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ABSTRACT

In the last decade, unmanned aerial vehicle gained popularity and started to be used

in different tasks most of which are performed in outdoor environments. Still, there  Correspondence to: Omer Oral,
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is a great potential to use quadrotors in indoor tasks such as urban relief and disaster
operations. In this paper, we developed a framework and a novel target-based navigation
algorithm for mapping of an unknown 2D environment with a quadrotor using an ultra-
wideband system. The target-based navigation algorithm aims to explore map of the en-
vironment by moving the border between the discovered and undiscovered areas. It uses
A* search algorithm for path planning if there is an obstacle present in the environment.
The target-based navigation algorithm is implemented on Gazebo simulator and its perfor-
mance is compared with the well-known wall following algorithm and exploration algo-
rithm in terms of task completion time and distance travelled. The target-based navigation

algorithm outperforms the other two algorithms especially in environments with obstacles.
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INTRODUCTION

ecently, quadrotors gained popularity due to the-
Rir high maneuverability, cost and vertical take-
off/landing capabilities. Nevertheless, they also have
disadvantages such as they have a limited flight time
and small payload capabilities. In addition to these, a
major part of the energy of a quadrotor is spent aga-
inst gravity for hovering. Still, they are one of the most
adopted air vehicles for commercial and research
purposes. Most of the time UAV’s (Unmanned Aeri-
al Vehicles) are used in outdoor applications such as
surveillance, search/rescue and patrolling. Recently,
UAV’s started to find uses in indoor environments.
Material handling in manufacturing and inspection
in harsh environments are to name a few([1] of these
applications. One of the most promising applications
is to utilize them in urban relief and disaster operati-
ons where a UAV moves autonomously avoiding obs-
tacles in GPS-denied buildings to help human opera-
tors for rescue operations.

In order to navigate in an indoor environment, a
map of the environment is needed. However, in most
of the cases either the map is unknown or some partial
information about the environment is available. Indo-
or mapping process can be performed by using seve-

ral methods. SLAM technique is usually employed for
mapping. SLAM (Simultaneous Localization and Map-
ping) is the process of simultaneous map extraction
and robot localization. The difficulty of this process is
inherent in its definition. A map is required for correct
localization, while an accurate localization is required
for mapping [2]. In indoor environments, ground-based
robots were commonly employed for map extraction
[3]. In studies with ground robots, while LIDAR (Laser
Imaging Detection and Ranging) and IMU (Inertial
Measurement Unit) were mostly used, Omara et al. [4]
used a Kinect sensor for exploration and mapping of the
environments using SLAM methods. Different sensors
were utilized when UAV’s were used for mapping. John
son (5] used IMU, optic flow sensors and a camera to
navigate autonomously in indoor environments. Due
to unreliable attitude estimations with inertial sensors,
Hough transform was adopted for attitude estimation
of the quadrotor. Ahrens etal. [6] also used a quadrotor
equipped with IMU and a camera to navigate in indoor
environments with obstacles. They used "good features
to track” detector for feature tracking and use these
features for navigation and mapping. Roberts et al. [7]
developed a quadrotor capable of navigating in indoor
environments autonomously using and IMU, an ultra-


http://orcid.org/0000-0003-0585-7014
http://orcid.org/0000-0003-2093-1577
http://orcid.org/0000-0002-9837-1007

O. Oral et al./ Hittite J Sci Eng, 2020, 7 (2) 125-134

sonic sensor and four infrared sensors. The system mana-
ged to fly indoors with success. Mohamed et al. [8] proposed
an indoor navigation system to estimate the position and
orientation of the UAV. In this system, three laser diodes
were integrated to the body of the UAV and they generate
three dots on the ground. These dots were captured by the
camera and their coordinates were determined using Scale
Invariant Feature Transform algorithm, hence the position
and orientation of the UAV were determined. Achtelik et
al. [9] developed a method for autonomous navigation and
exploration in indoor environments. They used an odo-
metry algorithm with Extended Kalman Filter to estimate
the position of the quadrotor and they employed a SLAM
algorithm and a mission planner for building the map of
the environment. Parallel to Achtelika’s work, Grzonka et al.
[10] performed mapping and exploration tasks using a UAV,
an IMU and a LIDAR. A mirror was used to reflect laser
beams to the ground and height of the air vehicle was de-
termined accordingly. Wang et al. [11] presented a method
for navigation and control for a UAV operating in an indoor
environment. The quadrotor was equipped with an IMU, a
downlooking camera, a barometer for height measurement,
and a LIDAR to get distance information. The robot was
able to estimate its position and velocity using Kalman filter,
and fly in the room without colliding any walls. Wall follo-
wing was used for navigation.

In the studies discussed so far, IMU and LIDAR were
mostly used for localization. However, in some recent stu-
dies, wireless localization systems started to be employed.
One of the widely used wireless localization technology for
indoor environments is the UWB(Ultra-wideband) systems.
UWSB is an old radio technology used for short-range wi-
reless communication that utilizes frequencies from 3.1 to
10.5 GHz and supports a bandwidth of 500 MHz. Due to its
high bandwidth, very high data rates can be achieved with
UWB systems. The only drawback of UWB is its limited
communication range. Recently, due to the advances in
technology, UWB is started to be used for real-time loca-
lization and tracking of objects in indoor environments by
making time of flight measurements. In UWB-based loca-
lization, trilateration technique is used where a UWB tag
is placed on the robot and at least three UWB anchors are
placed at known positions in the environment [12]. In this
way, the robot calculates its position with respect to the anc-
hors [13,14]. UWB-based localization systems are capable
of detecting robots with a 10 cm accuracy that are moving
at a speed of 20 km/h. Barral et al. [15] developed a system
for tracking forklifts using UWB technology in an indoor
environment. They tested various real world scenarios on
Gazebo simulator by defining different modes of operation.

The aim of this paper is to develop a framework and
propose a method to obtain the 2D map of an unknown in-
door environment with a quadrotor using an UWB system.

We improved the state-of-the-art in two different aspects:
First, to the best of our knowledge, this is the first imple-
mentation of a UWB system with a UAV for mapping an
indoor environment. Second, we proposed a novel indoor
navigation algorithm for mapping with a UAV and compa-
red its performance with the two well-known algorithms.

MATERIAL AND METHODS

First, we present the localization and mapping techniques.
Following that the three different navigation algorithms
including our novel navigation algorithm are discussed.
Lastly, the experimental setup is introduced.

Localization and Mapping

The most important and challenging part of this study is
to obtain the location of the UAV and the map of the en-
vironment simultaneously. The aim of the SLAM process
is to update the position of the robot by exploring the en-
vironment. SLAM operation consists of several stages. In
general, odometry information calculated from the IMU
is used to estimate the position of the UAV. However, this
information is inaccurate due to noise and drift in IMU's.
Therefore, we used a UWB localization system to estima-
te the position of the UAV. A LIDAR is also used both to
reduce the error in position estimation and to detect the
walls and obstacles in the environment. During mapping,
the walls and obstacles present in the environment are
extracted and observed. When the robot moves, obser-
vations are redone at the new position of the robot. Then,
the robot tries to associate the new observations with the
previous ones. Reobserved landmarks are used for upda-
ting the position estimation while the new landmarks are
stored and used in the next steps. The UWB localization
system is used together with the SLAM process and it is
responsible for updating the position of the robot and the
map of the environment.

Navigation Algorithms

In this section, the three navigation algorithms including
our novel navigation algorithm are introduced.

Wall Following Algorithm

Wall following algorithm is a simple but highly effective
method used for exploring and mapping of indoor envi-
ronments [16]. Details of the wall following algorithm is
discussed in a related study [17]. There are two different
versions of the wall following algorithm in which the ro-
bot moves to the right or left of the wall. In this study, we
employed the right version of the algorithm as detailed
in Algorithm 1.
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Algorithm 1. Pseudocode for Wall Following Algorithm [17].
while True do

if Wall is not sensed ahead of the UAV then
Adjust the turning velocity:
Adjust the forward velocity;
Adjust the altitude:

else
| Turn 90 degrees right

end

end

Exploration Algorithm

The purpose of this algorithm is to explore a closed area
while avoiding collisions and covering the minimum pos-
sible distance. The total velocity of the UAV is obtained
by the vectorial addition of the velocity contributions
from the opening detection and obstacle avoidance be-
haviours [17].

The opening detection behaviours is used to identify
the openings in the environment and to select the next des-
tination point accordingly. The opening points are obtained
by comparing the proportions of distances obtained from
two consecutive angles over the entire scanning area. The
distance of the opening from the station where the robot
stops is found using the following formula:

r = max

corner

v .

L i=123..,270 1)
rn+l
where 1, and 7, are two consecutive laser scans while
. 1sthe detected distance from the station.

Since the UAV’s orientation, estimated position, UWB
data, distance to the corner point and angle information
are known, the position of the corner point can be obtained
using Eq. 2 and Eq. 3.

xcorner = xUAV + T Ccos (l// + 0) (2)

corner

ymrner = yUAV + rcomercos(l// + 9) (3)

where, X, is the x coordinate of the destination point
and Y., isthey coordinate of the destination point, ¥
and 6 refer to the heading angle and the angle between
corner and quadrotor, respectively. Then, the angle bet-
ween the target and the UAV is selected to be 10° away
form the corner compared to the the angle between the
corner point and the UAV. While the UAV’s orientation
is always towards the target, its forward speed is adjusted
according to its distance from the target as calculated in
the Eq. 4. Here, v, is the forward velocity. K and K,
represents the predefined velocity gain coefficients and /
is the distance to destination point. The reason why using

the cube root of the distance is to obtain smoother velo-
city changes as quadrotor gets closer to the destination.

Viorwara = Ko T K p%/; )

The speed contribution required to move around the
obstacles safely and to move around the walls without colli-
sions is calculated using the information obtained from the
laser range finder at each angle. Using laser scans at each
angle, velocity vectors are generated such that the magnitu-
de is inversely proportional to and opposite to the distance
as:

Vv, = 5}: (5)

7
where, K is the predefined obstacle avoidance gain and
v, is the obstacle avoidance velocity. By summing the ve-
locity vectors from the opening detection algorithm and
obstacle avoidance algorithm, the velocity of the UAV is
calculated.

Target-Based Navigation Algorithm

Target-based navigation algorithm is based on "Frontier-
based Probabilistic Approach” algorithm [18]. This algo-
rithm aims to explore map of the environment by moving
the border between the discovered and undiscovered are-
as.

Basically, the target-based navigation algorithm cre-
ates an occupancy matrix by using data coming from the
sensors. In this matrix, unknown areas take ”-1” value and
known regions take a value between "0” and "100” according
to the occupancy rate. The Algorithm 2 first finds potential
points to move using the Algorithm 3 and adds these points
to a list. Then, it selects the nearest destination point and
creates a path from the UAV to the target point. If the tar-
get point is reachable, UAV flies directly to that point as in
the Algorithm 4. If there is an obstacle between the current
position of the UAV and the next destination point, it uses A*
algorithm to find the shortest obstacle-free path to the des-
tination point. The algorithm monitors if the UAV reaches
the destination point, and gives the next destination point
until all the region is explored.

Algorithm 2. Pseudocode for Navigation Controller Algorithm Main
Function.
prevNavStatus = DestNotReached;
NavStatus = DestNotReached:
while True do
if NavStatus == DestReached && prevNavStatus == DestNotReached then
Add current destination to Already VisitedPoints:
FindOpenSpaces(): //Reexamine the map;
if PointsToBeVisitedList.empty() then
Print a Message that all of the map is visited:
return 0:
else
| SelectNextDestination();
end
end
end
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Algorithm 3. Pseudocode for Navigation Controller Algorithm FindO-
penSpaces Function.
For each Grid Point on currentMap;
CheckOccupancy():
CheckClearance();
CheckAlready VisitiedList():
CheckToBe VisitiedList();
if Point meets criteria listed above then
| Add the point to PointsToBe Visited list;
end

Algorithm 4. Pseudocode for Navigation Controller Algorithm Select-

NextDestination.

NearestPoint = FindTheNearestPointToBe Visited(): // Gets the nearest point in the
PointsToBe VisitedList:

if isFlyable(CurrentPoint,NearestPoint) then

NextDestination = NearestPoint: // If the nearest point is directly flyable. then it is the
next destination:

publish(NextDestination): // Send it to the FlightController;

else

SelectNextDestinationByAStar(); // If the nearest point is not directly flyable, let A*
algorithm decide the next destination point;

end

A* search algorithm [19] calculates the cost of each ad-
jacent point by using an heuristic evaluation function as in
Eq. 6. After all the calculations are done, it creates a suitable
path by combining the points with minimum cost.

F(n)=G(n)+ H(n) ©)

In Equation 6, n is the previous point of the path, G(n)
is the cost of the path from the start point to the adjacent
point, and H(n) is the heuristic that estimates the cost of the
lowest cost path from n to the target point. In our case, H(n)
is the Euclidian distance between corresponding point and
target point.

Experimental Setup

In this section, the software packages and the hardware
used are introduced.

Software Packages

In this paper, ROS (Robot Operating System) is used as
the middleware for controller development [20]. ROS
speeds up controller development considerably due to
its readily available libraries. Recently, it has been widely
adopted in the robotics literature [21, 22]. ROS provi-
des convenient low-level features such as device control,
hardware abstraction, and management of packages, as

Figure 1. Hector Quadrotor [23].

well as many libraries for mapping and localization, navi-
gation and perception.

Gazebo is used as the simulation environment. Gaze-
bo is a physics-based 3D simulator used widely in robotics
studies. It uses different physics engines such as ODE and
Bullet. OGRE is used as the graphics engine. ROS can seam-
lessly be integrated to Gazebo that eases the development of
controllers in Gazebo. In the simulations, a PC with Ubuntu
16.04 LTS(Xenial Xerus) is used running ROS Kinetic Kame
distribution and Gazebo 7.1.

Quadrotor

The Hector quadrotor model is used as the quadrotor
platform [23]. "Hector SLAM" package including "Hector
Mapping, Hector IMU Tools and Hector Nav Msgs” for
simultaneous localization and mapping, which is develo-
ped especially for indoor environments, are used.

The laser range finder "Hokuyo UTM-30LX LIDAR
[24]" is selected and mounted under the UAV. A sonar sen-
sor is used to measure the height of the quadrotor from the
ground. An IMU is used to measure the angular velocity
and acceleration of the UAV. Lastly, a UWB sensor is used
for localization. A tag is mounted on the quadrotor and anc-
hors are placed on the walls of the environment as shown
in Fig. 2. A new plugin named "Gazebosensorplugin” that
is developed by Barral et al. [15] is adopted for reading the
senors. The Hector Quadrotor model is shown with the in-
tegrated laser range finder in Fig. 1.

(a)

(b)
Figure 2. Maps Used for Simulations. UWB anchors are shown with white spheres on the walls. (a) Map 1 [25] (b) Map 2 with Obstacles
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Table 1. Performance Comparison Table for Map 1 (g, , 7,
based and wall following methods, respectively.).

and 0, all denote the standard deviation of distance and time for the exploration, target-

Exploration Target-Based Navigation

Wall Following

Algorithm Algorithm Algorithm e Trar Tt
d[m] 38 36 45 7,8 59 8,2
t[s] 253 247 312 52 40 57

EXPERIMENTAL PROCEDURE

In Gazebo, two maps are developed with different comp-
lexities. On these maps, the aforementioned navigation
algorithms are tested. The size of Map 1 is set to be app-
roximately 280m? and there are no obstacles present on
this map [25]. Similarly, a more challenging map is de-
signed with a size of 850m?* having different sized and
shaped obstacles such as standing man, cube and barrier.
The corresponding maps are shown in Fig. 2.

All three algorithms are tested on Map 1. However,
exploration algorithm failed on Map 2 since it is not smart
enough to carry out navigation and mapping on huge maps
with obstacles. Therefore, only two algorithms are tested on
Map 2. The quadrotor is released from ten different posi-
tions in order to check the repeatability of the algorithms.
Simulations are completed after the entire map is explored.

Performance Metrics

All described algorithms perform the same task that is
to obtain the map of an unknown indoor environment

(o) Time sicp | (b) Time siep 2

(¢) Time step3 (@ Time step 4

without colliding with any obstacles. It is required to
determine some criteria in order to measure the effec-
tiveness of algorithms in different scenarios. Hence two
performance metrics are defined.

Distance

The distance travelled by the robot is recorded. The smal-
ler the distance is, the more successful the algorithm is. d
represents the distance of the robot in meters.

Time

This criterion is the total time spent throughout the map-

ping process of an unknown indoor environment. Time
is indicated by ¢ and it is measured in seconds.

RESULTS AND DISCUSSION
Simulations

The results of the simulations performed in Map 1 are
shown in Fig. 3 for the exploration, target-based naviga-

(¢) Time step (d) Time step 4

(@) Time siep |

(b) Time step 2

(<) Time step 3

(¢) Time stcp 5

Figure 3. Navigation Algorithms for Mapping on Map 1. (a) Navigation with the Target-Based Navigation Algorithm (b) Navigation with the Wall

Following Algorithm (c) Navigation with the Exploration Algorithm
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Figure 4. Time-Dependent Performance of the Navigation Algorithms on Map 1. Points show the mean and error bars show the variance. Time
measurements are taken at some stop points of the corresponding algorithm as shown in Figure 3. For instance, quadrotor stops four times during
navigation for the wall following algorithm while it stops five times for the exploration algorithm.

tion and wall following algorithms, respectively. In Fig. The performance of each algorithm on Map 1 are
3, the map is explored with five stops for the explorati-  shown in Fig.s 4, 5 and Table 1 for time and distance, respec-
on algorithm while it is explored with six stops for the tively. Target-based navigation algorithm performs better in
target-based navigation algorithm. On the other hand,  terms of time and distance travelled when compared to the
number of stops is four for the wall following algorithm  other two algorithms.

and it is equal to number of corners since wall following

algorithm stops if it encounters a wall.
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Figure 5. Path-Dependent Performance of the Navigation Algorithms on Map 1. Points show the mean and error bars show the variance. Distance
measurements are taken at some stop points of the corresponding algorithm as shown in Figure 3. For instance, quadrotor stops four times during
navigation for the wall following algorithm while it stops five times for the exploration algorithm.
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Table 2. Performance Comparison Table for Map 2 with Obstacles (o,
based and wall following methods, respectively.).

and o, all denote the standard deviation of distance and time for the target-

Target-Based Navigation Wall Following o o
Algorithm Algorithm Tar walt
d[m] 103 182 14,1 6,68
t[s] 812 1393 110 51

The results of the simulations performed in Map 2 with
obstacles are shown in Fig. 6 for target-based navigation and
wall following algorithms, respectively. In Fig. 6, number of
stops decreases for the target-based navigation algorithm
due to the presence of obstacles in the environment. The
wall following algorithm performs almost the same way as
the previous map. However, longer distance is travelled with
the wall following algorithm due to the larger size of Map 2.

The performance of each algorithm on Map 2 are
shown in Fig.s 7, 8 and Table 2 for time and distance, res-
pectively. Target-based navigation algorithm is far more
superior than the wall following algorithm in terms of all
performance measures.

Discussion

In this study, performance of different navigation algo-
rithms on two different maps have been investigated ba-
sed on time and travelled distance. The exploration al-
gorithm makes the UAV to move to the corner points. It
is successful on relatively small environments. However,
it fails on the large ones. The simulation results of this
algorithm was not shown in Map 2 since it failed on this
map. The number of destination points visited is directly
proportional to the number of corners as seen in Fig. 3.

(a) Time step 1

(d) Time step 4

(c) Taime step 3

(a)

The algorithm revisits the discovered areas since it does
not keep the positions in its memory. Major changes are
observed in time and distance travelled values when the
initial position of the robot is altered (see Fig.s 4, 5 and
Table 1). This indicates that the algorithm has poor repe-
atability performance.

Wall following is a well-known algorithm to navigate
in indoor environments. Although it is known as a simple
and effective algorithm, it has some drawbacks. If the size of
the map increases, the distance travelled and the time spent
also increase. It explores the map in similar ways. Thus,
starting from different points for navigation does not affect
the repeatability performance(see Fig. 4, 5, 7, 8 and Tables
1, 2). It does not check whether the map is explored or not
since the only reference is wall tracking. It may obtain suc-
cessful results in the indoor environments with continuous
walls. However, it fails if there are multiple continuous walls
in the environment.

The target-based navigation algorithm assigns targets
and generates obstacle free paths. This algorithm is able to
explore both Map 1 and Map 2 for each case. Although the
target-based navigation algorithm performed similar to the
other two algorithms on Map 1, it outperformed the two

=
]
=,

() Tame step 2

on Map 2.

)

() Time step 1

(d) Time step 4

(b Time step 3

(b)

Figure 6. Navigation Algorithms for Mapping on Map 2 with Obstacles (a) Navigation with the Target-Based Navigation Algorithm (b) Navigation

with the Wall Following Algorithm
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Figure 7. Time-Dependent Performance of the Navigation Algorithms on Map 2. Points show the mean and error bars show the variance. Time
measurements are taken at some stop points of the corresponding algorithm as shown in Figure 6. For instance, quadrotor stops fourteen times during
navigation for the target-based navigation algorithm while it stops twenty two times for the wall following algorithm.

In addition, with the target-based navigation algorithm
similar results are obtained regardless of the initial position
of the UAV since it has a consistent target generation algo-
rithm as shown in Fig.s 4, 5, 7, 8 and Tables 1, 2. Therefore,
repeatability performance is superior compared with the
other navigation algorithms.

All in all, the exploration and the wall following algo-
rithms move by using the details such as corners, walls and
obstacles in the indoor environment. Therefore, they do not
check whether the map has been discovered. On the other
hand, the target-based navigation algorithm directly uses
the explored areas to select the next destination. This featu-
re guarantees that the map is explored.

M Target Based A Wall Following
100 —a—— e ke

80
g —— e
< ——
E 60
< ——
(=]
& —
=]
a 40
E e

20 B—

1]
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DISTANCE [M]

Figure 8. Path-Dependent Performance of the Navigation Algorithms on Map 2. Points show the mean and error bars show the variance. Distance
measurements are taken at some stop points of the corresponding algorithm as shown in Figure 6. For instance, quadrotor stops fourteen times during
navigation for the target-based navigation algorithm while it stops twenty two times for the wall following algorithm.
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In addition, comparisons show that the target-based
navigation algorithm gets better results than the other na-
vigation algorithms.

CONCLUSION

In this study, a novel navigation algorithm was developed
for a quadrotor in order to obtain the map of unknown
indoor environments. Two different navigation algo-
rithms that were presented in the previous studies were
used to compare the performance of the proposed novel
algorithm using different performance metrics. LIDAR-
based SLAM method was used in all algorithms. UWB
localization was applied to the exploration algorithm and
the novel algorithm by using anchors placed on the walls
and a tag mounted on quadrotor. In this way, local po-
sitioning system was formed. Local positioning was not
used for the wall following algorithm since it does not
require localization. Wall following is an old and well-
known navigation algorithm. It is suitable for mazelike
environments but it can also be used for any indoor en-
vironment. However, it performs poorly when time and
distance travelled are important. In addition, it does not
succeed in indoor environments with large empty spaces.
The exploration algorithm uses corners and open spa-
ces to find destination points. Even if it is considered as
successful in small indoor environments, it fails in large
indoor environments with obstacles. Different than this,
the novel algorithm guarantees to obtain the whole map
since it directly uses the explored areas by composing a
matrix. Navigation system of the wall following and exp-
loration algorithms is not based on explored map. The
map of an indoor environment is explored unconsciously
by these algorithms since they just use the features of the
environment without checking whether the map is exp-
lored or not. In addition, novel algorithm may be applied
for any robots including aerial robots, ground robots and
underwater robots.

The performed simulations showed that the novel al-
gorithm mostly beats the opponents. Exploration algorithm
directly failed in large indoor environments including diffe-
rent obstacles. Although wall following algorithm managed
to obtain map of indoors, it wasted time and travelled a lon-
ger distance. Moreover, repeatability analysis indicates that
performance metrics come out with close values for novel
algorithm. In other words, navigation with novel algorithm
raises similar results regardless of the robot’s initial position.

As a future work, the navigation algorithms can be tes-
ted in physical environments by setting up the maps in real
world. Instead of LIDAR based SLAM method, camera ba-
sed SLAM method may be used easily by taking advantage
of generic novel algorithm. In addition, several quadrotors

can be released from different points simultaneously in or-
der to reduce the discovery time of the map and communi-
cation among quadrotors can be established using wireless
technologies. Furthermore, the novel algorithm can be tes-
ted using various aerial, ground and underwater robots.
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