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Abstract—We describe a UAV competition concept in which
a Parrot Mambo drone must race over a sequence of colored
markers in minimum time. The competition is implemented
in Matlab, using the Simulink Support Package for Parrot
Minidrones, and can be organized fully in simulation, although
an optional real-drone component is included. Students with
either control or computer-science backgrounds are accom-
modated by providing baseline solution modules for the part
outside their expertise. We present the competition design, a
baseline solution, and our experience with the first edition,
which was held in 2021, including student feedback and lessons
learned.

Index Terms—student competition, education, unmanned
aerial vehicles, Matlab, Simulink

I. INTRODUCTION

An important topic in the area of robotics is the au-
tonomous control of robot systems. Consider, for example,
the problem of farming, where multiple types of robots are
used in cooperative teams for different activities. There is a
need to plant seeds, to spread different chemical substances
over the farmlands, to protect the plants from possible inva-
sive species, to monitor certain parameters, and to harvest the
yield. In several of these tasks unmanned aerial drones were
employed in the last years, due to their ability to cover large
distances quickly, without touching the plants themselves [[1]].
In the overall context of rapid development of autonomous
robotic systems, there is an increasing demand for engineers
knowledgeable in several aspects of robotics.

Increased efforts to educate future specialists in robotics
would contribute to the solution for this larger workforce
demand. One type of activity that is known to work well
because it often gathers the interest of possible participants
is the organisation of competitions. The participants often
maintain their motivation and focus over the course of the
competition, which further facilitates learning.

The “Co4AIR Marathon — Drone Racing Competition”
is a key intellectual output of the “Co4AIR — Computers,
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Cognition and Communication” Erasmus+ project (http:
/lcodair.eu/). In this competition, student teams must develop
machine vision, path planning, and control algorithms for a
Parrot Mambo drone so as to complete in minimum time a
race track consisting of a sequence of colored markers placed
on the ground. The process of choice was a quadcopter drone
as it is an unstable system, providing a challenging control
problem to solve. At the same time, drones are very popular
so the problem is motivating for the students. The race setting
promotes a strong team investment into developing a good
solution.

To lower the barrier of entry and reduce student costs, the
competition can be run fully in simulation, although student
teams can choose to also develop a real-drone solution. A full
baseline solution is provided on which teams can improve.
This also means that the teams can focus only on some parts
of the solution, so we can accommodate e.g. students with
expertise only in computer vision, or only in control. The
scoring rules take this into account.

A. Existing competitions

Other competitions for autonomous drone racing exist,
such as the Drone Racing League - Artificial Intelligence
Robotic Racing (AIRR) circuit [2] and the AlphaPilot -
Lockheed Martin Al Drone Racing Innovation Challenge [3]].
These competitions are held physically, using state-of-the-
art hardware. The teams participating here are tasked with
developing perception, navigation and control algorithms for
a standardized drone. The objective of the competition is to
complete the racing track in the minimum time possible.

In 2022, the ICUAS conference proposes an autonomous
drone competition [4], in the context of an autonomous fire-
fighting aerial drone. The sub-tasks that compose the solution
to the problem involve the exploration of the world, the
detection of an ongoing fire, and the delivery of a payload to
the affected area. The competition is be held in two phases:
a simulated phase and a live, physical phase. The simulated
phase takes place in a world simulated in Gazebo, while the
physical trials are held in a motion capture arena that will be
built during the ICUAS 2022. Unlike the ICUAS competition,
the Co4Air competition focuses on racing on a track as it is
discovered.
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The Microsoft AirSim-based based competition, called
”Game of Drones” [5], took place in 2019 and allowed
the participants to solve navigation planning, environment
perception, or a combination of both tasks in a simulated
environment — similarly to the Co4AIR competition. Game
of Drones used a front-mounted camera which enables the
perception of the poses of the gates that the drone needs
to navigate through, and proposes the idea of 2 drones
competing at the same time, thus requiring the avoidance of
mid-air collisions. In contrast, the Co4Air competition uses
a single drone with a bottom-mounted camera that captures
pictures of the markers underneath. The fact that the drone
needs to tilt in order to move in a certain direction increases
the difficulty of detecting the markers.

An autonomous drone flight challenge organized at the
IFAC 2020 World Congress [6] targeted a line following
scenario, with a full deployment chain from Matlab code
to embedded hardware for two low cost drone platforms
including the Parrot Mambo. The competition organized by
[7] targets more realistic scenarios, where the variability of
the environment is important. In the ELROB competition
[8], the drone should be able to recognize generic targets in
the wild. A similar contest to the Co4AIR Marathon is [9]],
which uses a simulation environment in ROS/Gazebo, and
the teams could evaluate their algorithms within this realistic
environment for a task of navigating through floating frames.

A preliminary form of the Co4AIR drone racing contest
was ClujUAYV, a real-drone corridor navigation challenge held
in the autumn of 2019 in Cluj-Napoca, Romania [[10]. The
results of this competition informed the design of the Co4AIR
Marathon.

The Co4AIR proposes a competition that focuses both on
machine vision and on navigation and control. The Co4AIR
Marathon can be completely run in simulation, using the
Parrot Minidrones Support Simulink package as a starting
point. By using a virtual platform, any student with sufficient
expertise can participate in the competition, as there is no
longer any need for providing a physical drone and a working
space where it can be safely used. Holding the contest
completely online meant that an international competition
could be held without travel costs. Another positive aspect of
using a virtual model in Simulink is that control engineering
students are usually well acquainted with the Matlab software
stack, so they can focus on the new aspects of robotics instead
of trying to learn to use a new tool. Another advantage of
using the Simulink Support Package for Parrot Minidrones
is that simulation-to-real transitions are as close to seamless
as possible. The Parrot Mambo minidrone costs on the order
of 100EUR, which further makes the Co4AIR competition
accessible in the event that a physical, on-site challenge takes
place.

Differently from other simulation competitions such as [9],
and the simulation phase of real-drone competitions such as
[4], we allowed students with expertise in either computer
vision, control, or both, by allowing students to work only

on some of the solution modules and use the baseline solution
for the modules where they do not have expertise.

B. Structure of article

Next, Section [[] presents the design of the contest, in-
cluding the evaluation procedure. Section explains the
baseline solution in some technical detail. Section[[V]outlines
our experience with the first edition of the contest, as well
as feedback from the competitors. Section [V] concludes the
paper while synthesizing some ways in which the contest can
be improved.

Some parts of this article are based on our internal,
unpublished competition report [[11].

II. CONTEST DESIGN
A. Objectives and concept

The objectives of the Co4AIR Marathon were to:

« Motivate students to design, build, and test a solution
for a current practical control problem.

o Challenge the brightest students and allow to compare
the various teaching systems through the contest result.

o After the end of the project, promote the contest for
usage at other universities.

In the contest, a simulated Parrot Mambo drone races over
a track defined by a sequence of square markers placed on
the ground, in 3 different colours: red, green, blue (see Figure
[I). To disambiguate situations in which multiple markers are
present in the image of the drone camera, markers should
be followed in the order of their colors: red, green, blue,
red, etc. The environment provides the feed of the down-
facing camera of the drone, as well as accurate position
and attitude signals for the drone; and it allows setting the
motor commands. The drone parameters will be fixed, but the
sequence of marker positions will be unknown to the teams
until the day of the contest.

The teams will have to design (a) a computer vision
algorithm to detect the markers and produce waypoints for
the controller; (b) a control algorithm that ensures the drone
reaches each waypoint in the sequence to within a prespeci-
fied tolerance; or both (a) and (b). Teams may choose to do
only (a) or only (b), in which case a default implementation
of the missing component is supplied by the organizers by
using the components from a baseline solution.

This baseline solution is provided to all the teams during
the kickoff of the competition. The baseline is able to
complete the objective of navigating from the start to the
end of the race track in a sub-optimal manner, so that the
teams can easily attempt to modify, redesign and improve
components of the solution in such a way as to achieve an
increased performance on the simulated race track.

The programming environment is Matlab/Simulink. Op-
tionally, teams may also develop and demonstrate a real-life
solution for the marker following task, with the true Parrot
Mambo. To this end, teams should provide a video recording
of the drone running the track, as well as any explanations



required. The simulation task should be replicated as closely
as possible.

To prevent altering the parameters of the simulation, teams
are only allowed to change specific blocks in the Simulink
scheme, and at the end these blocks are integrated into the
“clean” template. Therefore, changes to the expected inputs
and outputs of these blocks or other modifications made to
the rest of the project are not carried over. Instructions on
these blocks, together with details on the competition and
installation steps to get the baseline solution running, are
provided to the teams in a guide document; the guide of
the first edition is available at http://busoniu.net/files/co4
airmarathonguide.pdf. As an appendix to this guide, the
default control strategy for the drone is explained from a
mathematical point of view.

Fig. 1. Competition simulator showcasing the default race track and baseline
solution, using the Parrot Minidrones Simulink Support Package.

The solutions would be put on trial on two different race
tracks, one that is more linear, favoring solutions that can
reach the end marker faster, and one that is more difficult to
navigate, involving sharper turns, thus putting an emphasis
on the stability and robustness of the solution. The race track
is generated in a pseudo-random manner, using an algorithm
that places consecutive points towards one direction of the
simulated world. The next point in the race track is placed at
a randomized distance, at a random angle from the current
last marker placed. The randomized distance and angle are
constrained to a given range. The distance and angle range
were chosen in such a way that the drone would be able to
see the next point while hovering. In order to generate the fast
track, a smaller angle range was used, while the agility track
was made by allowing wider angle variances in consecutive
markers, which led to a track with very sharp turns.

B. Team composition and deadlines

Teams of 2 or 3 students (PhD, MSc, or BSc) are accepted.
All students in a team should preferably come from the
same institution, but student levels can mix. Due to the
nature of the task, which mixes control and computer vision,
teams with expertise in either systems and control, computer

science, or a mix of both, are possible. Registration is done
at least 5 weeks in advance of the competition using a
registration form that includes team composition, institution,
a team name and which among tasks (a), (b), or both the
team aims to solve. A draft solution is to be sent 2 weeks in
advance of the contest date, which is tested by the organizers
for any integration issues, and feedback on correcting these
issues is sent to the students. Then, the final solution is due
one week in advance.

C. Evaluation

A jury formed by team supervisors and/or external experts
evaluates the solutions on the competition day. Each team
presents their technical approach in a limited time slot,
answers any questions from the jury, and then their solution is
demonstrated. It is the organizers who run the simulations,
with the method submitted by each team integrated in the
clean template. The final score and ranking of the teams in
the competition is determined by the following formula:

)+ (1 - M )+B+R

Tmaz tot
where each variable means the following:

1) P is a score awarded by the judges for the technical
approach used by the team and how they presented
it before the competition. This activity is included in
the competition schedule in order to provide the teams
with a way to get to know each other, understand
the approach of other teams and learn from their
experience.

2) T is the time it took to reach the end of the race
track and 7),,,, 1s the maximum admitted value of 7.
This hard limit is imposed to allow the race trial to be
interrupted in case it takes too long to complete. In the
case that the drone crashes, then 7 is also set to 1},,42-

3) M is the number of colored markers that were missed
during the trial. The drone needs to fly over the markers
within a specified tolerance radius for the marker or be
counted as touched. M;,; is the total of markers on the
race track.

4) B represents bonus points given to the teams that at-
tempted to modify both the computer vision component
and the control component

5) R represents bonus points for teams that also attempted
to implement and use their algorithm on real drones.

The values of P, R, and B were specified only on the day
when the competition was held, so as to avoid a situation
where the teams could over-fit solutions to a particular
scoring function and race track. After discussions with the
jury, organized prior to the competition, we arrived at the fol-
lowing parameters in the score function: P = 0.5, B = 0.5,
R = 0.25. The rationale for P and B is that these components
should be half of the real-race time and marker components,
so that the actual race performance counts more. R was
selected smaller because not all the teams had access to
— or the financial possibility to acquire — the real drone.

P+(1-

ey
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Presentations and actual races were interspersed to maintain
audience interest. To make the competition more exciting,
it was also decided that the time score T and marker score
M would be averaged between two race tracks: one where
the markers are nearly along a line, which favors speed, and
another where there the track given by the marker sequence
often switches direction at various large angles, which favors
maneuverability.

III. BASELINE SOLUTION

A. Drone model

The Parrot Mambo drone was used for the Co4Air compe-
tition, a small, light quadrotor that is easy to interface with
Simulink: Matlab provides official packages that support data
transfer between a computer and the drone, and the ability to
program and upload Simulink-based solutions to the physical
drone. The drone is shown in Figure [2]

Fig. 2. Mambo parrot drone

In the Simulink environment, the drone model is simulated
using two components: a component that solves the rotor
dynamics and the effects of the environment on the move-
ment of the drone, and a component that simulates the pose
and movement of the quadrotor using a Simulink block that
models the 6DOF equations of motion of a fixed mass body.
The forces and torques computed by the dynamic component
are passed to the 6DOF block which computes the next pose
and velocity of the drone. Figure [3] shows the feedback loop
that simulates this behavior.
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Fig. 3. Schematic of the simulated drone model, as defined in the Simulink
Support Package for Parrot Minidrones

The relevant physical parameters of the Mambo Parrot
drone are given in Table [I}

TABLE I
PHYSICAL DRONE PARAMETERS
Variable Symbol Value
Mass m 0.063 [kg]
Moment of Inertia X I: 5.828 * 10~°
Moment of Inertia Y I, 7.169%10~°
Moment of Inertia Z I, %104

B. Simulation framework

The framework was built using the demos provided in
the Matlab Parrot drone support package. The following list
contains the main components of interest:

e Sensors
flightControlSystem
o Nonlinear Airframe
« Environment

o Visualization

The Sensors component reads the drone model state and
the environments, then simulates the sensor signals. The
flightControlSystem contains the Simulink blocks that
solve the image processing task, the planning task, and the
pose control task. The Airframe component contains the
nonlinear model of the quadrotor (see again Figure [3), and
the Environment stores the constants used to define the
simulated environment. The aspects of the environment that
are modeled are the gravity field, the magnetic field, and
the atmosphere. Finally, the Visualization block displays
the drone and the environment as the drone navigates in
the simulation. The top-level feedback loop schematic is
presented in Figure [

If the participant wishes to implement the controller de-
signed in the simulation on the real drone, then he should
upload the flightControlSystem into the drone on board
memory with minimal interface changes. This functionality
is supported by the Matlab drone support package.

Both the drone model and the overall framework already
exist in the Parrot support package. Next, we present the
baseline solution that we developed for the Co4AIR compe-
tition.

C. Initial solution outline

The baseline solution provided to the teams consists of two
main components: an algorithm that handles the perception
of the markers and the path planning, and an algorithm that
controls the movement of the drone [[12]. The structure of
the system is shown in Figure [3

The first mentioned component is made of two sub-
systems, one for the detection and placement of the markers
in the world coordinate reference frame, and one for the gen-
eration of a reference signal for the flight-control component.

The machine vision algorithm uses the data from a camera
mounted under the drone. Areas where the known colours of
the markers are detected in the image through the use of a



tmstams Environment

Visualization
™~
Sensors Actuators
States Sensars Actuators
ey Sensors Image flightControlSystem Airframe States
Constants Image Env
Constants
J States
‘ Env.

States J<

Fig. 4. Schematic of the simulation framework, as defined in the Simulink Support Package for Parrot Minidrones
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Fig. 5. Structure of the baseline solution

thresholding algorithm with thresholds known a priori due to
the constant colors of the simulated markers.

Then, using a projective transformation, the markers are
placed on the ground in the world reference frame, see also
Figure[6] First, the axis d,, passing through the center of the
camera C',,, on which the centroid of the marker in the image
is found, is determined:

T X./Z.
dpy =R K|yl =|Y./Z (2)
1 1
where:
X., Y., Z. position of the marker center in the camera

reference frame

T,y coordinates of marker centroid in image
K intrinsic camera matrix
R Rotation matrix between camera and world

coordinate frames

Image Plane
e p
Camera center

Ground Plane

Zw

Fig. 6. Marker positioning.

After this, the world coordinates of the marker center P,
can be computed using () and:

Py, =Cy+s5-dy 3)

knowing that the marker is situated in the ground plane
[0 0 1} - P, = 0. The whole procedure is applied
assuming that the exact position of the drone is known, which
is the case in the simulated environment.

The trajectory planning is done in a point-to-point manner
by applying a first-order filter on the coordinates of the target
marker, which means that the control algorithm receives a
position to reach, spends most of the control effort to reach
the said point, and moves to the next one when a threshold
distance to the current target is reached. Equation (@) shows



how the reference trajectory r is computed using the target
coordinates ¢ and the configuration parameter of the filter a.

r(k) =a-t(k)+(1—-a)-r(k-1) 4)

The second component, which handles the navigation of
the drone, consists of a cascaded feedback loop where a PI
controller is used for the control of the 3D position of the
drone, which in turn generates a reference for the inner loop
PD controller that controls the attitude of the drone. Note
that the controller for the height of the drone runs decoupled
from the attitude controller.

The initial solution provided was not sophisticated or well
tuned, yet it was stable and managed to complete the initial
demo race track, see Figure [7] which shows the realised
trajectory.

Since the competition would be held online, the recom-
mendation for the teams was to focus on path planning and
control, as in the simulation environment the default machine
vision solution sufficed, as there would be no usual artifacts
that affect machine perception of visual data that appear in
the physical application (such as different lighting conditions,
foreign objects that obstruct markers and so on).
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Flight path projection

Markers

Closest point on path to marker
O  Missed markers

)
N}

Y world coordinate (m

< ,
=
7

-2 -1 0 1 2 3
X world coordinate (m)

Fig. 7. Baseline solution trajectory, projected on the ground.

IV. FIRST CONTEST EDITION
A. Teams and rankings

For the first edition, we had five teams from four universi-
ties in four different countries. The teams, together with their
composition and final ranking in the contest, are shown in
Table [

None of the teams fully implemented both the computer
vision or control tasks, but nearly all of them worked on the
path planning part. The jury decided to award all the teams
that did this part 30% of the bonus points for B. On the more
difficult mobility track one unforeseen circumstance arose:
some solutions landed prematurely, ending the circuit run in

TABLE II
PARTICIPANT TEAMS AND TEAM COMPOSITION
Rank Team Institution Study Level
MSc
1 QuadcopTeam Universite Polytechnique Hauts de France MSc
MSc
PhD
2 AirwolfRTS University of Maribor PhD
MSc
PhD
3 libellule Universite Polytechnique Hauts de France BSc
BSc
MSc
4 Millenial Mambo Technical University of Cluj-Napoca BSc
MSc
5 5C++ University of Wuerzburg MSc
MSc

a fast time, but missing most of the markers in the race track.
To prevent favoring such failed trials in the evaluation due to
their short time, the jury decided in on-the-spot discussions
that for any solution that misses more than half the markers,
the maximal time will be assigned.

The first and second place received prizes in the form of
hardware components related to the subject of drone control.

B. Example solution from one the teams

The team Millenial Mambo provided both a planning com-
ponent and a new implementation for the control component.

1) Path planning component: The desired path for the
navigation of the drone was generated as a spline trajectory
that passes through the known markers. Upon finding a new
marker on the ground, the spline is regenerated taking into
account this new point to be included in the future path. The
setting for the flight height was changed to the maximum
that the simulated camera allowed, so that as many points as
possible could be seen in order to generate a spline trajectory
with as much information as possible. Figure [§] shows an
example spline trajectory that was generated during run-time
with partial future marker information.

The reference scheduler used a carrot-on-a-stick approach,
which means that the reference point passed to the navigation
component is always ahead of the drone on the desired path.
The distance at which the future reference would be placed
was a function of the absolute value of the derivative of
trajectory ahead. This was implemented so the next reference
would be farther from the drone when the area ahead had no
sharp turns, thus promoting speed, while areas where turns
had to be made would make the scheduler provide a closer
point ahead, which would slow the drone down to allow it
to make sharper turns.

2) Navigation control component: For position control
an LQ tracking controller was designed and tuned in an
aggressive manner. This solution promoted speed on the
track, as it was noticed during early trials that with the
default controller significant time was lost while waiting for
the drone to stabilize over markers. The main idea was to
try to preserve momentum while searching for the next point
to reach. The drone was modelled as a MIMO system with
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Fig. 8. Example trajectory generated with the spline method. The drone
moves from right to left, is currently at the red point, and sees two markers
in advance.

12 states: 3 XYZ position states, 3 linear velocities, 3 angles
for the pitch, roll and yaw, and 3 angular velocities. As the
system has 4 inputs (the rotation of 4 independent motors), 4
states were chosen for tracking. The states chosen were the
XYZ coordinates and the yaw angle. The rest of the states
will tend to be O during tracking, which helps implement
hover stability.

The tuning of the LQ controller is done via two matrices:
@ for the state errors weights, and R for the control signal
weights. For @), the weights were chosen in the following
decreasing order (which can be interpreted as the decreasing
order of importance of state tracking):

o Z position: for increased stability at the desired height
X and Y position: to emphasize the fast navigation
requirement
o yaw, pitch, roll
o derivatives of position and angles

The R matrix was tuned to allow the drone to maintain
the desired height, and to rotate at a rate that enables it to
navigate quickly and stably to the desired reference.

3) Performance of the solution: While this solution
worked well on the speed track, achieving the fastest race
time on it while narrowly missing some markers, it did
not perform well on the mobility track. One possible im-
provement that could have been made consists of a way to
compensate the extra distance needed to “touch” the markers
in the turns, as the high velocity approach made the drone
miss some of the markers by not turning in a large enough
motion.

C. Feedback from the contestants

In order to better organize future editions of the Co4Air
drone marathon contest, the participants were given a feed-
back form where they were asked to rate their overall
satisfaction with the competition, and to express their opinion

about aspects of the competition that they enjoyed or that they
found lacking. We organized a survey with all contestants,
where we attempted to gauge:
o Their experience with the contest, overall and specifi-
cally on the online format.
o How useful the contest was for them and whether they
wish to see such events integrated in their curriculum.
o Their opinion on the scoring rules.
e What should be improved in general, for the online
experience, etc.
« In what way should each participant’s institution support
them.
o How students prefer their contest performance to be
recognized.

A total of 9 feedback forms were collected. The overall
feedback was positive, as the general satisfaction of the
contestants was either rated as good (6) or very good (3).

When asked if they would like if their studies would
regularly include contests designed in a similar manner to the
Co4AIR Marathon — Drone Racing Competition, and all the
contestants agreed with the statement, with 8 votes selecting
the strong agreement option.

When asked if the work effort invested by the contestants
in the competition helped them in their studies, research or
job, 8 of the 9 contestants agreed.

Perhaps surprisingly, just a basic ranking of their team was
the top-voted option for performance recognition. Apparently,
actual prizes in cash or hardware are not that important for the
students. This means that in the future editions of the contest
the sponsorship should be used towards a better organization
of the event itself, rather than prizes.

V. CONCLUSIONS AND FUTURE IMPROVEMENTS

The feedback forms contained many possible improve-
ments, including the following highlights:

« An introduction event where the competition, procedure,
baseline solution, etc. are presented and the teams get
to know each other. This can be included right after the
registration stage.

e A specific way of integrating the contest in the cur-
riculum, via a special lecture dedicated to it and ECTS
scores. This is highly recommended for institutions that
plan to send participants to future editions.

o The students were surprised by the very challenging
“maneuverability” track and suggested that we should
include more example tracks with the baseline solution.

o A “live score” table where people can see their perfor-
mance on the fly.

o Students suggested knowing the scoring weights in
advance. Due to the reasons explained before, we prefer
to not do this, but a middle ground can be to explain
which parts of the solution will be more important
without giving exact numbers.

The overarching line of the feedback above is that students
find our contest useful, and would absolutely like to see such



an event in their curriculum. We therefore believe that the
Co4AIR Marathon is a useful educational tool. To move on
to the next step, after revising the contest design as described
above, we aim to promote adoption of this contest both in our
universities and others. This very paper is a main component
of our promotion strategy.
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