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Abstract: Localization is one of the most critical technical problems of autonomous robots.
To evaluate the performance of any localization algorithm, the ground truth data is required
for comparison. On the other hand, high-cost, complex, and limited-area effective, precise
camera systems are utilized to obtain accurate position information. In this study, a novel
device has been developed and produced as an alternative to existing systems. It is simple,
low-cost, easily integrated into many robots, and capable of leaving a mark directly on the
ground, making it effective throughout the robot's motion regions. During the testing process,
the position of each mark was measured manually to confirm the accuracy of the
measurements taken by the device, which was mounted on the autonomous wheelchair and
automatically left marks on the ground, at certain numbers and intervals. The data obtained
with the device have been compared with Adaptive Monte Carlo Localization (AMCL), a
localization algorithm, and Odometry data. As a result of this comparison, it has been
observed that the Odometry-based prediction vector initially closely matched the ground
truth data but accumulated errors over time. In the AMCL algorithm, however, although
instant position errors may occur using Lidar measurement data taken from the
surroundings, these errors have been determined to decrease significantly in the next steps.
As a result, it has been confirmed that the obtained results are compatible with theoretical
expectations.
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1 Introduction

Currently, autonomous robots can successfully perform various and comprehensive
tasks in many fields, from industrial production processes [1] to agriculture [2] [3],
from education [4] to the transportation sector [5], and from healthcare [6] to
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academic research [7] [9]. This versatile use of autonomous robots has become
increasingly becoming widespread to optimize business processes, increase
efficiency, and support manpower. These robots need environmental information to
move safely and accurately. This environmental information is a basic need for the
robot to perform actions such as moving from one position to another or picking up
an object from one place and taking it to another place. However, to perform these
tasks, the robot must accurately determine its position and orientation in its
environment. This situation, known as localization, is one of the most fundamental
problems of autonomous robots [10-13].

In general, the pose components of ground robots are the position of the robot in x-
y coordinates (x,., ¥-) and the orientation of the robot (6,.). The localization process
is performed by utilizing sensor data on the map where the robot is located and
taking into account past position information. In this stage, the robot perceives
specific features in its surroundings and updates its position using various
probabilistic approaches based on these perceptual results. However, determining
the accuracy of the prediction at this point is a critical step in evaluating the
effectiveness of localization. To analyze how accurately the robot makes this
prediction, it is necessary to obtain ground truth information about where and in
what orientation it is on the map [14-16]. The developed localization algorithms'
performance and prediction accuracy can only be evaluated by comparing them
with this ground truth information. In autonomous robot systems, obtaining ground
truth information is achieved by taking simultaneous images from multiple cameras,
as depicted in Figure 1, and processing these images [17-21].

Figure 1

Traditional motion capture systems which is used to obtain ground truth data in autonomous robots

However, these sensitive cameras that must be used and the computer system in
which the data obtained from these cameras will be processed both complicate the
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system itself and its installation and present an extremely costly solution [20-23].
Furthermore, since existing systems providing position information are set up to
cover a limited area, the visibility of the robot on the ground by the cameras may
not always be feasible [22] [23]. For this reason, the working environment needs to
be conducive to placing cameras at an optimal height. Such height restrictions and
focusing on a specific area prevent autonomous robots from working effectively in
a wide environment [24].

In this study, a novel low-cost device that adopts a simple design and can be easily
mounted on many robots was developed and fabricated as an alternative to complex,
high-cost, and multi-unit systems to obtain ground truth position and orientation
information of autonomous ground robots [25]. This developed device enables
obtaining ground truth information in desired regions through the marks it directly
leaves on the ground, thereby providing the opportunity to analyze how erroneous
the pose information calculated by the robot is. In addition, thanks to this feature, it
is not only effective in a certain area, as in traditional camera-based solutions, but
also provides a wide usage area along the trajectory of the robot on which it is
integrated. The effectiveness of this device, manufactured with today's production
facilities, has been tested through Adaptive Monte Carlo Localization (AMCL), a
localization algorithm, and the Odometry method, which calculates the location
using only the information from the encoders of the mobile robot [26] [29]. In this
testing process, our self-developed autonomous wheelchair has been used as the
ground robot model.

Although previous studies have presented various methods for evaluating the
localization performance of autonomous ground robots, most rely on expensive and
complex motion capture systems. In contrast, this study introduces a low-cost
ground truth marker system whose total cost is less than 1% of traditional multi-
camera systems. This system offers a practical and easily deployable solution that
enables pose evaluation throughout the robot's entire operational environment. In
addition, an original mechatronic design and a customizable control interface are
proposed. To the best of our knowledge, this is the first study to describe such a
system in detail and validate its performance in a real-world localization scenario
using AMCL and odometry within the Robot Operating System (ROS) framework.

The remainder of this article proceeds as follows: Section 2 consists of the
mechanical design and fabrication of the developed device, while Section 3
comprises electronic design and software components. The tests performed and
their results are presented in Section 4. Finally, the conclusions and future research
studies are described in Section 5.
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2 Mechanical Design and Fabrication of the
Developed Device

This section presents a comprehensive overview of the mechanical design and
fabrication processes undertaken in the development of the ground truth marker
device.

2.1 Mechanical Structure of the Ground Truth Marker Device

The developed ground truth marker device features a compact mechanical structure
comprising a servo-driven rack-and-pinion mechanism mounted on a modular
chassis, which allows easy integration into various autonomous ground vehicles.
The pinion gear, attached to the motor shaft, engages with the rack to convert
rotational motion into vertical motion, enabling up and down movement. Mounted
on the rack, a telescopic vertical arm enables height adjustment to accommodate
autonomous ground robots of different sizes. Additionally, a drill-chuck-like
diameter adjustment mechanism allows manual tightening or loosening of markers
with varying diameters. To ensure smooth and stable ground markings without
harshly touching the ground, a spring is placed between the chuck body and the
telescopic structure. The mechanical design of the system is illustrated in Figure 2.
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gear mechanism

2 P -
Teleskopic vertical \_ b
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Figure 2

Mechanical design of the developed ground truth device

2.2 Fabrication and Integration of the Mechanical
Components
The mechanical components of the developed device were fabricated via 3D

printing using selected thermoplastic materials. Tough PLA (Porima, Tiirkiye) was
employed for the chassis, cover, telescopic vertical arm structure, and the diameter
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adjustment mechanism due to its structural stability and dimensional consistency.
For the rack and pinion gear set, which requires high mechanical performance,
PC/ABS FR (Ultrafuse, BASF, Germany) was preferred for its superior wear,
impact, and heat resistance, ensuring reliable torque transmission [30]. In
components such as the clamping chuck, Nylon (Ultimaker, Netherlands) material
was specifically used to provide the required flexibility for locking functionality. In
addition to these components, various integration apparatuses — including angled,
suction cup, and bolted types — were developed to enable the mounting of the device
onto autonomous ground vehicles via the chassis. While angled apparatuses allow
adaptation to inclined surfaces, suction cup modules ensure firm adhesion to flat
surfaces and minimize vibration. The bolted apparatuses, in contrast, are used for
rigid and more permanent installations. These integration components were also
fabricated using Tough PLA, ensuring material consistency across the system.
Following the fabrication of these mechanical and integration components, the
assembly process was carefully planned and executed. Figure 3 (a) presents the fully
assembled device. Figures 3 (b) and 3 (c) illustrate its integration onto an
autonomous wheelchair and the Turtlebot 3 platform [31], which was developed by
Open Robotics, using bolted apparatuses. Figure 3 (d) demonstrates the mounting
of the device onto the autonomous wheelchair using both angled and suction cup
apparatuses simultaneously.

Figure 3

The developed ground truth marker device (a); integration of the device onto an autonomous
wheelchair (b) and the Turtlebot 3 platform (c) using bolted apparatuses; and installation onto the
autonomous wheelchair using both suction cup and angled apparatuses (d)
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3 Electronic Architecture and Software Framework
of the Developed System

This section presents the electronic architecture and embedded software
components developed for the ground truth marker device. It covers the hardware
design and integration of the electronic control unit, the implementation of a user
interface for system monitoring and interaction, and the communication
infrastructure that enables seamless integration with the ROS platform.

3.1 Design and Implementation of the Electronic Control
System

To enable electronic control and system integration, a custom-designed PCB
(Printed Circuit Board) was developed following the mechanical fabrication of the
device. Designed using the EAGLE platform and fabricated through standard PCB
etching, the board facilitates servo motor control and wireless transmission of
orientation data from the onboard IMU (Inertial Measurement Unit) to a main
computer. It integrates several key components, including an Arduino Nano
microcontroller, a BNO055 IMU, an HC-05 Bluetooth module, an NRF24L01
transceiver, and an MP1584EN step-down voltage regulator, each performing
specific functions within the system.

The Arduino Nano is utilized in both the transmitter and receiver units to handle
peripheral sensor communication and data processing. Among these peripherals,
the BNOO55 IMU, connected to the microcontroller via the I2C protocol, provides
real-time orientation and motion data. The HC-05 Bluetooth module enables servo
motor control and timing adjustment of the marker's contact with the ground.
The NRF24L01 transceiver module enables low-power wireless communication
between the transmitter and receiver units [32]. This sensor transmits the orientation
data obtained from the BNOO055 IMU and the time at which the marker touches the
ground to the receiver unit, which then relays this information to the main computer
via Arduino Nano. The orientation information in the ground truth data can be
obtained by manually measuring the orientation angle of the mark left on the ground
or directly by using the information provided by the IMU on the device. This IMU
sensor provides high-precision yaw, pitch, and roll measurements in the three-
dimensional Euclidean space R3, processing raw data from its onboard
accelerometer, gyroscope, and magnetometer via a 32-bit ARM Cortex-MO0+
processor in fusion mode with advanced filtering to yield accurate and reliable
orientation estimates.

Finally, The MP1584EN voltage regulator is employed to convert the 11.1 V battery
output to a suitable level for the servo motor. Figure 4 illustrates the placement of
the PCB, battery, and motor on the device chassis.
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Figure 4
(a) Integrated electronic components on the custom PCB
(b) Placement of the PCB, battery, and servo motor on the device chassis

3.2 Interface Design and ROS-Based Communication

The device is remotely controlled via an Android-based interface developed with
MIT App Inventor, with communication provided through the HC-05 Bluetooth
module [33]. The interface offers two operation modes for ground marking:
automatic (with a predefined period T) and manual. After establishing a Bluetooth
connection (Figure 9 (a)), users can access the motor control panel (Figure 9 (b)),
where commands such as START, STOP, and RESET manage the servo operation.
The system allows fine-tuning of ground contact duration in 100-ms increments and
provides quick access buttons to adjust airtime. Manual marking can be initiated at
any time by pressing the “MAN” button. This interface is shown in Figure 5.
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Figure 5
The first view of the interface (a), view after pressing the GUI menu button (b)
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When operating in automatic mode, the periodic change in the marker’s height
relative to the ground over time is illustrated in Figure 6. At time t;, a PWM signal
is sent to the servo motor by the microcontroller and the marker is caused to descend
on the ground. The descend time is t, — t;, after which the marker remains in
tounch with the ground to leave a visible mark for a time of t; — t,, depending on
the speed of the mobile robot. At time t3, another PWM signal triggers the marker
to return to its previous position, completing this movement at t,. After the marker
remains in the air for about t; — t, seconds, a PWM signal is sent to the marker
again at time t5 and this process continues periodically. The total time the marker
stays in the air (Airtime) and on the ground (Downtime) is mathematically
expressed as (t, —ty) + (ts — t3) and (t; —t,) seconds, respectively.
The maximum height h of the marker from the ground has been adjusted to be
approximately 2 cm. In manual mode, the airtime of the marker depends on how
long the “MAN” button is pressed, resulting in non-periodic motion. As shown in
Figure 7, the device operates based on the selected mode — manual or automatic.
While automatic mode enables comprehensive performance evaluation across the
entire map, manual mode allows focused measurements in a specific region to
assess local pose estimation performance.

Moments when PWM signals
are sent to the servo motor

Marker Height Above Ground [cm]
=

t t, t, t, ts t

| T % T

—

Figure 6
Variations of marker's height from the ground, over time, during device operation in automatic mode

In both operation modes, the mark on the ground and the orientation angle
information are transmitted to the main computer via the receiver unit. This
communication is handled in the ROS environment, where the transmitted data is
published as topics [34]. Thus, all pose-related data can be systematically logged,
synchronized, and utilized in real time by the localization algorithm.
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Figure 7
The flowchart of the device's operating algorithm

4 Tests and Results

In this section of the study, firstly, the experimental platform in which the developed
device is used and the environment in which the experiments are carried out has
been explained in detail. Additionally, information has been provided on how
ground truth data is obtained. Finally, to test the device's performance, the results
obtained with the device are compared with AMCL and Odometry methods.

4.1 Experimental Platform and Data Collection Environment

To evaluate the performance of the proposed device in a real-world environment, a
custom-built autonomous wheelchair was utilized as the experimental platform.
Equipped with multiple onboard sensors, including a Lidar, RGB-D camera, IMU,
and wheel encoders, this robotic system operates under the ROS platform and
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supports both autonomous and semi-autonomous control modes [14]. The physical
integration of the developed marker device with the wheelchair as seen in Fig. 8.

Realsense 4551

Ground Truth
Device

Figure 8

Hardware configuration of the experimental platform used for validation

The experimental environment was established in the corridor of the Smart and
Autonomous Systems Laboratory, located within the Faculty of Electrical and
Electronics Engineering at Istanbul Technical University. An occupancy grid map
of this corridor was generated using the Gmapping package of the ROS platform.
This map plays a critical role in enabling the mobile robot to perceive its
environment and accurately estimate its position within the test area. The layout of
the experimental corridor and the corresponding occupancy map are illustrated in
Figure 9.

(a)

Figure 9
Experimental corridor (a) and its corresponding occupancy map (b)
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To manually measure the ground truth data on this corridor, two reference points
spaced five meters apart were determined. Each mark left on the ground was
measured relative to its nearest reference point, a method adopted to facilitate
manual measurements and improve the accuracy of the collected data. The starting
point of the trajectory was set as the center of the first reference point, and the device
was positioned so that the tip of its marker aligned precisely with this center.
The autonomous wheelchair’s speed was set to 0.25 m/s on straight paths, with the
device operating at a period of approximately 1.7 seconds. During turning
maneuvers, the speed was automatically reduced to a value close to zero to ensure
precise and safe operation. Subsequently, as the system moved, the device was
operated in automatic mode along its trajectory, leaving 23 physical marks on the
ground over a total distance of 8.05 meters. The position of each mark was manually
measured and recorded by two individuals using a measuring tape and a caliper,
according to the determined reference points. To verify accuracy and identify
potential errors, these measurements — completed in approximately 58 minutes —
were compared against readings from a laser measuring device (UNI-T LMS50A,
millimeter-level precision), revealing a deviation of 2.94 cm over the 8.05-meter
distance. Although the autonomous wheelchair covered this distance in just 37
seconds, the manual collection of position data required considerable physical effort
due to the repetitive bending and precise alignment involved. The determined
reference points, the marks left on the ground, and the manual measurements made
are shown in Figure 10. The video showing the basic accuracy test performed with
the autonomous wheelchair can be accessed from the link below.
https://drive.google.com/file/d/1VQ4EjsZzmiLke9iXhUzIEv3JK6EPTYil/view?u
sp=sharing

The trace left

on the ground

(b)

Figure 10
Reference points (a), mark left on the ground (b) and manual measurements (c)

4.2 Localization Test Results

Localization, the problem of mobile robots estimating their position, is one of the
most critical research areas in the field of autonomy [35]. The positions of these
robots can be calculated through the information obtained from their motion
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kinematics and the encoders mounted on their wheels. However, in real-world
applications, errors that cannot be underestimated may occur due to factors such as
encoder measurement error, noise, displacement of the robot while moving, or
sudden slippage. Additionally, in wheelchairs with caster wheels, sudden rotation
of these wheels can cause serious position errors. Due to the mentioned factors,
position errors calculated with encoder data cannot be corrected and increase
cumulatively over time. Although there are many algorithms introduced in the
literature to minimize these errors, Kalman and Particle filter-based algorithms are
the most popular [10] [36]. To test the accuracy of localization algorithms, on the
other hand, ground truth information is needed. To test the effectiveness of the
developed device, the ground truth data obtained using the device has been
compared with the AMCL algorithm and the Odometry method, which calculates
the position using only the information from the encoders of the mobile robot. To
make this comparison, the marks left by the developed device on the ground must
first be transferred to the base link of the URDF (Universal Robot Description
Format) model on the ROS platform of the mobile robot [7]. Because the position
estimates of the algorithms running on the ROS platform are compared with the
current position of the base link of the mobile robot's URDF model. The origin of
the base link is usually the geometric center of the mobile robot. According to the
trajectory shown in Figure 11, the position of the mark left on the ground can be
transformed into the mobile robot’s base link frame using the known distance [
between the marker and the robot's base link origin.

Base linkof, |
the wheelchair |

7]
".Ground Truth
Device

VY [meters |

2 71‘5 -1 'UIE l; [I‘E 1‘ 1‘5 2' 25
X [meters]
Figure 11
Trajectory of the mobile robot equipped with the developed device

This coordinate transformation is carried out using Eq. (1) and Eq. (2). Here, x,- and
¥, denote the position of the mobile robot, while x; and y, refer to the position of
the marker, all expressed in the global coordinate frame. In the same frame, 6
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represents the robot’s orientation angle, which corresponds to the yaw angle
measured by the device’s embedded IMU sensor:

X, = x4 + Lcos(8) ¢))
Yr = Ya + Lsin(0) ()

As the developed device is rigidly mounted on the mobile robot, both share an
identical orientation. Consequently, no additional rotational transformation is
required when transferring the device's position data to the base link frame of the
robot. Figure 12 presents a comparative analysis of the ground truth pose data
obtained during the experimental phase and the two-dimensional pose estimates
produced by the AMCL and Odometry algorithms. When the graph is examined, it
is seen that although the estimation vector calculated with Odometry is very close
to the ground truth data at the beginning, an error occurs over time and this error
increases cumulatively. In the AMCL algorithm, however, it can be said that
although instantaneous position errors may occur by using Lidar measurement data
taken from the surroundings, these errors are eliminated or significantly reduced
over time.
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—E8—QOdometry
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Odor 60

metry
of AMCL

Heading Angle [7]

| I I I
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0 1 2 3

X [meters] Time [s]

(@) (b)

Figure 12

To further evaluate the performance of the localization algorithms with respect to
the ground truth data, 2D position and orientation error graphs were generated, as
illustrated in Figure 13. As illustrated in the figure, the position estimation errors in
the Odometry method exhibit a cumulative increase over time. In contrast, although
the AMCL algorithm initially produces relatively large instantaneous errors, these
errors tend to decrease progressively in the subsequent steps. The quantitative
performance results of both algorithms are summarized in Table 1.
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Table 1
The performance results of localization algorithms

Algorithms Average 2D Standard Average Absolute
g Positioning Error (m) Deviation (m) Heading Error (°)
AMCL 0.1197 0.0631 1.7813

Odometry 0.1616 0.1716 2.6093
o8 10
——AMCL
otk Odometry 8
o s f
ET g, f
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.E’m bl § 5 I |
£ > T | s
goar - L4 ' 1
= A g ] |
So2 l § z .“;
ur ¥ 1 ‘I‘ S
0 7 2 | | i . ,'/ | | NJ | \\_,-‘ | | I )
0 5 10 15 20 25 30 75 35 40 0 5 10 15 0 25 30 35 40 45
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a) b)

Figure 13
2D positioning error (a) and absolute heading error (b)

Conclusions

In this study, a simple and cost-effective device that can be easily mounted on
various autonomous ground robots has been developed to facilitate the acquisition
of ground truth pose information. Leveraging its ability to leave physical marks on
the ground, the device enables extensive usage along the robot's entire trajectory.
The fabrication of the developed device has been carried out with 3D printing
technology using various thermoplastic materials.

The custom PCB card has been designed and fabricated to fulfill the tasks of
integrating electronic components, motor control, and transmitting IMU sensor data
with time of receipt to the main computer via wireless communication.
Furthermore, a user interface has been developed to enable remote control of the
device, offering two operational modes — automatic and manual — for regulating
how the device leaves marks on the ground. The ROS platform has been used to
capture the moment when the device left its mark on the ground and the orientation
angle information at that moment, and transmit it to the main computer.

The performance of the developed device has been evaluated using AMCL and the
Odometry-based localization method. For this purpose, the autonomous wheelchair
platform designed within the scope of this study has been utilized as the ground
robot model, while experimental validations have been conducted in the corridor of
the Smart and Autonomous Systems Laboratory at the Faculty of Electrical and
Electronics, Istanbul Technical University.
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The device, mounted on the autonomous wheelchair, which has a speed 0of 0.25 m/s,
has been operated in automatic mode with a period of 1.7 seconds and has left marks
on the ground at specific intervals. The position of each mark has been measured
manually to confirm the accuracy of the measurements taken automatically by the
device.

The data obtained with the device has been compared with AMCL and Odometry
data. As a result of this comparison, it is seen that the estimation vector calculated
with Odometry is very close to the ground truth data at the beginning, but an error
occurs over time, and this error increases cumulatively over time. In the AMCL
algorithm, however, although instant position errors occur using Lidar measurement
data taken from the surroundings, these errors decrease significantly in the next
steps. According to the obtained results, the inferior performance of the position
and orientation estimation based on Odometry compared to the AMCL approach is
attributed to the drift effect.

Future research will aim to conduct a systematic performance comparison between
conventional localization algorithms and novel approaches through the integration
of the developed device into diverse ground robotic systems.
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