the set points with feedback. The slider is used to provide constant values
and set points to the PID controller and response graphs are used to analyze the effect of each change constant
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and set point to feedback. The type of data communication used is Serial Peripheral Interface (SPI). This
communication was bidirectional so that a collection of devices could receive and send data simultaneously.
In this system, the implementation of this communication is that the interface application will send data in the
form of set point, Kp, Ki, and Kp to the microcontroller. The microcontroller will process the data to produce
a PID value and feedback that will later be sent to the interface application. The interface application will
receive and display the data in the system response graph.

Fig. 5 shows the PID block diagram used to regulate the speed of the robot's motors. The control system
consists of two subsystems to manage the speeds of the right and left motors. The control system operates by
taking linear and or angular velocity as inputs. The feedback used is data from the motor speed sensors. The
output from the motors is the speed of both motors. The control results for the two motors are not always the
same (in different directions) due to the different input values received for the right and left motors.
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2.2.2. Hector SLAM and ROS

Navigation is determining a position and designing a path to reach a destination. In robotics, navigation
is implemented as a tool to control and monitor the location of a moving robot. Navigation requires two
essential components: localization and path planning [42]. Localization is needed to predict the robot's position
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within a map. One method that can be used is Adaptive Monte Carlo Localization (AMCL). This method is an
algorithm that uses a particle filter to predict the position and orientation of the robot in a known environment.
According to [43], [44], [45], path planning is the determination of a collision-free path in each environment.
By knowing the starting point and the destination, this algorithm creates a path that the robot can follow.
Additionally, the algorithm can incorporate an obstacle avoidance method, enabling the robot to reach its
destination while avoiding obstacles in its surroundings.

Hector SLAM is one of the mapping algorithms that use LiDAR as the sensor and processes both the
distance and angle of the object. Hector SLAM was chosen for its capability to produce precise 2D maps using
LiDAR data, without relying on odometry—a significant advantage in environments where wheel odometry is
unreliable. This method can give the robot position and create an occupancy map from some steps: scan
matching, Bayes's rule, and model movement. Scan matching is the process of finding the transformation
matrix (translation or rotation) from laser scanning. The result of this process is the estimation of the robot's
position. The next step is Bayes’s rule for occupancy maps which is a grid map. The last step is model
movement which estimates the robot's position based on the previous position and the laser scanning data.

Fig. 6 shows the flow diagram to conduct the Hector SLAM. The system begins by initializing the
necessary components. Next, it requires LIDAR data and motor speed data to be processed in the subsequent
stages. The first step of the system involves communication between two devices, the NUC and the Jetson
Nano, with the Jetson Nano acting as the ROS master. After that, the Jetson Nano and Teensy need to
communicate to send and receive motor speed data. Once both communication processes are running, the next
step is to perform SLAM to map the environment or room. To map the room, the robot needs to be manually
moved to explore every part of it. This movement is controlled using the ROS package, teleop twist keyboard.
Finally, once the room is fully mapped, the map is saved.

A 4

é 3
@ Perform Hector SLAM
\ >
A 4
V \
System Manually move the robot

initialisation Laround targeted environmentJ
& )

Input data: Save the map
LiDAR and speed L )

Y

Comm: NUC - Jetson Nano End
omm: Teensy - Jetson Nano

Fig. 6. Step by step to conduct the Hector SLAM

ROS frameworks provide libraries and tools for developing complex navigation algorithms [46], [47],
[48]. An example of navigation implementation is the Navigation Stack in ROS, a collection of software
packages that provide mobile robots with autonomous navigation capabilities. This stack includes tools for
path planning, obstacle avoidance, localization, and map building. The key components of the Navigation Stack
are the move base package, AMCL, and the costmap. The Hector SLAM method requires several packages
and commands to be run before it can be used to map the environment. The packages used are rplidar
(depending on the type of LiDAR), Hector SLAM, and Rviz as visualization applications [49], [50].

The move_base package integrates various algorithms to enable the robot to move intelligently within
its environment. It requires sensor data such as laser scans and odometry to generate and execute a navigation
plan. The global planner component of move base is responsible for creating a path from the robot's current
position to the target location. It uses algorithms like Dijkstra's algorithm or A* search to ensure the path is
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collision-free. The local planner focuses on real-time obstacle avoidance and collision recovery. It adjusts the
robot's speed and generates control commands to follow the global path while avoiding dynamic obstacles. The
local planner relies heavily on the costmap package, which creates a map by assigning cost values to each cell
based on the proximity of obstacles. The costmap is divided into two main parts: the global costmap, which
handles static obstacles like walls and permanent structures, and the local costmap, which deals with dynamic
obstacles such as moving objects. The configuration of these costmaps, including parameters like inflation
radius, resolution, and update frequency, plays a crucial role in the robot's ability to navigate efficiently and
safely.

Rviz is the visualization tool used to display the mapping and navigation processes. It shows the map
being generated by the robot and the trajectory it follows. In Fig. 7, the frame coordinate transformation (TF)
illustrates the relationship between the robot's position and the LiDAR sensor data. The green trajectory
indicates the movement of the LiIDAR as it scans the environment. Once the mapping is complete and the map
is deemed accurate, it can be saved using the map_server package, which stores and provides the map for future
navigation tasks.
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3. RESULTS AND DISCUSSION

This research mainly focuses on the functionality of each system unit such as motor control and
implementation of Hector SLAM in differential drive mobile Robot using ROS. The motors acquire a control
system so the robot can maneuver across the arena with the desired velocity. The Hector SLAM has the role
of mapping the environment without odometry. The robot used ROS as the operating system to combine and
process every robot behavior that will be executed such as controlling the robot remotely and mapping the
environment. Each of the system units requires testing of the variables that can affect the robot's performance
when maneuvering and mapping results. Motor control needs the best response from the system to avoid losing
speed in uneven terrain by providing the PID parameter value that produces the most robust response. The
mapping process needs suitable linear and angular velocity to generate a map without changing the orientation
of the map. There are two tests which are simulation and real-hardware testing.

3.1. Simulation Testing

Simulation testing is crucial for evaluating the robot’s capabilities in a controlled environment. The robot
was modeled in three dimensions using Gazebo ROS, where the simulated environment closely mirrors real-
world conditions. This includes accurate representations of physical properties, sensor inputs, and interaction
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dynamics. The simulation is divided into two main tests: SLAM and navigation, each targeting different aspects
of the robot's functionality.

For the SLAM simulation, developers were able to test and optimize SLAM algorithms before applying
them in a physical environment. This simulation saved time and costs, enabling the evaluation of complex and
rare scenarios under controlled conditions. As shown in Table 1, the results from the Gazebo and Rviz
simulators were summarized, demonstrating the accuracy and reliability of the SLAM algorithm in creating a
detailed map of the environment.

The navigation test involved assessing the robot's behavior and response to commands within the
simulation environment. Specifically, the test focused on the robot's ability to reach a designated target point
while avoiding obstacles. The generated path, as shown in Table 2, met the desired criteria by passing through
the center of the walls without collisions. The robot accurately followed the path, demonstrating effective
navigation capabilities.

Table 1. SLAM simulation
Rviz Remarks

Starting condition
. Map created by a robot
|
3.2. Real Hardware Testing
3.2.1. Differential Drive Testing

In the simulation testing, only the SLAM and navigation components were evaluated. However, in the
real robot implementation, the PID control for the motors was also configured and tested. The differential drive
system's performance hinges on two key aspects: tuning the PID parameters and testing the robot's maneuvers.
Tuning the PID parameters provides an initial response, while maneuver testing ensures the robustness of the
system under various conditions.

The PID tuning process was conducted iteratively to achieve the optimal balance between
responsiveness and stability. The final tuning response of the PID control is shown in Fig. 8. The gain values
for the proportional (Kp) and integral (K;) terms were carefully selected based on the robot's performance
during testing. The final Kp values for the right and left motors were 0.9333 and 0.9267, respectively, while
the K; values were 0.0026 for the right motor and 0.0022 for the left motor. The derivative (Kp) term was set
to 0 for both motors, as it was observed that adding a derivative term did not contribute to performance
improvements and sometimes led to instability in the control response of this tuning.

The choice of Kp and Kj values was influenced by the need for smooth and consistent motor speed
control. The selected Kp values were high enough to ensure a quick response to changes in the input speed,
while the K values were kept low to prevent excessive oscillations and to correct any steady-state errors over
time. The Kp term was omitted because the differential drive system’s mechanical characteristics, such as
friction and inertia, were already well-compensated by the proportional and integral terms.

After the PID tuning was completed, the next step was to test the robot's maneuvers. This test aimed to
assess how well the input velocity commands translated into actual motor speeds, as displayed in ROS. Table
3 presents the results of the maneuver testing, where discrepancies between the input and output velocities
were observed.
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Table 2. Navigation simulation
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Fig. 8. PID tuning response

The tuning parameters of the PID controller played a crucial role in maintaining consistent motor speeds
that aligned with the input commands. However, as indicated by the results in Table 3, the velocities of the left
and right motors were not always uniform. Several factors contributed to this discrepancy, including
environmental and mechanical influences. One significant factor was the uneven floor surface, which
introduced variations in friction and traction experienced by the robot's wheels. This variation led to differences
in the load on each motor, causing disparities in their output velocities. Additionally, the mechanical
characteristics of the robot, such as differences in motor efficiency, gear ratios, or slight variations in wheel
diameter, also contributed to these velocity differences.

To mitigate these issues in future implementations, several strategies could be considered. Improving the
physical environment, such as ensuring a more even floor surface, would reduce friction-related discrepancies.
Additionally, enhancing the mechanical design to ensure more uniform motor and gear performance could help
achieve more consistent velocities. Furthermore, advanced control strategies, such as adaptive PID tuning or
implementing a feedforward control mechanism, could be explored to dynamically compensate for these
environmental and mechanical variations, ensuring that the motor speeds remain closely aligned with the
desired input, thereby enhancing the robot's overall performance and stability.
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Table 3. Robot maneuver testing

. Output Velocity (m/s)
No.  Input Velocity (m/s) Left Motor Right Motor
I. 0.15 0.13 0.13
2. 0.20 0.17 0.20
3. 0.25 0.27 0.27
4. 0.30 0.34 0.38
5. 0.40 0.48 0.48

3.2.2. Mapping with Hector SLAM

The process of testing and data collection was carried out in an indoor environment. The dimensions of
the environment were 2.4 x 2.4 meters Fig. 9. The purpose of this test was to provide evidence and analyze the
effect of variations of linear and angular velocity on the result of the mapping process. The variations were
conducted with three different values on both linear and angular.

Fig. 9. The dimension of the robot’s arena

In the linear velocity testing, the velocity values will be divided into three categories, slow, medium,
and fast. The angular velocity used was the ideal angular speed which was 0.18 rad/s. The specified velocity
values are 0.16 m/s, 0.23 m/s, and 0.5 m/s. The value set was classified using testing and chosen according to
the result of the robot's capabilities. The slow category was the minimum velocity of the robot, the medium
category was the ideal velocity of the robot, and the fast category was the maximum speed of the robot. Of the
three velocities, medium and fast category values can produce maps that are relatively under the initial
orientation of the robot. However, the slow category results in an inappropriate map due to the robot's shifting
orientation causing the map to be overwritten. From the map result, the robot with linear speeds of 0.23 m/s
and 0.5 m/s can be implemented into the system due to good mapping results. The results are listed in Table 4.

Next is the angular velocity variation. The test was carried out by giving three variations of angular
velocity with a constant linear velocity of 0.23m/s. The angular velocity values will be divided into three
categories namely, medium, fast, and very fast. The results are listed in Table 5. The selected velocity values
are 0.18 rad/s, 0.29 rad/s, and 0.38 rad/s. The angular velocity of 0.18 rad/s was the ideal velocity of the robot,
the angular velocity of 0.29 rad/s was the maximum velocity of the robot, and the angular velocity of 0.38 rad/s
was the threshold speed. Ideal angular velocity was suitable to generate a map, whereas using a faster angular
velocity will alter the orientation of the map and the robot. If the robot rotates swiftly, the robot cannot collect
enough data to predict the map orientation. This condition occurs because the mapping and localization process
uses LiIDAR data which is sensitive to changes in angle. So, the angular velocity value that can be used in the
system is 0.18 rad/s.

Maps created with Hector SLAM can produce relatively identical dimensions to the original. The way
to measure the dimensions of the map results is to multiply the resolution (meters/pixels) with the map pixels.
Each pixel represents 0.05 meters. The dimensions of the original arena are 2.40 x 2.40 meters, while the
mapped dimensions are 2.30 x 2.30 meters. The dimension value error is 0.10 % 0.10 meters. The dimension
of the mapped environment has an error value because the counted pixels are pixels that were free space. If the
whole pixel is considered as the entire map, then the dimensions will be the same.
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Table 4. Map results of linear velocity Table 5. Map results of angular velocity
No. Linear Map Result No. Angular Map Result
Velocity Velocity
(m/s) (rad/s)

1 0.16 1 0.18
2. 0.23 2. 0.29
3 0.5 3 0.38

3.2.3. Navigation Testing

The navigation testing was divided into two parts: localization and path planning. The data is presented
as images depicting the robot's path relative to the surrounding obstacles or walls. Accurate localization is
critical, as the Adaptive Monte Carlo Localization (AMCL) algorithm determines the robot's position. The
robot's position is represented by a particle cloud of arrows, where the pointed ends indicate the robot's
orientation. These arrows initially scatter around predetermined points and orientations.

As shown in Table 6, AMCL accurately predicts the robot's position and orientation. Initially, the
particle cloud is dispersed around the robot, but as the robot moves (translates and rotates), the cloud condenses
and converges toward a single point, representing the robot’s precise position and orientation. Over time and
with more data, the particle cloud condenses further, resulting in a highly accurate localization.

For the path planning tests, the global planner parameters—cost factor and neutral factor—were
manually tuned to optimize path generation relative to static obstacles or walls on the map. The goal was to
create a smooth path that avoids collisions with obstacles. After manual tuning, the optimal values were
determined to be 0.8 for the cost factor and 70 for the scaling factor. The resulting path is illustrated in Fig. 10.

The local planner was then tested by varying the ‘occdist scale’ parameter, with manual tuning
determining the optimal value to be 0.02 Fig. 11. The testing environment featured small and tight spaces,
necessitating a low "occdist_scale’ value. This allowed the robot to navigate through narrow passages, such as
doorways, by maintaining a closer distance from obstacles. However, a low ‘occdist_scale” is not universally
ideal, as it may cause the robot to select paths through tight spaces, potentially leading to it getting stuck. This
parameter should be adjusted based on specific user needs and environmental dynamics.

Finally, the robot was tested in a real-world environment Fig. 12. The robot successfully navigated to
the target position while avoiding obstacles. Additionally, Rviz provided real-time visualization of both
localization and path planning.
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Fig. 10. Optimal path planning from manual tuning

Table 6. AMCL localization test results

No AMCL results Remarks

1 ! Condition when the robot is
first positioned on the map

2 Condition after the robot is
moved on the map

3 Condition after the robot has

been moved for quite a long
time

Fig. 11. Local planner testing
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4.

Fig. 12. Control and navigation testing

CONCLUSION
The simulation and implementation of control and navigation of the differential drive robot are already

done. The PID tuning can give good results with the manual tuning through the developed MATLAB GUI.
The optimal PID gains are Kp = 0.9333 and K; = 0.0022 for the left motor Kp = 0.9333 and K; = 0.0026 for the
right motor. Hector SLAM produced accurate maps closely matching the original arena, proving effective in
environments where odometry is unreliable. The robot successfully navigated to target points without
collisions, confirming the system's overall functionality. Future work should include a comparative study with
other SLAM algorithms and navigation strategies, as well as exploring enhancements in dynamic
environments. Additionally, further investigation into the PID controller under varied conditions would provide
a more comprehensive understanding of its impact on system performance.
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