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Abstract: This work presents an adaptation of the MPC-ORCA (Model Predictive Control -
Optimal Reciprocal Collision Avoidance) navigation technique for multi-UAVs, implementing
2D ORCA constraints in the MPC problem to address the problem of disturbance caused by
downwash in small UAVs. As a proof of concept, we showed a downwash disturbance scenario
with two micro quadrotors in the real world, motivating our choice of 2D ORCA restrictions.
Then, to evaluate the applicability of the proposed approach, we implemented the algorithm in
two simulation groups, a simpler numerical simulation using only the equations of motion and a
more complete simulation, covering the flow of air particles. The results of the simulations show
that the proposed method effectively prevented the overlap of the vehicles, while attempting to
maintain the agents’ performance of the path-following task within a shared curve.
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1. INTRODUCTION

The applications for multiple coordinated robotic systems
are vast, including fields such as hunting Fan and Liu
(2023), patrolling Xiang et al. (2023), and cooperative
search Yang et al. (2007), among others. Moreover, as
interest in autonomous multi-robot systems increases, so
does their complexity. Having adopted a long list of tasks,
two core ones stand out: navigation and collision avoid-
ance.

Vector fields are efficient strategies for tackling path-
following problems associated to the navigation of vari-
ous mobile robots, especially UAVs. The previous liter-
ature used the technique in quadrotor control strategies
(Rezende et al., 2020a, 2021; Miranda et al., 2022; Nunes
et al., 2022, 2023). The method provides an intuitive man-
ner for specifying the desired motion, which maps every
robot configuration onto a velocity reference. The work
in Rezende et al. (2020b) suggests a better performance
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of the path controllers in practical situations when com-
paring path and trajectory controllers. In Aguiar et al.
(2008), the authors demonstrate that trajectory tracking
problems are subjected to a minimal % tracking error
norm equal to the least amount of control energy needed to
stabilize the zero dynamics of the error system. Then, they
show that this limitation does not apply to less restrictive
path-following problems. However, ensuring safety through
collision avoidance is still necessary to enable multi-agent
integration in vector field guided scenarios.

Velocity Obstacles (VO) address dynamic obstacles and
propose a widely disseminated solution for collision avoid-
ance (Fiorini and Shiller, 1993; Van den Berg et al., 2008).
The method produces constraints in the velocity domain
that must be met for collision-free navigation. In Van den
Berg et al. (2011), the authors present Optimal Reciprocal
Collision Avoidance (ORCA), which covers the problem
of considering collision avoidance between agents. Their
proposal offers fast geometric solutions that are suitable
for critical dynamic environments.

Finally, Model Predictive Control (MPC) enables simulta-
neous reference tracking and constraint compliance. Leite
et al. (2021) implemented MPC with ORCA restrictions
for multiple differential drive vehicle scenarios, addressing
the convex optimization problem through quadratic pro-
gramming. Efficient multi-robot safe time-varying path-
following schemes were formulated in Freitas et al. (2023);
Vangasse et al. (2023) where different collision avoidance
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methods were addressed. These works are based on the
MPC-ORCA elaborated by Cheng et al. (2017), which
takes advantage of the receding horizon to improve evasive
movements during collision avoidance.

However, another critical situation is encountered in mul-
tiple aerial robot scenarios. The creation of airflow below
the drone characterizes the downwash phenomenon. This
airflow produces disturbances that may compromise the
stability of any neighbor crossing the affected area. Figure
1 is an example of this effect, where the lower robot should
remain static in the center of the green sphere if it is not
disturbed by the downwash caused by the upper vehicle.

The work in Arul and Manocha (2020) investigates the
effects of downwash and the applicability of dynamic
constraints in the MPC-ORCA problem. In that work, the
robots’ geometry is enveloped by an ellipsoid of adaptable
height. However, with small UAVs sharing a cluttered
workspace, the downwash can easily compromise their
stability, so vertical alignment between UAVs should be
strictly avoided.

This work proposes an adaptation of the MPC-ORCA for-
mulation, where the optimization problem still attempts to
solve a safe 3D path-following problem while implementing
2D ORCA constraints. This scheme should enable a group
of robots to follow the same path and avoid the undesired
conditions of collisions and downwash.

Figure 1. Demonstration of downwash produced by the

upper UAV presenting disturbance to the bottom
UAV.

2. TIME-VARYING VECTOR FIELDS

To compute a time-varying vector field ¥(p,t) : R™ x
R* — R™, where p € R" is a point so that the trajectories
of the system p = U(p, t) converge to and follow the curve
C(s,t), the work Rezende et al. (2021) proposes the vector
field as follows

A D(pa t)

+n(p, t)H(p,t)T" (p, 1) (1)

oD
+ HT(pa t)ﬁ(pat)v

where n(p,t) : U — R is defined so that ¥ has a norm
equal to the value of a desired velocity to follow the vector
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field, v,. D(p, t) is the smallest distance between the robot
position p and the curve C(s,t). The vector D(p,t) =
p — s*(p,t) represents the distance vector between the
robot and the nearest point on the curve s*(p,t). In turn,
T*(p,t) represents the tangent vector of the curve on
the closest point, and the null space projection of T,
IIr(p,t) : U — R™™™ is given by:

I (p,t) = Inxa — T*(p,)T* (p, )", (2)
where I, is the identity matrix of order n.

In order to guarantee that the vector field has a constant
norm vy, i.e. |¥(p,t)|| = v, it is required for the curve
C(s,t) to be slow-varying on time when compared to
the robot speed v,.. As Rezende et al. (2021) suggests,

the functions G = 2rarctan(k;D(p)) and H = V1 — G2
guarantee asymptotic convergence and circulation of the
curve, where ky > 0.

3. OPTIMAL RECIPROCAL COLLISION
AVOIDANCE

In a multi-agent scenario where p, and v;, respectively,
represent the position and velocity of the agent named ¢ €
T = {1,2,3...n}. At this point, it is worth highlighting that
the original ORCA concept considers simple integrator
dynamics. Therefore, in the context of this work, v; can no
longer be called the desired velocity but the instantaneous
velocity. The velocity obstacle VOz'T| j induced by every

other agent, named j # i, in a time frame [0, 7], is defined
as
Vo7

Z‘j:{vlﬂte 0, 7] ::veR(@,#)}, (3)

in which R(p,r) returns an open sphere centered in p of
radius r in the R? space Van den Berg et al. (2008).

At the occasion when a pair of agents produces a relative
velocity v;; within their corresponding velocity obstacle,
ie. v € VOZU, a collision may happen in the given time
interval 7. Then collisions can be avoided, if both agents
deviate equally by imposing a relative velocity w;); +
vy ¢ VOlej. Therefore, let w;; be the smallest vector
that takes v;; to the closest point on the border of the

velocity obstacle, 8VOZ‘ i obtained as

w;; = | argmin [[v — (v; —vy)|| | = (vi —v;), (4)
’UG@VOZU

which has a closed form geometric solution for disc-shaped
agents. This solution is found by considering the conic
shape truncated by a circle of VOZTU, briefly discussed in

Van den Berg et al. (2011). By checking if v;|; lies closer
to the spherical or conical shell, it is possible to deduce
Wi);-

Then, let 7 be the normal vector of the velocity obstacle
border at w;|; + v;|;. Since both agents share the respon-
sibility for collision avoidance (Van den Berg et al., 2011),
the ORC’AZl ; space of admissible velocities that guarantee
safe navigation is

orcAy; = {o|[v— (vi+ w;'j)} wz0h ()

il =

Based on the above constraint formulation, the overall set
ORCAT of admissible velocities for an agent i, while con-
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sidering multiple neighbors, is composed of the intersection
of the ORC’AZTU half-spaces,

ORCA] = () ORCA] (6)

ilj
j=1l..n|j#i

It is worth emphasizing that the solution described above
is capable of solving problems in three-dimensional spaces,
usually related to aerial vehicles. However, our solution
narrows the problem onto a two-dimensional plane, to
avoid downwash problems.

4. MODEL PREDICTIVE CONTROL

In this work, we represent the robotic agents with double
integrator dynamics. The state vector of each agent 4 is
described as x;(t) = [p;(t) 'vi(t)]T, in which p;(¢),v;(t) €
R3 are respectively position and velocity in an instant .
Acceleration inputs are represented by w,;(t), considering

the double integrator dynamic model:
(1) = ui(t),
Umin S Uu; (t) S Umazxs

(7)

where U5, and U, denote the minimum and maximum
acceleration input values, respectively. This is a suitable
model to represent simplified dynamics of qadrotors as-
suming holonomy.

The Distributed MPC problem formulated in this work
and solved in every iteration by each agent ¢, is given by

w* = argmin Y [Jai(k) — @:(k)|[G + [[wi (k)]

N-1
+ 3 Muilk) —wilk = Dllar
k=1

S.t. il:i(k + 1) = Aazi(k) 4 B’ui(k),
Umin < Uz(k‘) < Uspaz,
Vimin < 'UZ(/{;) < Vimaz,
sr:,»(O) = T;,,
V(ay).i(k+1) € ORCA] (k + 1),

(®)

where the proposed cost functional assumes a quadratic
form of components x;(k)—&;(k) of error, u; (k) the control
action applied at instant k and w;(k) — u;(k — 1) the input
variation over two instants. The variable x;(k) represents
the state of the system at step k of the prediction horizon of
size N, &;(k) is the reference composed of the integration
of the vector field ¥ in (1), and by the field itself, that is
to say

) bk + 1 k) + @ (p, k)T,
Zi(k+1) = [ﬂkilﬂ = [p(\I)IZ;, k(ﬁ 1)) NG

where p and © are reference positions and velocities
respectively. The gain matrix @ is positive semi-definite.
It punishes deviations from the reference, as the positive
definite gain matrix R punishes large control efforts, and
AR significant variations on control actions.

The constraints imposed in the problem are described in
the order of appearance. The first-order Euler’s discretiza-
tion of the double integrator dynamic model gives
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1007, 0 O 0.5T% 0 0
0100 T, 0 0 0572 0

_ 0010 0 T, _ | o 0 0572
A=1g001 0 0| B= T, 0 0
0000 1 0 0 T, 0
0000 0 1 0 0 T,

with the sampling time T5. Admitted control actions are
given by the interval [Wmin, Umas] and admitted velocities
by [Umins Umaz].- The initial state, set to x;,, is the current
state of the system.

The collision avoidance restrain the admissible space of
the velocity states associated to the horizontal plane rep-
resented by v, ,;(k+1). We resort to the approximation
elaborated in Cheng et al. (2017). The propagation of the
collision avoidance constraints over the prediction horizon
is implemented by computing relative velocities and posi-
tions at the instant k using the propagated states p,(k)
and v; (k) of all agents assuming constant velocity, written
as:
pi(k) = p;(k — 1) +vi(k — 1)T,

with p,(0) = p,;(0). Then, the resulting relative states
provide the parameters required to compute Equation (6)
at each instant £ of the horizon.

5. IMPLEMENTATION

For this study, we developed three major implementation
scenarios. The first is a scenario is reserved for a proof
of concept and does not use the proposed solution, it
reproduces the downwash problem in a real-world exper-
iment. The scenario used the Crazyflie 2.1 micro quad-
copters' . We also used Optitrack? for accurate motion
tracking, Crazyradio 2.03 for wireless communication,
and CrazySwarm (Preiss® et al., 2017) within the Robot
Operating System (ROS) Noetic (Quigley et al., 2009)
framework. All of these components were hosted on a
computer powered by an Intel i9 14900K processor.

To evaluate the application of the proposed technique,
we implemented a set of simulations consisting of the
multi-UAV coordinate motion. These simulations were
based on the expected motion of the robots, which are
defined as flying particles enveloped by a sphere with a
defined radius in a shared workspace. We implemented
simulations on multi-robot configurations with 8 UAVs,
watching for situations of robot overlapping. The focus
is on basic coordination and collision avoidance in a
controlled environment.

Additionally, a physics simulation was conducted using
CoppeliaSim through the ZeroMQ API and the Bullet 2.78
physics engine. This simulation focused on the physical
interactions between UAVs and how they impact the
surrounding environment, where the downwash problem
could potentially affect the trajectory of other UAVs.

The developed algorithms were implemented in Python,
using the CasADi library (Andersson et al., 2019) for

! https://www.bitcraze.io/products/crazyflie-2-1/
2 https://optitrack.com/
3 https://www.bitcraze.io/products/crazyradio-2-0/
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Figure 2. Downwash effect caused by the blue robot in a real-world scenario, affecting the motion of the red robot.

numerical optimization. Our implementation resorts to the
Interior Point Optimizer (IPOPT) for solving constrained
optimization problems. The simulations were conducted
on a computer system equipped with an AMD Ryzen 9
5900HX processor.

The following scenarios assumed for the MPC problem
in (8), @ = R = Isxs. The sample time was set to Ts =
50ms, the prediction horizon N = 10, the vector field’s
desired velocity v, = 0.1m/s and the ORCA parameter
7 = 0.5s. Finally, in our simulations, robots follow the
curve

Cls,t) = O.2sin(2;)c-ossi§ns()0.0027rt) .
—sin(s)

(12)

6. RESULTS

In this section, we present three blocks of results. First, we
contemplate the real-world experiment and the downwash
problem detection. Then, we discuss the results of the
simulation based on the equations of motion of the robots
and the physics-based simulation, both of which use the
proposed approach.

6.1 The Downwash Problem

The Crazyflie 2.1 are micro quadrotors that weigh 27
grams. During experiments using MPC-ORCA with spheric
constraints as proposed in Freitas et al. (2023), downwash
scenarios were frequently observed, especially during eva-
sive movements that placed the robots on top of each
other. In these scenarios, the resulting disturbances posed
great risks to the system’s stability.

Figure 2 illustrates a series of frames of a real-world exper-
iment. A pair of robots navigate in opposite directions over
the same curve, a challenging scenario with concurrent
objectives. At 19 seconds, both agents have converged and
navigated over the curve. Then, before collision imminence
at 23 seconds, the evasive maneuver starts, Fig. 3 better
illustrates the resulting movement which positions both
robots one over the other. At 25 seconds, it is noticeable
that the evasion caused a downwash effect. Fortunately, at
the 28-second mark, both robots were able to recover the
path-following behavior. A video is available in https://
youtu.be/S_1i6011uK0?7t=1 for more detail.

6.2 Motion Simulation Results

Our first results regarding the proposed solution seek
to demonstrate its capabilities in crowded scenarios. We
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Figure 3. Top view of the moment where the red robot is
affected by downwash in the real-world scenario.

proposed the same curve as a reference to 8 agents. Figure
4 shows the curve in black, a circle on the xz-plane, chosen
due to its vertical movement-inducing shape. The agents in
blue follow the curve closely during horizontal movements
depicted at the 32-second mark. Then, when approaching
the vertical movements, a bottleneck is observed, and
the agents are forced to distance themselves from the
curve. Finally, the agents were able to resume convergence
to the curve, having avoided collisions and downwash-
inducing positioning throughout the whole movement.
For more detail, vist the viedo at: https://youtu.be/S_
1i6011uK07t=150

)
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(a) 32 seconds (b) 42 seconds

Figure 4. Perspective and top views of the 8 agents motion
simulation, showing no overlap between robots.

6.3 Physics Simulation Results

To demonstrate the applicability of the method, we im-
proved the scenario to simulate downwash effects. Figure
5 shows two pairs of drones assigned to the simulation. In
this simulation, robots follow the same curve (12) while
producing particles that can knock down their neighbors
positioned below. It is worth mentioning that each pair
runs in a different direction of the curve.
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(a) 25 seconds (b) 130 seconds

Figure 5. Timestamps of the path-following task in the
physics-based simulation.

Figure 6 shows the robots positioning around the curve
in black; the pair of blue and red follows the curve in a
counterclockwise direction, and the remaining agents in
the opposite direction. The images show the bottlenecks
during vertical movements. The movement is recorded in
video at: https://youtu.be/S_1i6011uK0?7t=30.

4 4

0

2 S 0l —|
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Yy 22 X(m) Y(m) 2 X(m)

(a) 25 seconds (b) 130 seconds

Figure 6. Perspective view of the path-following task in
the physics-based simulation.

In Figure 7 it is evident that no overlap occurred. In
general, the agents were able to follow the curve closely,
except during times of jamming when avoiding collisions
and overlaps. A video of the complete simulation is avail-
able at: https://youtu.be/S_1i6011uK07t=210.

X(m) 7 X(m)

(a) 25 seconds (b) 130 seconds

Figure 7. Top view of the path-following task in the
physics-based simulation.

7. CONCLUSION

This work addresses the multi-robot safe path-following
problem. To offer safety, the solution tackles downwash
and collision avoidance simultaneously by implementing
2D ORCA constraints in the Distributed MPC problem.
Path-following in its turn is accomplished simultaneously
by many robots by leveraging the Artificial Vector Fields
from Rezende et al. (2021).

Moving forth from Freitas et al. (2023), the downwash
problem was elucidated through a real-world experiment
using two micro quadrotors. The Crazyflie 2.1 lightweight
structure showed susceptibility to disturbances motivating
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our choice of ORCA constraints based on disc-shaped
robots reduced to the horizontal plane.

Our solution offers simplicity, having ruled out the possi-
bility of benefiting from the advantages of more complex
solutions such as Arul and Manocha (2020). On the other
hand, we studied the behavior of the constraints simulated
by Cheng et al. (2017), having extrapolated the path
following by one dimension.

Although simple and effective, the proposed measure has
limitations. Since the occupancy area of a UAV in the com-
putation of the 2D ORCA constraints can be interpreted as
a cylinder with infinite height, dense regions that require
more vertical motion may lead to conservative movements
and push the robots away from the target curve.

For further research, we aim to experiment the proposed
solution in our real robot environment. Also, this work
can be expanded and scaled for swarms of heterogeneous
robots, presenting different sizes and mobility capabilities,
which may require adaptations in the ORCA shared colli-
sion avoidance responsibility policy.
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