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Abstract. Autonomous UAVs offer advantages in industrial, agricul-
ture, environment inspection, and logistics applications. Sometimes the
use of cooperative UAVs is important to solve specific demands or achieve
productivity gain in these applications. An important technical challenge
is the precise positioning between two or more UAVs in a cooperative
task flight. Some techniques provide solutions, like the GNSS positioning,
visual and LIDAR slam, and computer vision intelligent algorithms, but
all these techniques present limitations that must be solved to work prop-
erly in specific environments. The proposal of new cooperative position
methods is important to face these challenges. The present work pro-
poses an evaluation of a visual relative positioning architecture between
two small UAV multi-rotor aircraft working in a master-slave operation,
based on an Augmented Reality tag tool. The simulation results obtained
absolute error measurements lower than 0.2 cm mean and 0.01 standard
deviation for X, Y and Z directions. Yaw measurements presented an
absolute error lower than 0.5°C with a 0.02-5°C standard deviation.
The real-world experiments executing autonomous flight with the slave
UAV commanded by the master UAV achieved success in 8 of 10 experi-
ment rounds, proving that the proposed architecture is a good approach
to building cooperative master-slave UAV applications.
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1 Introduction

Small size autonomous Unmanned Aerial Vehicles (UAVs) had an expressive
increase in number and types of practical applications nowadays due to the
decrease of this aircraft costs and the offer of new small size hardware and
sensors proper to embed in these vehicles. The autonomous control of small
UAVs presents technical challenges, like secure flight and collision avoidance,
path planning, precise 3D positioning and robust control.

Collaborative arrangements between multiple UAVs are an excellent alterna-
tive for some applications. The division of tasks between several aerial vehicles
reduces the task duration. Consequently, it increases the efficiency of the process,
allowing to solve technical issues such as the reduced flight time of multi-rotor
vehicles, for example. The literature presents works in agriculture [1], inspection
of energy power plants [2], 3D mapping of an external area [3], among other.

Precise positioning is vital to assure the security of the operation in
autonomous multi-UAV tasks, to ensure the correct path following. Nowadays,
the most common techniques to achieve precise positioning in UAV flights is
Differential Global Navigation Satellite System (GNSS). This technique is an
optimum approach to solve the positioning problem, but GNSS systems demand
a proper satellite signal receiving to work properly, which is sometimes hard to
achieve[4].

Visual positioning techniques provide position data to UAV flights and oper-
ations. The standard approaches use monocular, binocular and omni-directional
RGB cameras and stereoscopic cameras [5]. The application computer vision
techniques to calculate the UAV coordinates is demanding, especially in not-
structured environments. This approach presents challenges, like the sensibility
of environment light variations, visual occlusion of the target, image capture
noise and distortion due to the camera vibration and twist, among others.

A possible approach to decrease the computational demanding is to create
auxiliary image marks to provide specific visual data for the correct 3D posi-
tion estimation. Augmented reality tag positioning, proposed originally for Aug-
mented Reality applications, has been used for this kind of application. April
Tags [6] and AR Track Alvar [7] are example of these tools. The present work
proposes a relative positioning architecture between two UAVs working in a
master-slave cooperative arrangement. An Augmented Reality Tag tool, among
a regular RGB camera embedded in the master UAV, is used to provide the
relative position between the aircraft. This tag provides the quick and effec-
tive identification of each vehicle and calculates its position in the experimental
environment.

The experiments are conducted in an indoor laboratory using two small air-
craft. This investigation aims to provide a first proof-of-concept of the proposed
architecture, allowing the proposal of future practical cooperative applications
based on this master-slave architecture. The Sect.2 reviews the use of visual
tags in cooperative autonomous vehicle applications. Section 3 describes the pro-
posed architecture and components. Section 4 presents the experimental set and
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obtained results. Finally, the Sects. 5 and 6 sections discusses the work results
and describe conclusions and future works.

2 Related Works

The computational vision process used to calculate the relative position between
two or more cooperative autonomous vehicles is a complex task which commonly
demands a lot of hardware capacity. The application of printed tags to provide
high visual quality information to the vision algorithms is an excellent choice to
decrease the computational demand. The literature presents some investigations
that use this kind of tag to provide position data to control a UAV flight.

The paper [8] proposes a UAV vision-based target positioning solution. The
work proposes a position control algorithm to follow a ground target represented
by a tag. The work presents a 92% reliability in real-world experiments, showing
the viability of using this kind of proposal for UAV outdoor positioning.

An indoor AprilTag markers UAV localization is proposed in [9]. A set of
markers are fixed in the experimental area walls providing visual clues captured
by the UAV frontal camera. An off-board algorithm extracts the relative position
between the aircraft and each visible tag and sends it to the aircraft control
algorithm. Besides the small size of the flight area, this confirms the reliability
of using the tags to provide 3D position data to a multi-rotor UAV flight.

Another similar approach is presented in the work [10]. The proposition uses
an AR.Drone 2.0 autonomous controlled by a base station that processes the
images of an AprilTag captured by the UAV camera. The experiments present
stable aircraft control using the position data processed from the tags.

The work [11] presents an AR-Drone autonomous search algorithm. In this
work, the UAV captures the images of a printed tag held in front of it by a
human. These images are off-board processed to provide the relative position
between the UAV and the tag, allowing the aircraft to following it using a PID
flight control.

Using visual tags to provide relative position between autonomous cooper-
ative vehicles is a possible application of this technique. Works present in the
literature propose using these tools to allow autonomous landing and cooperative
navigation between UGVs and UAVs in most cases.

The work [12] proposes an outdoor UAV navigation system where the aircraft
follows a moving automobile and executes an autonomous landing. A group of
visual tags are placed, allowing the correct positioning of the landing even when
only using the visual position information provided by the tag.

A navigation and route generation system for land vehicles based on the
vision obtained by a drone in cooperative work is presented in [13]. The UAV
serves as a leader in the displacement. It sends position information related to
the ground robot through a TAG fixed to the top of this vehicle. The tag images
are captured by a down pointing camera installed in the UAV. This arrangement
allows the ground vehicle to follow an obstacle-free path previously determined
by the ground vehicle through the vision system.
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This short review provides a basis for the present work proposition: the use
of a computer vision algorithm based on AR-Tag to allow cooperative navigation
between two UAVs. To the best of the authors’ knowledge, no similar proposal
is present in the literature. The following sections describe the architecture pro-
posal, and experimental results are presented.

3 System Architecture and Components

The positioning architecture is based on visual feedback by capturing images of
the slave UAV obtained by the master UAV camera. The experiments use two
small drones, a DJI Tello model as a slave and a Bebop Drone model as a master.
Drones connect to a base station composed of an Intel Core i7 processor with
16 GB RAM and an Intel® HD Graphics 520 (Skylake GT2) board computer
running Ubuntu 16.4 LTS and ROS Kinect. The base station runs the ROS
packages to provide communication and control interfaces for both aircraft.

All the architecture components use the Robot Operating System (ROS) to
exchange information. [14]. The Bebop drone is connected through the Bebop
Autonomy package [15], which allows the base station to read the UAV cam-
era and publish cmd_vel commands to control the UAV flight. Bebop drone
is an excellent choice to implement this architecture because it is a small size
drone with stabilized flight performance and an embedded Full-HD resolution
camera. The camera gimbal stabilization minimizes the image shifts during the
data acquisition. DJI Tello drone offers embedded flight stabilization control.
The small size of this aircraft allows the flight in reduced spaces. A tello_driver
ROS package implements the Tello drone communication with the ground sta-
tion. The Ar-Track Alvar Augmented Reality SDK [7] is used to implement the
visual position reference system. The Ar Track Alvar package developed by Scott
Niekum [15] provides ROS compatibility. The Images of the AR-TAG are cap-
tured by the Bebop drone camera and processed by this package that publishes
position and orientation data on ar_pose_marker a Ros Node.

Both aircraft work in a hot-spot Wi-Fi connection architecture. The connec-
tion between the base station and the Bebop Drone works at a frequency of
5.8 GHz using a USB Wi-Fi adapter, while the connection with the Tello Drone
works at 2.4 GHz using the PC onboard Wi-Fi. The base station concentrates all
the ROS messages and sends commands to the agents to execute their activities.

The Bebop camera is set to point to the ground all the time to keep the
perfect visual capture of the tag. Bebop can point it’s camera inside a limit
of a 75-degree angle so that it will provide a capture in its frontal area. The
slave UAV must keep its flight position inside this area during all operation to
allow the perfect control. Figure 1 a) shows the architecture coordinate reference
system. A C++4 code implements a PID control of the Tello drone flight’s vertical,
horizontal and yaw positions, publishing in two ROS nodes called /position and
/orientation. The experiments using the Bebop drone as master are performed
using manual piloting implemented by C++ code running in the base station.
The code captures the commands from the computer keyboard and sends cmd_vel
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messages to the aircraft through the Bebop Autonomy ROS driver. Manual
control is chosen in this case to assure the security flight of the aircraft in the
reduced space present in the laboratory. Figure1 b) shows the logical diagram
of the proposed architecture and its components.

Ground Station

World Fra/me'/
(0,0,0) i P . ) ;
z i a) b)

Fig. 1. a) Coordinate system representation; b) Architecture block diagram

4 Experiments Description and Results

The experimental planning aims to provide the first proof-of-concept for the
master-slave following the leader’s proposed architecture in a laboratory envi-
ronment. This step is essential to evaluate the reliability of the technique and
allow complex cooperative applications using the UAVs in a real-world envi-
ronment. Three-step experimental planning is described in this section. First, a
simulation of the master-slave operation using the visual control based on the
AR-Tags is presented.

After that, two different real-world experimental arrangements are tested.
First, a fixed position Web Cam captures the Tello Drone tag images during a
flight and commands the aircraft using the tag position data and a C++ PID
control code. After that, a cooperative master-slave flight where the Tello Drone
autonomous follows the Bebop Drone is executed.

4.1 Simulation Experiments

The simulated environment uses the Copellia Sim [16] simulation software to
evaluate the proposed UAV autonomous cooperative performance. Two multi-
rotor models running a stabilization PID control LUA script are used in the
experiments, allowing to the UAV‘s keep hovering at a static position and dis-
place from one point to the other in the space without a crash. This stabilization
code works as a flight controller hardware of a real-world UAV.
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An image sensor is fixed at the bottom of the master UAV and captures the
AR Tag images sent to the package, which processes the tag position calculation.
Looking to avoid the camera shift during the UAV displacements, a virtual
gimbal is programmed to control the camera orientation and keep it constantly
pointing to the ground. The AR-Tag Alvar package publishes 6 DOF position
and orientation information in /visualization-marker ROS topic. A ROS master
provides the node communication between the simulation software, the AR-Tag
package and the external C++ position control code.

A programmed path point are sent to the slave UAV, that displace using the
master UAV to provide the 3D position data. The absolute positioning error of
the tag measurements and the UAV 3D position are evaluated. Ten experimental
rounds are executed for three different paths, a square, a triangle and a cross.
The absolute position error for each point is recorded for statistical calculations.
Figures2 a) and b) shows the measurements of the tracking error calculated
from the AR-Tag data and the UAV world-frame position for a flight. Figure 3
shows the path followed by each UAV in space and the plot of the absolute error
and AR-Tag error for a flight. Table 1 presents the statistic calculations of the
absolute error for all the experiment rounds.
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Fig. 2. a) Tracking of UAV position in X and Y axis of a flight master-slave simulation;
b) Tracking of UAV height of a flight master-slave simulation

4.2 Real World Experiments

The second step is to evaluate the capacity of the real-world architecture to
provide autonomous flight capability in the master-slave arrangement. The lab-
oratory where the experiments are conducted is not equipped with a precise
positioning reference system to provide ground truth for the position error mea-
surements. An indirect error measurement is used to evaluate the experimental
data based on the AR-Tag position measurements, using the (0,0,0) point of
the camera frame as coordinate origins. The relative error between the AR-Tag
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Table 1. Mean and Stardard Deviation for X;Y;Z ;Yaw tag measurements. These
points refer to the camera frame reference system.

Set Point cm [X,Y,Z,Yaw] | X_Mean | Y_-Mean | Z_Mean | Yaw Mean | X_Std | Y_Std | Z_Std | Yaw Std
0;0;230;0 0.45 0.32 0,29 2.45 0.043 | 0.051 |0.058 | 1.25
60;35;230;0 0.65 0.39 0.28 3.12 0.033 |0.040 |0.055 |1.44
60;-35;230;0 0.60 0.41 0.28 3.10 0.051 |0.049 |0.067 | 0.99
35;60;230;0 0.68 0.38 0.33 2.88 0.048 | 0.054 | 0.052 | 2.11
-35;60;230;0 0.71 0.35 0.38 2.75 0.049 |0.066 |0.050 |1.31
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Fig. 3. 3D UAVs route and plot of tracking of UAV position in a follow-the leader
flight. a) Image of the simulated environment. b) Plot of the track error.

(X,Y,Z) readings and the center of the camera frame is presented in the experi-
ment graphs. A video of the real-world experiments is available at https://youtu.
be/iDQYng34aby.

Autonomous Slave UAV Flight with an Fix Camera Reference. The
first experiment evaluates if the tag-based positioning system can provide reliable
data to the UAV displacement control algorithm in a controlled environment.
A Webcam HD Logitech ¢920-1080p resolution fixed in the laboratory ceiling
provides the AR-Tag capture and sends the data to the base station computer.
The camera is set at an approximately 3.2m height and provides a visual area
of 2,5 x 2,0 m. These readings provide the UAV (X,Y,X,Yaw) data.

The Tello UAV with a 6.0 x 6.0 size tag fixed on its roof is commanded by
the PID control code running in the base station, using the tello_driver package
to command the aircraft to follow a square route in the camera vision area. The
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flight is executed at a 1.0 m height in 10 rounds, and the AR-Tag position data
is collected and stored to allow the position graph plot. Figure 4 shows the plot
of planned route versus the AR-Tag position collected form three flight rounds.

3D Route

—— Planned route
. — AR-Tag data readings

Pose in Z (m)

b)

Fig. 4. The Tello UAV autonomous flight plot with the fixed WebCam generating
position data. a) Image of the experiment arrangement. b) Plot of the track error.

This experiment indicates that the control algorithm based in the AR-Tag
position measurements works properly, so the next step is to evaluate the mas-
ter/slave UAV arrangement.

Autonomous Master-Slave UAV Follow-the-Leader Flight. The follow-
the-leader experiment is based on the Bebop Drone working as the master and
capturing images from the tag fixed in the Tello Drone, the slave. The control
algorithm is programmed to lead the slave UAV to reach the (0.00, 0.15, —1.00)
meter from the center of the image frame captured by the Bebop Drone. Bebop
drone is manually commanded to displace in the flight area, and the Tello drone
follows it continuously. Experiments is executed in an approximately 2.0-minute
flight, at a maxim horizontal velocity of approximately 0.1 m/s. Figure 5 presents
a plot of the UAV (X,Y,X) measurements for a flight round.
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Fig. 5. Plots of the slave UAV position in a following autonomous operation and images
of the experiment arrangement. a), b) and c) Plot of the actual versus planned pose
readings. d) and e) Images of the Bebop drone and Tello drone cooperative flight.

5 Discussion

The experiments indicate that the proposed architecture is a reliable way to cre-
ate a visual master-slave collaborative UAV architecture. The results presented
small absolute error measurements in simulation. In real-world experiments,
environment and hardware conditions impact the control stability, mainly in
the master-slave flights, due to the Bebop drone image capture limitations.

The camera quality captures are a limitation for this schema. In the first case,
the Web Cam offers constraints like slow brightness correction time, low data
transfer to the PC due to the 2.0 USB connection and no auto-focus mechanism.
These limitations impact the frame captures and the AR-Tag processing, so it is
possible to evaluate the use of professional cameras to increase the data position
quality and the robustness of the positioning system in indoor environments.
Besides the Bebop drone camera acquiring Full HD images, the Bebop Autonomy
driver only transmits 640 x 480 resolution frames to the base station, which
decreases the AR-Tag position error calculation. Besides, the executed follow
flights presented a proper operation when the tag capture provides good position
data to the PID control algorithm.

The camera shift caused by the master UAV frame inclination during the
route changes drives the tag position calculation error. Still, the Bebop gimbal
was able to compensate for this, preventing the aircraft loss of control. Also,
the small tag size demands keeping the slave UAV in a close flight with the
master one. Because of that, the camera capture area is reduced, so the master
UAV sometimes loses visibility of the slave, and the position control is lost. This
difficulty could be minimized if a slave UAV capable of supporting a bigger tag
size is used.
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Some image frames sent by Bebop drone to the base station fail, which is
possible to see in the experiment video. These fail to affect the position data
generation of the AR-Tag package and the good work of the PID algorithm.
Besides that, as shown in the video, this problem was handled by the control
algorithm.

6 Conclusions and Future Works

The experiments confirm the reliability of the master-slave position control pro-
posed architecture for real-world applications under controlled laboratory con-
ditions. The AR-Tag tool’s measurements provide adequate quality data for the
UAV autonomous flight algorithm in the proposed requirements.

The use of a better resolution and image quality camera, increased capability
tag capture arrangements, and multi-sensor fusion data is an interesting way to
achieve better results for the proposed architecture. Practical problems must be
solved to allow the application of this method in real robot operations, mainly
in unstructured outdoor environments. Still, it is possible to consider that a first
proof-of-concept of the proposed collaborative architecture is presented in this
work.

Future works are planned to investigate new visual positioning data systems
and arrangements that could provide better data to the applications, like active
light tags, for example. Also, real-world practical problems that could be solved
using the cooperative master-slave proposed architecture will be investigated.
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