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Service robots are becoming increasingly essential in offices or domestic
environments, usually called domestic service robots (DSR). They must
navigate and interact seamlessly with their surroundings, including humans
and objects, which relies on effective mapping and localization. This study
focuses on mapping, employing the light detection and ranging (LiDAR)
sensor. The sensor, tested at proximity, gathers distance data to generate
two-dimensional maps on a mini-PC. Additionally, it provides rotational
positioning and robot odometry, broadening coverage through robot
movement. A microcontroller with wireless smartphone connectivity
facilitates control via Bluetooth. The robot is also equipped with ultrasonic
sensors serving as a bumper. Testing in rooms of varying sizes using three
methods (i.e., Hector simultaneous localization and mapping (SLAM),

Microcontroller Google Cartographer, and real-time appearance-based mapping (RTAB-

Mini-PC Map)) yielded good quality maps. The best F1-measure value was 96.88%
achieved by Google Cartographer. All the results demonstrated the
feasibility of this approach for DSR development across diverse
applications.
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1. INTRODUCTION

These days, people have less time to do their domestic load because of their increased
socioeconomic behaviors. Finding a reliable and skilled assistant to care for daily needs is not easy [1].
Because of that, assistant robots have a promising potential to be a big part of people’s lives and help our
everyday lives [2]. This also applies to service robots. Some assistant robots can be programmed to work in a
conditioned environment; thus, the kinematic movements could be programmed in a fixed way to do their
job. However, domestic tasks often require direct interaction between the robots and the users who are not
experts in the robotics field [1]. Thus, service robots cannot move without observing their environment since
the environment always changes because of interactions with humans and other factors. To work in such
conditions, the robots must work based on the target environment and learn the defined behavior in the robots
and the environment, especially the complex ones such as the domestic environment [3]-[11].

Considering the environment modeling, the problem usually falls into simultaneous localization and
mapping (SLAM) problems. In SLAM, robots process their trajectory (localization) while creating a map of
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the environment (mapping) in an unknown area [12]. However, creating a map while processing movement
kinematics is not easy. Hence, this problem can be divided into two problems, i.e., mapping and localization.

This study focuses on the mapping problem implemented on domestic service robots (DSR).
Mapping has multiple types. According to the output (i.e.,, map), there are two-dimensional and three
dimensional maps. According to how the data is obtained, it is laser-based using light detection and ranging
(LIiDAR), and visual-based using a depth camera. For this research, the mapping is a two-dimensional map
using LIDAR. As for kinematics, kinematics is controlled by a smartphone as the remote control for the
microcontroller that controls three omni-wheels. The data obtained from these sensors in the robot is then
processed to be a map ready to be used on service robots. This mapping robot is expected to be able to map
an area with multiple rooms nicely and accurately. Hence, this mapping robot could work optimally for DSR.

Several studies are related to this work. First, the pieces of literature [6]-[12] discussed DSR.
Furthermore, this research is related to robot navigation. Robot navigation is related to mapping, localization,
and path planning. Costa et al. [13] used a perfect match algorithm to calculate the position and orientation of
the robot calculated from the data collected from the laser range finder. The instantaneous center of rotation
(ICR) method is discussed by Shi et al. [14], where ICR location mapping allows the robot to separate linear
and angular motions under Cartesian space. The use of uniform cubic B-Spile curves was carried out in
research [15] to avoid large-scale matrix calculations, effectively reducing space and time complexity.
Discussions about mapping and localization exist in the literature [16], [17]. Basically, the navigation system
depends on the size of the robot and the type of sensors used. In this research, the focus is on engineering
methods that have been developed with reference to the use of several types of sensors, such as LiDAR and
ultrasound.

2. METHOD

This section explains the overall design of the system that has been created, including hardware
design, software design, and data collection and testing processes. The hardware design includes mechanical
and electronic systems from the robot’s base. In this study, we develop a robot base, as shown in Figure 1(a),
which consists of a three-wheeled omnidirectional structure, several sensors, including ultrasonic sensors,
and LiDAR. The software design is divided into android software program design, microcontroller program
design, and a mapping system that modified and compared several methods, such as Hector SLAM [18],
Google Cartographer [19], and real-time appearance-based mapping (RTAB-Map) [20].

2.1. Overview of the proposed system

Figure 1(b) shows the block diagram of the mapping system where input data from the environment
is obtained using a distance sensor in the form of LiDAR. The distance data from each reading angle of the
LiDAR is computed with the map builder from the robot operating system (ROS) [21] package in the form of
Hector SLAM, Google Cartographer, and RTAB-Map with an output of a map. Figure 1(c) shows a block
diagram of the overall hardware. The microcontroller in the robot’s base has three inputs: ultrasonic distance
data, encoder data, and serial data from Bluetooth. The Bluetooth serial data only works one way to receive
direction data from android smartphones from the Bluetooth module. There are four ultrasonic data to
measure the distance from the front, right, back, and left of the robot that functions as a bumper so the robot
will stop before it crashes into something while controlled. There are three encoder data to measure the
motors’ movement as feedback. The outputs from the microcontroller are three signals to control each
motor’s speed using the motor driver. In the mapping system, a mini-PC requests data from the LiDAR,
which is sent to the mini-PC. This data is processed into a map and displayed on an external laptop monitor.
The external laptop communicates with the mini-PC using virtual network computing (VNC) protocol
connected to a wireless network; thus, the external laptop could function as a monitor and keyboard.

2.2. Base robot program design

The base robot program is used to create the robot’s movement control system using an android
smartphone as the controller. Hence, programming is needed to create the microcontroller’s android
application and controller program. The android program design was done with the help of the MIT App
Inventor 2 platform [22]. The state diagram of this android program is shown in Figure 2(a).

When the program starts, it will wait for input from the user to connect the Bluetooth connection
between the android and Bluetooth module. When the connect button is pressed, the program will request a
pairing, and the program waits for a response that the connection has succeeded and then starts a timer. The
timer is set with a period of ten milliseconds. If the timer runs out, the program will send a message of the
button pressed and then restart the timer. In the waiting state or movement input, if the disconnect button is
pressed, the Bluetooth connection will disconnect, and the program will return to the waiting-for-input state.
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Figure 1. The robot used in this paper with system’s block diagram: (a) robot base, (b) block diagram of a
mapping system, and (c) block diagram of hardware

The microcontroller program design was done using the STM32CubelDE 1.7.0 application [23].
The program was created based on the state diagram in Figure 2(b). This program works by first waiting for
data from the Bluetooth module. If data is received, the data will be inserted into an array according to its
order based on the parity value that has been defined. Ultrasonic sensors then measure the distance on all four
sides of the robot to compute the input value into linear speed value using (1):

Sultrasound — Sstop
» Ystop < Sultrasound < Vinputmax +2 X Sstop (1)

Viinear = input X

Vinputmax * Sstop

After the linear speed is obtained, linear and rotational speed values are recalculated into the set
point speed of each motor. Since we know that every motor has an angle of 120 degrees, with the first motor
defined as 0 degrees, then the set point value of each motor s, s,, s3 is obtained using (2)-(4):

s; = Vy.cos (0) +v,.sin (0) + y, )
S; = vy .cos (240) + v, .sin (240) + v, 3)
s3 = vy .cos (120) + v, .sin (120) + v, 4)

These set points are then used on the proportional integral derivative (PID) control function, where
the feedback from the rotary encoder connected to the motor is calculated as the error value.

2.3. Mapping program design

The mapping program was run using a mini-PC with Ubuntu 18.04 operating system with ROS
Melodic. The design of this mapping program started with preparing the rplidar_ros package [24], and then
we can design the Hector SLAM, Google Cartographer, and RTAB-Map program. Hector SLAM is a method
that can make a 2D grid map quickly using 2D LiDAR with a low computation resource. This method also
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can use external sensors such as an inertial measurement unit (IMU) to estimate its position in 3D. The
downside of this method is no loop closure detection. Thus, the map cannot correct itself when visiting the
previous location. Besides that, Hector SLAM does not require external odometry, which can have pros and

cons depending on the environment. In this study, the Hector SLAM program is designed according to
Kohlbrecher et al. [25].
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Figure 2. State diagrams used in this study: (a) state diagram of controller’s system and (b) microcontroller’s
state diagram

Google Cartographer is a LIDAR graphic-based method that produces a 2D grid map from the
graphical representation. While mapping, this method creates a sub-map connected by the borders in the
graph. When a loop closure is detected, the sub-map position will be re-optimized to correct the error from
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the sensor’s noise and scanning accuracy. In this paper, the Google Cartographer program is designed
according to Hess et al. [19].

RTAB-Map is a graphic-based SLAM method integrated with ROS as rtabmap_ros package [26].
This method can use a laser-based sensor, RGB-D camera, and stereo camera. This method also has an
odometry configuration in the ROS node as an external input, which means the SLAM can use any odometry.
The map structure is a graphic with nodes and links. After sensor synchronization, the short-term memory
module creates a node that memorizes the odometry pose, the sensor’s raw data, and additional helpful
information for the next module. Nodes are produced constantly in milliseconds based on the data amount
created from the nodes that must overlap. For example, when the robot moves fast, and the sensor’s range is
small, the detection rate must be increased to ensure the data from the consecutive nodes are overlapping.
However, if it is adjusted too high, it would increase unnecessary memory usage and computation time.

2.4. Data collection

Two data types are used in the data collection: real-time and recorded. For real-time data, we just
need to use the command of each mapping method, and the robot will make the maps in real time. For
recorded data, the rplidar_ros node has to be run first. When the node is already run, indicated by the rotating
LiDAR, run the rosbag command in a new terminal to record/scan node published by rplidar_ros. After
recording, stop the command by pressing crtl+c on each terminal. After the map is produced, use the
map_saver command to save the map. The map will be saved in pgm and yaml format that can be published
again as a map ready to be combined with an independent localization system.

According to Guimaraes et al. [27], the parameters used in this map saver method are—occ 65 and—
free 20. Occ is an abbreviation of occupied threshold, meaning that the occupancy probability above the set
value that is 0.65 will be considered as fully occupied. On the other hand, free means the occupancy
probability lower than the set value that is 0.20 will be considered empty. In this study, we take four sets of
recorded data for evaluation from Laboratory B-202 in the Department of Electrical Engineering, Institut
Teknologi Sepuluh Nopember (ITS), Surabaya, Indonesia. The first data (hereafter we call scene 1) was
taken in the main room of the laboratory in a clean condition (see Figure 3(a)), the second data (hereafter we
call scene 2) was taken in the main room with some obstacles (see Figure 3(b)), the third data (hereafter we
call scene 3) was taken in whole room of the laboratory in a clean condition, and the fourth data (hereafter we
call scene 4) taken in whole room with some obstacles.

Figure 3. Experimental conditions: (a) clean condition and (b) with some obstacles

2.5. Map evaluation

The maps were evaluated by comparing each mapping result from each method in every dataset. The
accuracy is measured based on a map area that missed the ground truth (GT). GT is created using the
AutoCAD application, with the values obtained manually by measuring the room using a gauge. The map’s
distance is measured using the measure feature in RVIZ and adjusted to match the size in AutoCAD. The
area was then obtained in AutoCAD using the area measurement feature. The obtained area values were then
separated into true positive (TP), false positive (FP), and false negative (FN). TP is the intersection between
mapping results and GT. FP is the area in the mapping result outside the GT area. FN is the area inside the
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GT but outside the mapping result. These values are used to calculate recall (R) and precision (P). The
blueprints of Laboratory B-202 used as the GT are shown in Figures 4(a) and (b). The blueprint’s total area

shown in Figures 4(a) and (b) are 467575 cm? and 873773 ¢cm?.

-}

-

@

Figure 4. Lab. B-202 blueprint: (a) main room and (b) whole room

3. RESULTS AND DISCUSSION

From the mapping that has been done, the results and analysis are as follows. First, the maps
generated from each method are depicted in Figure 5. Next, each scene’s corresponding evaluation metrics
are summarized in Tables 1 and 2. Assuming that the Hector SLAM results were notified with N/A with zero,
we calculated the average value of recall, precision, and F1-measure for each method; and summarized them

in Figure 6.

Scene 1

Scene 2

Hector SLAM

Google Cartographer

RTab-Map

Scene 3

Scene 4

Google Cartographer

RTab-Map

Figure 5. Maps of scene 1, 2, 3, and 4 generated by Hector SLAM, Google Cartographer, and RTAB-Map
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Table 1. Evaluation results of maps of scene 1 and scene 2

Methods Results of scene-1 Results of scene-2
Hector SLAM Google Carto RTAB-Map  Hector SLAM  Google Carto  RTAB-Map
GT 467575 467575 467575 467575 467575 467575
TP 440098.05 466497.74 465215.02 465942.3 467468.4 467502.1
FN 27476.95 1077.26 2359.98 1632.74 106.65 72.93
FP 6210.04 15543.74 117756.61 18545.33 14514.95 15176.68
R 94.12% 99.77% 99.50% 99.65% 99.98% 99.98%
P 98.61% 96.78% 79.80% 96.17% 96.99% 96.86%
Table 2. Evaluation results of maps of scene 3 and scene 4
Methods Results of scene-1 Results of scene-2
Hector SLAM Google Carto RTAB-Map  Hector SLAM  Google Carto  RTAB-Map
GT 873773 873773 873773 873773 873773 873773
TP N/A 838809.35 854709.55 N/A 822556.9 859461.8
FN N/A 34963.65 19063.45 N/A 51216.09 14311.18
FP N/A 36092.13 10400.68 N/A 37449.46 12510.54
R N/A 96.00% 97.82% N/A 94.14% 98.36%
P N/A 95.87% 98.80% N/A 95.65% 98.57%

From the obtained values, the RTAB-Map method has the best recall score. However, the Hector
SLAM method has the best precision score. Besides recall and precision, we can observe that all three
methods could produce visually good maps from data 1 and 2, as shown in Figure 5 (scene 1 and scene 2).
On the other hand, maps from data 3 and 4 using the Hector SLAM method were deformed to the point they
could not be measured (illustrated in scene 3 and scene 4 in Figure 5). However, the map from Hector SLAM
in data 2 shows all small obstacles clearly without missing anything. The reason was suspected because this
method was more sensitive to sudden and fast movement than the other methods. On the Google
Cartographer method, maps from data 3 and 4 had a slight deformation, but the overall data was still usable.
In this method, some small obstacles on data 2 and 4 were missing or too small to observe. On the RTAB-
Map method, maps from all four data resulted in decent maps with no significant deformation. This method
also did not detect some small obstacles or showed them in a very small size in data 2 and data 4. From maps
produced by all three methods, they could filter moving objects around the robot.

100.00%

90.00% H H —

80.00% H H —

70.00% H H —

60.00% H H —

50.00% H H —

40.00% J - - -

Hector SLAM Google Cartographer RTab-Map

Average value of evaluation metrics

¥ Recall Precision Fl-measure

Figure 6. Average values of evaluation metrics (i.e., recall, precision, and F1-measure) generated by Hector
SLAM, Google Cartographer, and RTAB-Map

4. CONCLUSION

From mapping result analysis using data 1 to data 4, we can conclude that this study successfully
produced maps using LiDAR. Based on the calculation, the map quality produced by the Hector SLAM
method, if we do not include data 3 and data 4 in the calculation, has a recall of 96.88% with a precision of
97.39%, the Google Cartographer method has a recall value of 97.47% with a precision of 96.32%, and
RTAB-Map has a recall value of 98.14% with a precision of 93.51%. Mapping using the RTAB-Map method
results in maps with the best recall value and stable without notable distortion with data 1 to 4. While the
Hector SLAM method could produce maps with the highest precision and accurately show small obstacles in
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data 2, this method is unstable and easily distorted in data 3 and 4. Google Cartographer method produces
maps with quality and stability between RTAB-Map and Hector SLAM with slight distortion. The maps from
all three methods could also differentiate moving objects and still objects that wanted to be mapped. In the
future, we are planning to add a visual sensor to our DSR so that it enables mapping using visual information.
Moreover, an integration of LIDAR and visual sensors will also be considered to make it more robust.
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