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Abstract

Collision Avoidance for Non-Cooperative Multi-Swarm Coverage Control with

Measurement Uncertainty
Karolina Schmidt

The main focus of this thesis is to provide strategies for collision-free motion in multi-swarm
coverage control. Motivated by the diverse use of agent-based systems for various tasks,
the scenario of multiple non-cooperating swarms independently covering a common area is
presented. Using Voronoi tessellation in coverage control, collision-free motion of agents
within the same swarm has been proven before. However, in the case of multiple swarms
following their own objectives, these guarantees do not hold. To address this issue, the Opti-
mal Reciprocal Collision Avoidance (ORCA) method used for safe navigation in multi-agent
scenarios is applied to multi-swarm coverage control. Assuming knowledge regarding the
positions of all agents, the proposed methodology is formally analyzed for planar motion and
validated through Monte Carlo simulations. Subsequently, the collision-avoidance algorithm
is investigated in environments where bounded disturbance measurement uncertainties are
present. To account for these disturbances, an extension of ORCA is proposed. Formal
guarantees are presented for motion without collisions between agents. This is done under
the assumption that the input needed to counteract the disturbance can always be achieved.
The theoretical results are applied to coverage control of multiple non-cooperating swarms

and validated through MATLAB simulations.
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Chapter 1

Introduction

1.1 Motivation

Due to the various tasks that swarms of agents are intended to execute, there is a need for
multiple non-cooperating swarms to independently provide maximum coverage to a common
area. Applications include wildfire management, where search and rescue operations must
be performed simultaneously with fire monitoring and other tasks. Moreover, additional
examples are planetary exploration where swarms belonging to different countries compete
to cover as much terrain as possible, and mobile network coverage for remote areas or places
with temporarily increased network load provided by drones from different companies.

An important consideration to guarantee safe navigation in all of these scenarios, as well
as in other applications, is the avoidance of collisions between agents. This includes the
necessity to compensate for wind when Unmanned Aerial Vehicles (UAVs) are deployed,
or currents when Autonomous Underwater Vehicles (AUVs) are involved. The following

subsections examine the need for coverage control within multiple non-cooperating swarms.



1.1.1 Wildfire Management

In recent years, wildfires have raised concerns within Canada and throughout the world.
In 2023, Canadian forests suffered record-breaking destruction caused by wildfires. The
Internal Displacement Monitoring Centre [5] reports that in that year 43 percent of global
wildfires occurred in Canada. According to the Government of Canada [6] more than 6000
fires affected an area of 15 million hectares, which is more than 4 percent of the country’s
overall forest area ranging over 367 million hectares [7]. A map of wildfire perimeters across

Canada in 2023 is shown in figure 1.1.
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Figure 1.1: Map of wildfire perimeters across Canada in 2023 [1]

Not only do wildfires destroy nature and properties, but they also release large amounts of



greenhouse gases such as carbon dioxide and hazardous pollutants, making them contributors
to climate change and threats to public health [8]. In addition to the hazards posed to
populations, firefighting teams risk their lives to extinguish fires and save their fellows. To
ensure security for individuals and communities while monitoring affected areas, a strong
need for reliable means of assistance arises.

In that sense, the use of Unmanned Aerial Vehicles (UAVs) has gained importance in
recent years. Applications include search and rescue missions to trace missing people, as well
as fire mapping and monitoring. In addition, firefighting systems based on swarms of UAVs
are conceivable. They promise higher deployment speeds than manned aircraft, reduced
limitations due to factors such as visibility and water refueling, and elimination of missions
that threaten pilot lives [9].

In these contexts, it is common for UAVs to work in collaborative units rather than indi-
vidually to pursue a mutual goal. A prevalent example for operations in wildfire management
is the provision of maximum coverage over an area of interest with a swarm of multiple UAVs.
As a result of the various tasks that swarms are intended to execute, a need for multiple
swarms operating within the same area arises. Collision avoidance between agents from the
same swarm as well as different swarms must then be guaranteed. Moreover, since wildfires
commonly occur in remote areas where UAVs are exposed to winds of high intensities, drifts

due to wind and measurement uncertainty must be taken into account.

1.1.2 Planetary Exploration

Space-related competition between countries has been going on since the mid-20"" century,
when the Union of Soviet Socialist Republics launched the first artificial satellite [10]. Besides
the advancement of satellite technologies and missions focusing on human spaceflight, the
exploration of our solar system and beyond plays a crucial role. One component is planetary
exploration. Notable missions are conducted on Mars. These include missions performed by

the US-American National Aeronautics and Space Administration (NASA)’s active rovers



Curiosity and Perserverance and their precursors, as well as NASA’s Mars helicopter Inge-
nuity [11, 12]. A photo of Ingenuity taken by Perserverance on August 2, 2023 is shown in
figure 1.2. Moreover, after their deployment of Mars rover Zhurong the People’s Republic
of China plans to continue the exploration of the red planet in their Tianwen-3 mission in
2028 [13]. A rover called Rosalind Franklin is scheduled to launch in 2028 within the scope

of the European Space Agency’s ExoMars program [14].

Figure 1.2: Photo of Ingenuity taken by Perserverance on August 2, 2023 [2]

Although the above planetary exploration missions are conducted by independent rovers
rather than swarms of vehicles, multi-agent systems represent a promising solution for fu-
ture operations. One potential solution is the concept of so-called Marsbees developed by
researchers from the United States of America and Japan [15]. A Marsbee is a flapping-wing
flyer the size of a bumblebee. In addition to the characteristic that a Marsbee can generate
sufficient lift to hover in Mars’ thin atmosphere, the deployment of multiple Marsbees as a
swarm provides a resilient system and can increase the total area covered within a given time.
Another proposal of a multi-agent system for planetary exploration is the use of two-wheeled
robotic swarms [16].

It is apparent that when multiple swarms of agents operating on the ground or in the

air and belonging to different countries explore a common area, collisions between agents
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must be avoided. Wind or other disturbances, along with measurement uncertainties that

evidently appear in unexplored environments, can complicate this challenge.

1.1.3 Drone-based Mobile Networks

Drone-based Mobile Networks have gained attention in recent years. Especially in rural
and remote areas that are difficult to reach, UAVs promise to be a competitive and cost-
effective alternative to conventional stationary mobile network infrastructure consisting of
cell towers. Similarly, UAVs can provide a simple and flexible solution for mobile coverage
after disaster events such as earthquakes, floods, and wildfires. A crucial factor to increase
the chances of survival of missing people is communication and connectivity between rescuers.
UAVs can quickly establish a flexible network when stationary infrastructure is not available
or destroyed [17]. In recent years, the company Zhongzring Telecommunication Equipment
Corporation (ZTE) has developed and deployed airborne base stations in China to ensure
communication during and after natural disasters [18].

In addition to that, UAVs can provide a simple and effective solution in scenarios where
reinforced network capacity is temporarily needed, for example, during large-scale events.
In February 2025, the first deployment of a UAV acting as a base station in Europe was
performed during the cross-country ski race Jizerskd in the Czech Republic [19].

Although to date most applications used individual agents rather than swarms of multi-
ple UAVs, potential future enhancements include cooperation of multiple agents to jointly
establish stronger networks and increase reliability. To allow maximum coverage of the mo-
bile network, UAVs acting as airborne cell towers must be positioned accordingly. However,
similarly to stationary networks, it is likely that multiple companies will compete to offer
mobile network services within the same area. Therefore, it is crucial for UAVs belonging to
different companies to not collide with each other. Disturbances such as wind cause addi-
tional difficulties. In particular, when UAVs are deployed after natural disasters that involve

storms, winds can reach high intensities and are difficult to predict.



1.2 Literature Survey

1.2.1 Coverage Control

Coverage control has been a widely studied subject during the past two decades. The use of
centroidal Voronoi partitions and proximity graphs for coverage control was first investigated
by Cortés et al. in references [20, 21]. Using Lloyd’s iterative algorithm [22] and gradient
descent methods, a swarm of agents is coordinated to provide maximum coverage for an area.
Furthermore, guarantees for the convergence of the algorithms are studied. Applications of
centroidal Voronoi tessellations are discussed in [23].

Extensions and further advances are proposed, among others, in reference [24] where
energy conservation and efficiency are considered by formulating an optimal control problem.
Reference [25] addresses the same problem for discrete-time systems. Moreover, analytic
expressions for the rate of change of the mass and the location of the center of mass of a
Voronoi cell are introduced in reference [26].

More recent work on coverage control includes the presentation of approaches to avoid
obstacles within the area to be covered. In reference [27], a controller based on control
barrier functions is proposed to restrict the system to maintain a safe state. The authors of
reference [28] present a method using an ant colony algorithm for agents to achieve coverage
of an area while avoiding collisions with static obstacles.

A common feature of the above references is the consideration of one single swarm of
agents working as a team towards a common goal. In reference [29], more than one swarm
of vehicles is incorporated into a multi-agent scenario. However, the objective is multi-agent
formation rather than coverage control. Coverage control using a group of Unmanned Ground
Vehicles along with a swarm of UAVs was considered in reference [30]. The work focuses
on collaboration between the two swarms that cover the given area as a unit. Moreover,
reference [31] investigates the use of more than one swarm of vehicles to cover larger areas in

less time. To achieve this, a leader-follower approach is adopted. Similarly to reference [30],



different swarms jointly work towards a common goal. The division of a unit of robots into
subgroups of similar size that work towards one common goal is studied in [32]. The work
focuses on increasing the regional coverage speed and reducing the moving distances of the
agents.

In practice, uncertainty is an important consideration in control systems of all types. For
coverage control with a single swarm, reference [33] addresses bounded measurement errors in
the positions of the agents. The focus is on the reduction of the effects of the bounded position
measurement errors on the convergence to a configuration that entails optimal coverage of an
area. Reference [34] proposes two variants of the Voronoi tessellation to account for position
uncertainty while avoiding collisions with other agents that are part of the swarm. Reference
[35] presents a leader-follower approach to avoid collisions with obstacles in coverage control
scenarios. The work addresses actuator faults and time-varying uncertainties, but followers
are restricted to stay within the sensing range of the leader, which limits the size of the
area that can be covered. The authors of [35] extend their work in reference [36] using a
controller based on control barrier functions. Specifically, the controller addresses the loss
of controllability due to actuator faults and time-varying disturbances. All of the above

consider one swarm only rather than multiple.

1.2.2 Collision Avoidance with Velocity Obstacles

The velocity obstacles (VO) technique was first introduced in reference [3]. It performs
operations within the velocity space to select maneuvers that lead to avoidance of static
and moving obstacles. Assuming obstacles with constant velocities and directions of motion,
agents select their velocity outside a subset of the velocity space called the Velocity Obstacle
containing all velocities that would result in collision at a future time.

An extension of VO was proposed in reference [37]. To make the method suitable for
multi-agent systems, the authors assumed similar avoidance strategies of the obstacles and

considered their reactive behavior. Further research on the extension and improvement



of VO for multi-agent navigation includes the introduction of truncated collision cones in
reference [38]. An optimization problem is formulated to ensure collision-free motion in multi-
agent situations. Furthermore, the work includes considerations for computational efficiency
through data and thread-level parallelism. The authors of [4] adopted the idea of Velocity
Obstacles in the form of truncated cones and derived a method called Optimal Reciprocal
Collision Avoidance (ORCA). ORCA achieves collision-free motion in multi-agent systems
with independently operating agents by deriving half-spaces of permitted velocities so that a
low-dimensional linear program can be solved to obtain local collision avoidance. A detailed
overview of collision avoidance methods based on VO is given in [39]. Note that the above
references do not consider the effects of disturbances and uncertainties.

Although in general VO methods are not concerned with uncertainties, modifications that
account for deviations and noise have been presented over the years. Reference [40] extends
the original VO method to account for stochastic uncertainties in the position and velocity of
moving obstacles. The approach enlarges the collision cone computed by VO and combines
it with an artificial potential field to include a buffer zone between an agent and an obstacle.
Another approach based on the original VO method that accounts for uncertainties in the
movement of obstacles due to sensor deviations is presented in reference [41]. The authors
use a cost function to determine a collision-free velocity of an agent. Reference [42] presents
a motion planning strategy that bounds the risk of collision in multi-agent systems. The
collision avoidance strategy presented is based on VO and accounts for Gaussian noise in the
system dynamics, model uncertainty, and uncertainty in the initial positions of the agents.

Independent of VO and its extensions, reference [43] presents a control strategy to avoid
collisions between two agents. Bounded uncertainties in the positions of the agents due to
sensing errors are addressed. Moreover, the effects of random wind on collision avoidance

are analyzed in reference [44].



1.3 Contributions

The main contributions of the work presented in this thesis are the following:

1. In Chapter 3, the scenario of multiple non-cooperating swarms that independently
cover a common area is introduced. In contrast to previous work, distinct swarms act
as entirely independent units without explicitly exchanging information. An algorithm
for collision-free motion in Voronoi-based coverage control is proposed based on ORCA.
Although ORCA was introduced in reference [4], to the best of our knowledge, there are
no theorems available in the open literature that prove collision avoidance. In contrast
with the literature, Chapter 3 provides formal guarantees for collision-free motion when

ORCA is used. Monte Carlo simulations validate the results.

2. Chapter 4 addresses the problem introduced in Chapter 3 in the presence of bounded
measurement uncertainties. A methodology is presented that accounts for these pertur-
bations. Formal guarantees for collision avoidance are given under the assumption that
the input needed to counteract disturbances can always be achieved. An algorithm for
coverage control with multiple non-cooperating swarms is then proposed. MATLAB

simulations confirm the validity of the results.

1.4 Thesis Structure

The structure of this thesis is as follows. Chapter 2 introduces preliminary notions and
definitions, including Delaunay graphs and Voronoi tessellation, coverage control and re-
lated work on energy efficiency, as well as the original VO method with its extension called
ORCA. In Chapter 3, the scenario of multiple non-cooperating swarms in coverage control
is presented, along with formal guarantees for collision avoidance using ORCA, and an algo-
rithm that combines multi-swarm coverage control with ORCA to avoid collisions between

agents. Examples and Monte Carlo simulations validate the results. Subsequently, Chapter



4 proposes a methodology for collision-free motion in multi-agent scenarios with bounded
disturbance measurement uncertainties. After analyzing the influences of disturbances on
the motion of an agent, an extended version of ORCA is presented and formalized that
accounts for bounded measurement uncertainties. The proposed methodology is applied
to multi-swarm coverage control in an algorithm. Simulations that validate the results are

shown. Conclusions are drawn in Chapter 5.
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Chapter 2

Mathematical Preliminaries

2.1 Introduction

This chapter summarizes underlying notions as well as definitions introduced in the related
literature. After a brief description of Voronoi tessellation and Delaunay Graphs in section
2.2, some concepts of Voronoi-based coverage control are described in section 2.3 following
[20, 21]. A comprehensive summary is given in [24]. The consideration of energy efficiency
and conservation in coverage control as introduced in [24] is explained in section 2.4. Section
2.5 presents the original VO method as introduced in [3]. The version of VO that this work

is based on, ORCA [4], is summarized in section 2.6.

2.2 Voronoi Tessellation and Delaunay Graphs

Consider n distinct points referred to as generators located within a convex area ). Voronoi
tessellation is obtained by partitioning ) into subsets. Each generator p;,i € {1,...,n} is
associated with one subset called Voronoi cell V;(P),i € {1,...,n}, where P = {py,...,pn} C
(). Voronoi cells take the shape of a convex polytope, where the Lebesgue measure of
the boundaries between Voronoi cells is zero. In a two-dimensional scenario, the boundary

between Voronoi cells corresponding to neighboring generators is defined by a straight line.

11



Figure 2.1: Voronoi tessellation of an area () containing four generators

Each point on the line is equidistant from the locations of the two respective generators. The
partition into Voronoi cells is performed so that the distance from any point ¢ € @ to the
generator of its Voronoi cell is less than or equal to the distance to any other generator p;.
Voronoi tessellation with the generators located at the center of mass of their Voronoi cells
is called a centroidal Voronoi configuration. Figure 2.1 shows an example of a non-centroidal
Voronoi diagram for an area containing four generators.

A Delaunay graph is a proximity graph related to Voronoi tessellation. It is obtained
by connecting neighboring generators. The line connecting two neighboring generators is
perpendicular to the shared boundary of their Voronoi cells. A visualization of a Delaunay
graph is given in figure 2.2. The Delaunay graph is shown in solid black lines. Dashed gray

lines represent the Voronoi tessellation.

2.3 Coverage Control

One field of application of Voronoi tessellation is multi-agent coverage control. Multi-agent
coverage control deals with the problem of deploying a number n of collaborating agents so

that maximum coverage of a given area () is achieved. The positions of the agents are denoted

12



Figure 2.2: Delaunay triangulation (solid black lines) for an area @) with four generators.
Voronoi tessellation is displayed in dashed gray lines.

by X = {z1,...,x,}, where z; € Q,i € {1,...,n}. Then, to obtain a Voronoi tessellation of
@, each agent 7 acts as a generator for its respective Voronoi cell V;. Each point ¢ € @ is

associated with its closest agent which provides coverage at ¢,
Vi(X) ={a € Qlllg — =i < llg — = Va; € X}. (2.1)

Coverage at a point ¢ € ) is inversely proportional to the square of the distance from ¢ to
the agent located closest to ¢, here indicated by i(g). A distance function is described as
[(®itg), @) = ||wigg) — 4 ”. High distance values correspond to a low level of coverage, whereas
low values indicate high coverage.

Moreover, the priority of coverage at ¢ is described by a density function ¢(q). Therefore,

a function that indicates the poorness of coverage over @ is [24],

V(z) = /Q 70 — al*$(a)da, (2.2)

where x = [zy,...,x,] . To maximize overall coverage over @, V(z) is minimized. By

rewriting (2.2) to consider all Voronoi cells V; individually instead of @ as a whole and

13



summing up the results, one obtains

Via) =3 [l = all*dla)s.

The necessary condition for a local minimum of V' (z) is [24]

(9V_ o
b =2 / (2; — q)"é(q)dg

d T
([ ) (- 0
=0.

Note that equation (2.4) contains a term for the mass My, of Voronoi cell V},
My, = / ¢(q)dg,
Vi

and a term for its center of mass C'My,,

Jv a0(a)dqg [, qo(q)dq
C . p— J p— J .
M Jy, #(@)dg My,

Equation (2.4) can therefore be rewritten as

oV
— =2My.(x;: — CMy)' = 0.
o, ‘G(xj VJ)

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

Clearly, this condition holds when x; = C'My;, indicating that agent j is located at the center

of mass of its Voronoi cell V;. With the mass always being positive, the sufficient condition

for a local minimum of V' is satisfied,

0?V
L
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When each agent is located at the center of mass of its Voronoi cell, a centroidal Voronoi
configuration is obtained.

To move each agent towards the center of mass of its Voronoi cell, a commonly used
strategy is Lloyd’s algorithm [22]. Tteratively, agents compute the center of mass of their
Voronoi cells and select velocity vectors pointing in the respective direction. A first order

dynamical model for the closed-loop dynamics of each agent is thus
(2.9)

with u; being the control input of agent ¢ and where k; > 0. Notice that agents slow down
as they get closer to their target position. Using LaSalle’s invariance principle, it can be

concluded that the system converges to a centroidal Voronoi configuration [24].

2.4 Energy-Efficient Coverage Control

The authors of [24] formulate the coverage task as the following optimal control problem,

' Ty i i — dg||* + 7w u; ) d
inf ;(S||/%(I a)6(q)dql| +TUIU) T

u’ule{17’n} 0

(2.10)

The coefficients s; > 0 and r; > 0 weigh the importance of coverage as measured by the

coverage criterion

Mylfas = Ml = | [ (@ = apola)iall (211)

and energy used by each agent, respectively. The authors of reference [24] prove that the

optimal solution to (2.10) that is spatially distributed over Delaunay graphs is

ui = —/si/ri /V(xi —q)9(q)dg. (2.12)
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In this thesis, we will consider the following first order dynamical model for the dynamics of
each agent,
j:i = Uq,
(2.13)
with

In reference [24], using LaSalle’s invariance principle, the authors prove that agents with

dynamics as in (2.13) converge to a centroidal Voronoi configuration.

2.5 Velocity Obstacles

The original method of VO was first introduced in [3]. This section summarizes the concept.
Consider a robot A and an obstacle B, both spherical. The respective positions, as well
as the velocities v4 and vp are assumed to be known. Denoting the radii as 74 and rp,
respectively, A is represented as a point mass /l, while B represents B enlarged by r4. A

collision cone CCy p is then defined as [3]

CCup = {UA,B )AA,B nB # @} , (2.15)

where v4 p = v4 — vp is the relative velocity of A with respect to B , and A4 p is the line of
v4,p passing through A CC 4B is the set of relative velocities between A and B that result
in a collision if both v4 and vy are constant. It has its apex at A and is bounded by two lines
Ay and A, which are tangent to B and pass through A. Relative velocities outside C'C A.B
will not entail a collision. The geometry of C'Cy p is visualized in figure 2.3a.

An equivalent condition is obtained by translating CC4 g by vp to obtain the Velocity
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Figure 2.3: Visualization of (a) Collision Cone CC4 p and (b) Velocity Obstacle VOy p,
adapted from [3]

Obstacle,

VOA,B - CCAB + VB = {C —+ UB |C € CCA’B} . (2.16)

In that case, to avoid collisions A must choose its velocity, so that

va ¢ VOyup. (2.17)

A visual representation of VOy4 p is shown in figure 2.3b. To consider multiple obstacles, the

union of the Velocity Obstacles with respect to each obstacle is computed,

VO =U"VOug, (2.18)

with m being the total number of obstacles. To avoid collisions, A must then choose its new
velocity outside VO,
va & VO. (2.19)
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2.6 Optimal Reciprocal Collision Avoidance

This section summarizes the work presented in reference [4]. Consider two spherical agents

A and B with radii 74 and rg and centered at positions x4 and xg, respectively.

Definition 2.1. A collision between two spherical agents A and B occurs when

|za — 2Bl <7Ta+ 75 (2.20)
Conwversely, the agents do not collide when

|24 — 2Bl > ra+7s. (2.21)

Using ORCA, agent A can compute the so-called Velocity Obstacle of A with respect to
B for time horizon 7, denoted as VO, which is a truncated collision cone in the velocity
space. It is proven in section 3.4 that assuming A and B keep their velocities constant for at
least 7 instants of time, the agents collide if and only if their relative velocity v4 — vp falls

within VO7 5. The Velocity Obstacle VO, is computed as [4]
VO, ={v|3te (0,7]:ve D{(xp—xa)/t,(ra+718)/1)}, (2.22)

where

D(z,r) ={q| llg == <r}. (2.23)

A visualization of VO, 5 is shown in figure 2.4.

Let o7/ and %/ be the desired velocities that A and B aim to follow, respectively, to
meet other potential path planning objectives. To avoid a collision with B, A computes the
shortest vector from

Ugv;f _ Uiref _ U%ref (224)
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Figure 2.4: Geometry of VO, 5, adapted from [4]

pref

‘) Y:]

to the boundary of VO 5, denoted as 0VO’, 5. The resulting vector is denoted as w,
pref (2.25)

w = | argmin Hv — Uup
vEAVOT 5

Assuming that the two agents share the responsibility to avoid collisions with each other, a
half-plane containing velocities that A can adopt so that no collision with B occurs before 7

(2.26)

instants of time is then described as [4]
pref 1
v—|vy "+ Jw))n >0 ¢,

ORCA"z = {v
+w. Note that w and n are parallel

pref
AB

where n is the outward normal vector of VO’ 5 at v
€ VO, and antiparallel otherwise. With B computing its respective half-plane of

pref

if vl
collision-free velocities in a similar manner, the boundary of ORCAF , is parallel to that of

19



ORC A7,z but the corresponding normal vector points in the opposite direction,

Gw—(ﬁ?f—%u)>-(—n)>0}. (2.27)

In multi-agent scenarios with m agents, the set of feasible velocities for A is obtained by

computing a half-plane with respect to each other agent By, ..., B,,_1 and a disc D(0, v'y**),
where v’}'** is the maximum speed achievable by A. Taking the intersection of all half-planes
computed by A and D(0, v’}**) yields

m—1

ORCA7, = D(0,v3*) N (| ORCA,,. (2.28)

=1

Reference [4] specifies that because the velocity obstacle is a truncated cone, for a finite time
horizon 7, the origin of the velocity space always lies outside the velocity obstacle. ORC A’
will therefore not be empty if the desired velocities of all agents are set to zero.

Agent A can then compute a collision-free velocity v}*" as

v = argmin ||v — vy ||, (2.29)
vEORC AT,
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Chapter 3

Multi-Agent Coverage Control with

Non-Cooperating Swarms

3.1 Introduction

In this chapter, the scenario of multiple non-cooperating swarms that independently cover a
common area is introduced. First, section 3.2 outlines the need for suitable collision avoid-
ance strategies for coverage control with multiple swarms. Then, a motivating example is
presented in section 3.3. Formal guarantees for collision avoidance when the ORCA method
is used are derived in section 3.4. Furthermore, the section shows an example that visual-
izes the procedure of ORCA independently of coverage control. Subsequently, section 3.5
investigates how ORCA can be used to avoid collisions in coverage control scenarios with
multiple non-cooperating swarms by proposing a collision avoidance algorithm. Monte Carlo

simulations are presented for a specific example in section 3.6.

3.2 The Need for Collision Avoidance Strategies

Previous work [45] proved that for a single swarm of multiple agents following the Voronoi

partitioning approach, the agents do not collide with each other. The reference assumes that
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the agents are represented as points and move toward the center of mass of their respective
Voronoi cells to cover a convex area. Collisions do not occur because for a convex area all
Voronoi cells take a convex shape. This results in the center of mass of a Voronoi cell always
being within its boundaries. Thus, an agent directly applying its desired control input to
move towards the center of mass of its Voronoi cell will always stay within the respective
boundaries and does not enter the cells of other agents.

However, one limitation of the proof presented in [45] is that it considers the agents as
point masses and neither incorporates their shape nor a safety zone. Moreover, when multiple
non-cooperating swarms operate within a common area to provide coverage, the guarantees
for collision avoidance do not hold anymore. Since Voronoi cells of agents belonging to
different swarms overlap, collisions with agents from other swarms can occur, even if the
agents do not leave the boundaries of their cells. Therefore, a risk of collision is present
during the entire travel time. Furthermore, with the approaches introduced in sections 2.3
and 2.4, it is possible that agents belonging to different swarms aim to take identical final
locations. The example presented in section 3.3 shows a scenario where this is the case. Thus,
it is indispensable to incorporate suitable collision avoidance strategies. Such strategies are

proposed in section 3.5.

3.3 Motivating Example

Example 3.1. A MATLAB simulation that demonstrates an example of the coverage task ex-
ecuted by distinct swarms with different initial positions within a common area is performed.
The density distribution that specifies the importance of coverage over the area is uniform.
No collision avoidance method is incorporated. Notice that since this work considers kine-
matics rather than dynamics with variables such as mass, force, and inertia, all simulations
presented in this thesis are shown with general units of distance and time. Two swarms, each

containing four agents, are placed at the following initial positions:
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Figure 3.1: Trajectories for multi-swarm coverage (a) at time step 1 (b) after 10 time steps
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X S2: Positions

East Position

(d)

(c) after 50 time steps and (d) after 145 time steps.

o Swarm 1 (S1): [(2,1),(2,1.5),(2.5,1),(2.5,1.5)],

o Swarm 2 (52): [(5,6),(5,6.5), (5.5,6), (5.5,6.5)].

Both groups aim to independently cover an area defined by a convex polygon with vertices at
locations [(1,0), (6,0), (8,5), (5,8),(0,4)]. All agents possess a circular safety zone centered
at their respective positions with a radius of 0.2 units. The time step between computations

chosen for this simulation is 0.01 units of time.
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Figure 3.1 shows the results of the simulation. In figure 3.1a, the agents and their safety
zones are shown in their initial positions. The first swarm is represented in red, while the
second swarm is displayed in blue. Figures 3.1b and ¢ show the configuration of the agents as
well as their traveled trajectories after 10 and 50 time steps, respectively. The final positions
and complete trajectories of the agents after convergence to the centers of mass of their
Voronoi cells are illustrated in figure 3.1d. Notice that in figure 3.1d the positions of the
agents from the two swarms coincide, and therefore the red agents are hidden behind the blue
ones. Clearly, the simulation shows a case in which both swarms converge to the same local
optimum of coverage, so that agents from distinct swarms find themselves at identical final

locations. This highlights the need for reliable collision avoidance.

3.4 Formal Guarantees for Collision Avoidance Using ORCA

Although reference [4] introduces a collision avoidance methodology, to the best of our knowl-
edge, there are no theorems and proofs available in the open literature. This section will
therefore establish formal guarantees for collision-free motion when ORCA is used. In addi-

tion, an example demonstrates the procedure followed by ORCA.

Theorem 3.1. Consider two agents A and B traveling with velocities va and vg, respectively.
Assume that both vq and vg are constant for a time horizon 7. Then A and B collide before
7 if and only if

va —vp € VO, (3.1)

where VO, 5 is defined in (2.22) as

VO, ={v|3t e (0,7]:ve D(xg —xa)/t,(ra+rp)/t)}. (3.2)
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Therefore, A and B do not collide if and only if

va —vp € VO, 5.

(3.3)

Proof. We first prove the if statement. The truncated cone of VO, 5 (equation (3.2)) can be

interpreted as

VO, = | D(wp —za)/t,(ra+15)/1).

te(0,7]
When

VAB = Vg — UB € U D((xB - fL‘A)/ta (TA + TB)/t)v
te(0,7]

it is equivalent to say that there is a ¢ € (0, 7| such that
vap € D((xp —xa)/t,(ra+18)/t).
Then,
I(va =vB) = (25 = xa) /Ul < (ra+75)/t.
The positions of A and B at t € (0, 7] are

) = x4 + vat,

5" =xp + vpt.

Solving (3.8) for v4 and vp and inserting into (3.7), yields

(@5 —2a) /t = (25" —wp) /1) = (x5 — 2a)/t]| < (ra+75)/L.

Multiplying by ¢ and simplifying, one obtains

|2 — 25| <ra+rp,

25

(3.4)

(3.5)

(3.6)

(3.8)

(3.9)

(3.10)



which indicates a collision between A and B as described in equation (2.20).

We now prove the only if statement. Note that

vap & | D((xp —xa)/t, (ra+75)/t) (3.11)

te(0,7]

is equivalent to

vap &€ D((xp —xa)/t,(ra+18)/t) (3.12)

for all ¢ € (0, 7]. This implies that

|(va —vp) — (xp —xa) [t]| > (ra+rp)/t. (3.13)

Again, we can solve (3.8) for v4 and vg and insert the results in (3.13). After simplification,

o — 2l > ra + 7, (3.14)
which means that A and B do not collide, as per equation (2.21). O

Example 3.2 illustrates the ORCA concept for a specific scenario. First, the computation
of the velocity obstacles of two agents with respect to each other is shown. The second part
demonstrates the identification of the corresponding half-planes. Finally, the functionality

of the method with more than two agents is demonstrated.

Example 3.2. Consider two agents A and B moving within a common area of ten by ten
meters (figure 3.2). Let A and B be located at the positions x4 = [22]" meters and xp =
8 3]T meters, respectively. Both agents have a radius of r4 = rg = 0.5 meters. Let the goal
position of agent A be at (8,8) meters and that of agent B at (2,8) meters. In this example,
both agents compute their desired velocities as a vector pointing toward their goal position

with the magnitude defined by their mazimum speed of 0.1 meters per second. Therefore, at
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the initial time of the simulation ty = 0 seconds,

W =10.707 0.707)",
Worel = [-0.0768 0.0640]7,
so that
W = [0.1475 0.0067]”

vl = [-0.1475 — 0.0067]" .

The expressions for the velocity obstacles are obtained by inserting the chosen time horizon,
the positions of the agents, and their radii into equation (3.2). For T = 2 seconds, figure 3.3

visualizes the velocity obstacle of A with respect to B (red),

Hte(O,Q]:veD({ﬁl]T 1)},

Ohg =
V AB {U n >t

along with that of B with respect to A (blue),

Hte(O,Q]:veD(M 1)},

O, =
V BA {U n ,t

at to = 0 seconds. Clearly from figure 3.3, the v%;f and v%rjf lie outside VO, and VO,
respectively. Following Theorem 3.1, the agents will therefore not collide within the next 2
seconds, assuming that the desired velocities stay constant for both agents.
In contrast, figure 3.4 shows the locations and relative desired velocities of the agents after
pre pref

35 seconds. Since V7' and v take the same values as at to, so do V55 and v . The

corresponding velocity obstacles

VO, = {v

e (0.2:veD ([0.8364 0.7658]7 1)}

t 't
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Figure 3.2: Example 3.2: Current positions, goal positions, and desired velocities of agents
A and B at the initial time to = 0 seconds
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Figure 3.3: Example 3.2: Velocity obstacles of agents A and B with respect to each other
and relative desired velocities at the initial time ¢y, = 0 seconds

28



v, [m/s]
0 0.1 0.2 03 04 05 06 07 08 09 1

10 1
9 10.9
8 o] [e] 0.8
7 10.7
6 10.6
- 7
E 5 o5 £
> >
4 104
3 103
2 10.2
11 10.1
X Position A O  Goal Position A ——== Desired Velocity A
X Position B O Goal Positon B ——= Desired Velocity B
0 . . . . . . ! . . 0
0 1 2 3 4 5 6 7 8 9 10

x[m]

Figure 3.4: Example 3.2: Current positions, goal positions, and desired velocities of agents
A and B after 36 seconds

Figure 3.5: Example 3.2: Velocity obstacles of agents A and B with respect to each other
and relative velocities after 36 seconds
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and

—0.8364 — 0.7658]" 1) }
t Tt ’

VO%A:{U EItE(O,Q]:vED([

are depicted in figure 3.5. It is clearly visible that the v'y and v fall within VO and
VO34, respectively. Thus, if both agents follow their desired velocities, a collision will occur

within the next 2 seconds.

Theorem 3.2. Consider an agent A moving with velocity v’} € ORC A",z and an agent B

moving with velocity vy € ORC AT 4, both computed as per equation (2.29),

VI = argmin [Jv — V5 ). (3.15)

veEORCAT,

If both v'}*" and vy are constant for a time horizon T, then A and B do not collide before

T,i.€.,

VI T YO (3.16)

Proof. Consider two agents A and B with desired velocities v}/ and v%/*/. The half-plane

of feasible velocities for agent A is the set defined in equation (2.26) whereas the half-plane of
feasible velocities for B is the set defined in equation (2.27). Considering only agents A and

B and using equation (3.15), A and B will choose their new velocities v’ and v}¥" to be the

velocities closest to v%* and v%7*/ contained within ORC' A7, ; and ORC' AT, ,, respectively.
Therefore,
1
Vi = Uiref + F + an, (3.17)
and
v = pfrel S —bn, (3.18)

with a > 0 and b > 0. The new relative velocity of agent A with respect to B is

new __ new new
Ve = v — o (3.19)
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v, [m/s]

(a)

Figure 3.6: Example 3.2: Half-planes of permitted velocities of (a) agent A with respect to

B and (b) agent B with respect to A at the initial time ¢, = 0 seconds

Inserting (3.17) and (3.18) into (3.19) and simplifying yields
new __ , pref _ pref
Vg = ol v+ w4+ (a+b)n.
By definition of w from equation (2.25),

w = | argmin Hv —oiref
veVOT

pref
) —UaB »

this implies that v}%’ is not contained within VO, i.e.
V" — U ¢ VO,

so that no collision occurs according to Theorem 3.1.

(3.20)

(3.21)

(3.22)

Example 3.2 (continued). The half-planes of permitted velocities corresponding to the velocity

obstacles and the desired velocities computed in figures 3.3 and 3.5 are illustrated in figures

3.6 and 3.7, respectively. Figure 3.6a shows the half-plane of permitted velocities of agent A
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Figure 3.7: Example 3.2: Half-planes of permitted velocities of (a) agent A with respect to
B and (b) agent B with respect to A after 35 seconds

with respect to B at the initial time ty = O seconds. Its expression is obtained by inserting

vi’"ef , w (computed using equation (3.21)), and n into equation (2.26),

ORCA",, = {v ‘ (v — [1.4969 0.0674]T) - [-0.9999 0.0023]" > 0} .

In turn, figure 3.6b depicts the half-plane of permitted velocities of agent B with respect to

A at the same instant of time

ORCAL, = {v ‘ (v ~[-1.5031 0.0674]T) [0.9999 — 0.0023]" > 0} ,

where v%ref , w, and n are inserted into equation (2.27). It is evident from figure 3.6 that the

desired velocities of both agents fall within the respective half-planes. The agents do therefore
not need to adapt their velocities to avoid collisions within the next 2 seconds.

On the other hand, the half-planes of permitted velocities after 35 seconds are shown in
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figures 3.7a (agent A with respect to B),
ORC AT, = { ‘ (v — [0.0615 0.0446]T> [-0.3320 —0.9433]" > 0} ,
and 3.7b (agent B with respect to A),
ORCAT,, = { ‘ <v — [~0.0674 0.0901]T> -[0.3320 0.9433]" > 0} .

Clearly from figure 3.7, the desired velocities of the agents do not fall within the corresponding
half-planes. The agents must therefore choose new velocities in the respective half-planes of
permitted velocities to avoid a collision.

new

Theorem 3.3. Consider an agent A and an agent B. Let A adopt any velocity v}
ORCA"z and let B adopt any velocity vy € ORCAL . If v and v are constant for

a time horizon T, then A and B do not collide before T, i.e.,

Vi — " ¢ VO . (3.23)
Proof. Define a velocity p as
p= viref p'ref +w (324)
and a half-plane
m={v|(v—p)-n>0} (3.25)

Then, using equations (3.24) and (3.25) and the definition of w (equation (2.25)) it can be
concluded that

TAVOT, = 0. (3.26)

From (2.26), when choosing a new velocity v € ORC A7,

1
(vfff“’ — ( pref 4 Qw)) ‘n>0 (3.27)
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new

must be fulfilled. Similarly, using (2.27), v} must satisfy

<vgew - <vg“ef - %w)) -(=n) > 0.

Rearranging (3.27) yields

1
v n > (viref + §w> -n.

Moreover, we can rearrange (3.28) to obtain

1
v (—n) > — <v%ref - Ew) M.

Adding (3.29) and (3.30) maintains the validity of the inequality and yields

1
VR n 4oy - (—n) > (vﬁref + §w) ‘n+ (— <v’g€f — =

which can be simplified to

(VY — oY) - > (viref — el 4 w) ‘.

Using equation (3.24), we can rewrite equation (3.32) as

(VY — V) -n > p-n,

which is equivalent to
(V" —vEY —p)-n>0.

Therefore, from (3.25),

v — v e

Using equation (3.26), (3.23) follows.
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Corollary 3.1. Consider m agents operating within the same area and following the ORCA
approach to avoid collisions with each other. Then an agent A choosing its new wvelocity

v € ORCAY, where ORC AT is defined in equation (2.28) as

m—1
ORCA} = D(0,v3**) N (| ORC A%, (3.36)

=1

will not collide with any other agent B;,i € {1,...,m — 1}, before a time horizon T, if vE"

new

ORCAL,, assuming that v;* and vg™ are constant for 7, i.e.,

v — g ¢ VO, Vi€ {1,...,m—1}. (3.37)
Proof. From the definition of ORC' A7y (equation (3.36)), assuming that v’}'** is finite,
ORCA}, C ORCA)p ,Vie {l,..,m —1}. (3.38)

Therefore, v;* € ORC A7 implies that v;* € ORC A}z . From Theorem 3.3, we know that

Vi € ORCAY g and vy™ € ORC AR 4 leads to
v = v ¢ VO, (3.39)

which is (3.37). O
Example 3.2 (continued). Let 4 agents be located as follows,

o A at (5,5) meters with goal position at (1,3) meters,

e By at (8,3) meters with goal position at (2,8) meters,

e By at (2,3) meters with goal position at (8,6) meters,

e Bj at (7,8) meters with goal position at (5,3) meters.
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Figure 3.8: Example 3.2: Current positions, goal positions, and desired velocities of agents
A, B, By, and Bs at the initial time tq = 0 seconds

Figure 3.9: Example 3.2: Half-planes of permitted velocities of agent A with respect to each
of the other agents at the initial time ¢, = 0 seconds
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As before, the agents compute their desired velocities as a vector pointing toward their goal
position with the magnitude defined by the maximum speed which is 0.1 meters per second
for each agent. Figure 3.8 illustrates the scenario at the initial time to = 0 seconds. The

half-planes of permitted velocities for agent A with respect to each other agent are

ORCAY, = {v (v ~0.4759 — 0.6517]T) [-0.6816 0.7318]" > o} ,

ORCA",, = {v (v ~[-0.8255 — 0.2617]T> . [0.9592 0.2827]" > o} ,

ORCAY, = {v (v ~[0.1984 O.7568]T> [-0.3380 — 0.9411]" > 0} ,

and are shown in figure 3.9. Notice that in the figure the label nap, indicates the normal
vector corresponding to half-plane ORCAYyp . Clearly, choosing a wvelocity vector located
within one half-plane does not imply the wvalidity of the new wvelocity with respect to the
other agents. Instead, the new velocity must be part of the intersection of all half-planes of

permitted velocities, which is labeled ORC A’y in figure 3.9.

3.5 Algorithm for Collision-free Coverage Control with Mul-

tiple Swarms

In this section, an algorithm (algorithm 1) to incorporate collision avoidance into Voronoi-
based coverage control is proposed, specifically for the case where multiple non-cooperating

swarms independently aim to cover a shared area. The following assumptions are made:

1. Planar motion of the agents is assumed. For flying vehicles such as UAVs, this corre-

sponds to the scenario where all agents operate at the same constant altitude.
2. All swarms use the same algorithm to cover the area and avoid other vehicles.

3. The computations are executed synchronously for all agents.
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4. Group affiliation, as well as the radius of the circle that defines a safety zone, is known

for each agent.

5. Knowledge regarding the locations of all other agents within the same swarm can be

obtained through communication between vehicles.

6. Knowledge regarding the locations of all agents from other swarms can be obtained

using sensors.

Notice that, considering that agents from different swarms do not collaborate, assumption
6 may seem stringent at first. However, an example of a setup to obtain the positions of
agents from other swarms is the sensing of their distance from multiple agents belonging to
the same swarm. Based on these measurements and respective computations, the locations

of agents from other swarms can be estimated.

Algorithm 1 Computation of a Collision-Free Velocity for an Agent in a Multi-Swarm Cov-
erage Control Scenario

Input: X, Q
Output: 075"
X« update(X)
20 Ty XJ( )7
3. Edges;, Vertices; < voronoi(X;, Q);
4: O My, ; <+ centerOfMass(Edges;(i), Vertices;(i));
5 v pref <— desiredVelocity (C' My, ,, z; 5, ki ;);
6: foralleCXl—{l N} do
T for all T EX[,V(/C,Z) 7é (Z,j),/{?: {1,,m} do
8: Edges,, Vertices, +— voronoi( X, Q);
9: C My, , < centerOfMass(Edges;(k), Vertices(k));
10: el deswedVelomty(C’MVkl,xkl,kkl)
11: VO(” () < velocityObstacle(w; j, Ty,1, 7 gy Tht, T);
12: ORCAY, ;) < halfplane(VOT, ., 75, 071);
13:  end for
4 ORCAJ ) < iz ORCAG ) oy
15: end for
16: ORCA]; < D(0,v/"") N (L' ORCAT, ;, ;
17: S <= newVelomty(ORC’Af );
18: return v
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Algorithm 1 modifies ORCA to incorporate it into Voronoi-based coverage control to
avoid collisions between vehicles belonging to N different swarms. For agents with first-
order dynamics introduced in sections 2.3 and 2.4, the control input is a velocity vector
that an agent 4 aims to adopt. We therefore set v/ = ;. With ORCA operating in the
velocity space, the algorithm uses ORCA to modify the desired control inputs of the agents
and obtain a new collision-free velocity v]'**" for each agent.

The algorithm is executed by each agent individually at each time step. The notation of
z;; and v; ; indicates the position and velocity of the i agent belonging to the j* swarm,
respectively. X stands for a set that contains the positions of all agents, while X; C X
includes only those belonging to swarm j. After updating the positions of all agents including
its own for the current time step (lines 1,2 in algorithm 1), agent i of swarm j computes
the Voronoi tessellation generated by the members of its swarm and calculates the location
of the center of mass of its Voronoi cell (lines 3,4). Subsequently (line 5), the computation
of its desired control input velocity follows. This is done by obeying the coverage control
approach introduced in equation (2.9) and repeated here for convenience

Upref = Uy = ki,j<CMVm - I@j), (340)

i3

where k; ; can be selected as

hij = |2 (3.41)

to obtain the control input described in equation (2.13) that takes energy-efficiency into
account. Note that in this step, the avoidance of potential collisions with other agents is not
yet addressed.

Corrections to the preferred velocity are made using ORCA to avoid collisions with other
agents (lines 6-17). For each swarm, the Voronoi tessellation over the area is computed along
with the centers of mass of the Voronoi cells (lines 8,9). Estimates of the desired velocities

of the agents are obtained using assumption 2 (line 10).
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The truncated Velocity Obstacle cones with respect to the other agents are computed

in line 11. The corresponding half-planes are inferred and intersected with each other and

with a disc of radius v}/ centered at the origin of the velocity space to obtain the set of
permitted velocities (lines 12-16). Finally, agent 4, j chooses its new velocity from the set of
permitted velocities that do not result in collision with other agents (line 17). This is done

using equation (2.29).

3.6 Simulations

To validate the algorithm proposed in section 3.5, simulations with multiple non-cooperating
swarms independently covering a common area were run and are presented in this section.
The section is divided into two parts. First, the setup and results of Monte Carlo simulations
are shown, before a specific example is presented. All simulations are performed in MATLAB
R2019a on a laptop featuring 16 GB of RAM and an Intel Core i7-1255U CPU with base
speed 1.7 GHz.

Consider the same area () as in Example 3.1 with the vertices of the boundaries located
at [(1,0),(6,0),(8,5),(5,8),(0,4)]. To demonstrate that the agents do not collide, when
the proposed algorithm is implemented, Monte Carlo simulations of 100 repetitions were
executed for different initial positions of two swarms, each consisting of four agents. Notice
that all algorithms proposed in this thesis are general for any number of swarms. However,
for simplicity, only simulations with two swarms are presented. Notice also that the swarms
do not need to contain the same number of agents. For all simulations presented in this
thesis, the desired velocity for each agent is computed using equation (2.13) with s;; =
ri; = 1,Vi € {1,...,m},Vj € {1,..., N}. The time step between computations is chosen
to be 0.01 units of time. For collision avoidance, the time horizon 7 is chosen to be one
time step. This implies that the computed Velocity Obstacle cones include all velocities that

result in collision during the next time step. Notice that choosing the time horizon 7 is a
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Monte Carlo Simulation with Various Initial Conditions

»®  S1:Initial Conditions
X S2: Initial Conditions

North Position

0 1 2 3 4 5 6 7 8
East Position

Figure 3.10: Initial positions of agents in Monte Carlo simulations of 100 repetitions

trade-off. On the one hand, choosing a large time horizon means that collision-free motion
can be guaranteed for a long time without recomputation of new velocity obstacles and half-
planes of permitted velocities. However, it is assumed that the agents keep their velocities
constant during the chosen time horizon, which in real-world scenarios may require choosing
a smaller time horizon.

For each repetition of the simulation, the initial locations of the four agents of swarm
1 are randomly chosen from an area Qg1 C () with the vertices of its boundaries at
[(1,0),(6,0),(2.5,6),(0,4)]. Similarly, the initial locations of the four agents of swarm 2
are randomly chosen from an area (Qso C @ that has the vertices of its boundaries at
[(0,6),(8,5),(5,8),(2.5,6)]. This ensures that at the beginning of each repetition of the sim-
ulation, at least one part of Q is not well covered by each swarm. To achieve coverage over

the entirety of (), the trajectories of the agents will therefore be comparatively long. This
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(a)
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()

North Position

North Position

7k S2: Trajectories

S1: Trajectories
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(b)

S1: Trajectories
S2: Trajectories
X S1:Positions
X S2:Positions

0 1 2 3 4 5 6 7 8
East Position

(d)

Figure 3.11: Simulation of coverage control with two non-cooperating swarms with collision
avoidance showing the trajectories and positions of the agents of swarm 1 (S1) and swarm
2 (S2) (a) at the first time step (b) after 10 time steps (c) after 50 time steps (d) after
convergence to their final positions.

increases the likelihood of encounters with agents from the other swarm. It is ensured that
each agent always starts at a collision-free distance from each other agent (at least the sum
of its own and the other agent’s radius) and at a minimum distance from the boundaries of

. All simulated sets of initial positions are visualized in figure 3.10.

In 100 repetitions of the simulation with random initial positions of the agents as de-
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scribed, no collision occurred. An illustration of a specific example is demonstrated in Ex-

ample 3.3.

Example 3.3. This example illustrates the coverage task executed by distinct swarms of four
agents each within a common area using the proposed algorithm, where collision avoidance
1s implemented. Suppose the same conditions as in Fxample 3.1, with a uniform density
distribution over the area with the vertices of its boundary at [(1,0), (6,0), (8,5), (5,8), (0,4)].

The agents of the two swarms are placed at the following positions:
e Swarm 1 (S1): [(2,1),(2,1.5),(2.5,1),(2.5,1.5)],
e Swarm 2 (5§2): [(5,6), (5,6.5),(5.5,6),(5.5,6.5)].

The radii of the safety zones of all agents are 0.2 units. The time step between computations is

chosen to be 0.01 units of time, and the time horizon T is one time step. The desired velocity

—— Agent with initial position (2, 1.5)
14 A

12

10 A

Speed

0 25 50 75 100 125 150 175 200
Time Steps

Figure 3.12: Plot of the speed of the agent initially located at (2, 1.5)
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for each agent is computed using equation (2.13) with s;; = r;; = 1,Vi € {1,...,m},Vj €
{1,...,N}.

The results obtained are depicted in figure 3.11. The agents of both swarms are shown
in their initial locations in figure 3.11a. After 10 time steps (figure 3.11b) and 50 time
steps (figure 3.11c), the trajectories traveled by the agents are still similar to those observed
after the same number of time steps in Fxample 3.1. Notice that despite the trajectories
appearing to cross each other, no collisions occurred. This is because the agents reached
these intersections at different points in time. As the agents approach their final positions
(figure 3.11d), the differences between the simulation without obstacle avoidance in Example
3.1 and the simulations with obstacle avoidance are clearly visible. Instead of reaching the
centers of mass of their Voronoi cells, the agents from different swarms aim to converge to
the same final positions and compete for their respective spots to achieve maximum coverage.
Yet, collisions do not occur, which supports the suitability of the proposed algorithm.

Figure 3.12 visualizes the speed of the agent that is initially located at position (2, 1.5). It
is clearly visible that the agent first moves at high speed and then decelerates as it approaches

the center of mass of its Voronoi cell.
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Chapter 4

Multi-Swarm Coverage Control with
Bounded Disturbance Measurement

Uncertainty

4.1 Introduction

This chapter introduces a collision avoidance methodology for multi-agent systems in the
presence of bounded disturbance measurement uncertainties. First, the uncertainties con-
sidered in this chapter are described and modeled in section 4.2. Section 4.3 introduces the
proposed methodology and formalizes the results through theorems and proofs guaranteeing
collision-free motion. The method is then applied to multi-swarm coverage control as intro-
duced in chapter 3. This is done through an algorithm proposed in section 4.4. MATLAB
simulations showing an example for collision-free motion in multi-swarm coverage control
are presented in section 4.5 to validate the functionality of the proposed collision avoidance

methodology and the corresponding algorithm.
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4.2 Modeling of Disturbances and Measurement Uncertainty

Consider a first-order system where a velocity control input is applied to an agent ¢ operating
in the presence of a disturbance. Denote the velocity of the disturbance at the location of i

as vq(;)(t). Then, the dynamics are

(4.1)

Although technologies exist that measure disturbance velocities at a specific location, un-
certainties in the measurements need to be accounted for. In this work, the measured dis-
turbance velocity at the location of 7 is denoted as vng)as(t). It is described by the real

disturbance velocity plus an additive sensor bias bg(;) and time-dependent noise eq(;) (%),
Vg (8) = vagy(t) + bagy + eaq) (1) (4.2)

It is assumed that an estimate l;d(i) for b4 is available. We will describe the deviation of

Bd(i) from bd(i) as

A~

0ba(i) = bai) = ba)- (4.3)

To obtain an estimate 04(;)(t) for the disturbance velocity based on the measured value and

the estimated sensor bias, let
Dagiy (1) = vy (t) — bag- (4.4)
Inserting vy (¢) as defined in equation (4.2) into equation (4.4) yields

Uiy (t) = vag) () + bagy + eaqiy(t) — bag), (4.5)
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which using equation (4.3) leads to

'Dd(i) (t) = ’Ud(i)(t) —+ 5bd(i) + €d(i) (t)

Let

&d(i) (t) = 0baes) + eag) (t).

It is assumed that

Ea (1) € €:(2),

where

ei(z) = {z|z"Pz < 1}

for some given P = PT > 0 and z = [v, v, 1]7.

Equations (4.6) and (4.7) yield

Daga) (1) = va (1) + Eagay (1)-
Solving (4.10) for &u(t) yields

Eai) (1) = Dagiy(t) — vay(t).

pref
i

Given a desired velocity v

(4.6)

(4.10)

(4.11)

that is to be adopted, we will now design a velocity con-

trol input w; that counteracts external disturbances based on their bounds. Assuming that

sufficient control input to counteract these disturbances can always be achieved, consider
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Inserting (4.12) into (4.1), we obtain
v; = Ug)ref + Ud(i)(t) — @d(i) (t) (413)

Using (4.11) and (4.13),

Vi = Ufwef — gd(z) (t) (4].4)

The next section will address the effects of £;;)(t) by computing a new collision-free

velocity o7 based on v*"* and ;.

4.3 Collision Avoidance with Measurement Uncertainty

In this section, a modification of the ORCA methodology is introduced to account for
bounded disturbance measurement uncertainty and guarantee collision-free motion. As in
the previous chapter, we will use the alphabet to identify agents, i.e., i = A, B, ..., to be
consistent with the notation used in reference [4] as presented in section 2.6.

Assume that the disturbance velocity field across an area is measured and communicated
to all agents moving within the area. The velocity obstacle VO 5 is computed by equation

(2.22) and repeated here for convenience,
VO, ={v|3te(0,7]:ve D((xg—xa)/t,(ra+rp)/t)}. (4.15)

Subsequently, the desired relative velocity of agent A with respect to agent B is calculated

as

el = yprel el (4.16)

When disturbance measurement uncertainty is present, the ellipses bounding the uncertainty
at the locations where agents A and B are located are €4 and ep, respectively, and are

described by (4.9). In that case, unlike the original ORCA approach, it is not sufficient that
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v be outside VO, 5. Instead, the Minkowski sum of e4 and £ is computed as

sum

€AB —€A+6B—{77A+773|77A € €A, NB 683},

and the resulting set £%%" is translated by v/, which yields

~sum sum pref
EAB = €A T Uup -

(4.17)

(4.18)

A visual representation of € 4 with semi-major axis 2.5, semi-minor axis 0.8, angle of rotation

15°, ep with semi-major axis 1.8, semi-minor axis 1, angle of rotation 155°; and %" is shown

in figure 4.1 for o575 = [-3 3]T

Figure 4.1: Visualization of €4, €p, and esum
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Theorem 4.1. Assume that the constraint (4.8) is satisfied for both Eyay and &ypy. If the
agents A and B apply control inputs us and ug as defined in equation (4.12) with i replaced

by A and B, respectively, based on given desired velocities viref and vl el then
Vg —vp € ST, (4.19)

where v4 and vp are given by equation (4.14) with i replaced by A and B, respectively.

Proof. From equation (4.14) with i replaced by A and B, respectively, we can write

Va = Uf;ref - fd(A)7

(4.20)
Up = v%“f fd(B)-
Subtracting vp from v, yields
_ __ pref _ P ref 4 21
va—vp=vy " —&a — &) (4.21)
which using equation (4.16) can be rewritten as
va —vp = —Eay + Lamy + V05 (4.22)
Since &ya) € €4 and () € ep from equation (4.8),
—&aca) + &a) € —€a + €8, (4.23)
where
—e4=¢y (4.24)
due to €4 being symmetric about the origin. Adding v%5 "/ on both sides, we obtain
—fd +§d(B +UABf € —€A+€B—|-Upref. (425)
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Therefore, from equation (4.22) and (4.25),

vq — v € —5A+5B+v%§f. (4.26)

Using (4.24) allows us to rewrite equation (4.26) as

V4 — UB €5A+5B+v%§f. (4.27)

Equations (4.17), (4.18), and (4.27) yield (4.19). O

Corollary 4.1. Let A and B apply their control inputs us and ug as defined in equation

.12) with i replaced by A and B, respectively, based on given desired velocities v°"¢ and
(4 D y , Tesp Y, g A

pre
Up

(4.8) is satisfied for both Eqay and Eqpy. Then A and B will not collide before T units of

I Assume that viref and v%ref are constant for a time horizon T and that the constraint

time if

= AYVOT, = 0. (4.28)

Proof. Using Theorem 4.1 we know that
vA —vp € 5. (4.29)
Moreover, Theorem 3.1 states that a collision between A and B happens if and only if
va —vp € VO . (4.30)
Thus, no collision occurs if and only if
va —vg ¢ VO, (4.31)
which is the case when (4.28) is satisfied. O
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Define

p = argmin Hv — o (4.32)
vedVO) 5
and let n be the outward normal vector of 0VO’, 5 at p. Define
d=p—od. (4.33)
Then d and n are collinear, i.e.,
d|nLovOyg. (4.34)
Let
m={v|(v—p)-n>0}. (4.35)
Then
TNYVO, 5 = 0. (4.36)

As a result of Corollary 4.1, we determine a vector w that translates %" outside of

VO 5. Using (4.36) this is achieved by translating %4 into m. We therefore solve

argmin |||
w=| * , (4.37)

st. (57 +w) en

or, equivalently,

w=|[(p—2x) n] n, (4.38)

where

minn’ x
= . (4.39)
s.t.r € ey
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v

Figure 4.2: Visualization of m

Theorem 4.2. ([}6], page 46) Suppose C' and D are nonempty disjoint convez sets, i.e.,
CND=0. Then there exist a # 0 and b such that a¥x < b for all x € C and a¥z > b for
all x € D. In other words, the affine function a™x — b is nonpositive on C' and nonnegative
on D. The hyperplane {:c |aT33 = b} is called a separating hyperplane for the sets C' and D,

or is said to separate the sets C' and D.

Note that 7 is the upper half-space of the hyperplane that separates 55" + w from
VO’ . A visualization of w is given in figure 4.2. The translation vector w is then used to
define ORC A7, 3 by equation (2.26). After obtaining the half-planes with respect to all other
agents, A computes a set of collision-free velocities as in equation (2.28). The new velocity

is obtained using equation (2.29).
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Theorem 4.3. Let A and B apply their control inputs uy and ug as defined in equation
(4.12) with i replaced by A and B, respectively, based on given velocities v’} € ORC AT
and viE* € ORCAY ,, where ORC A"y is computed as

(v — (vg’”ef + %w)) ‘n > o} : (4.40)

ORCAT, = {v

and ORC A%, is computed as

ORCAT,, = {v

(v - <vg’“€f — %w)) - (=n) > 0} : (4.41)

with w as defined in equation (4.37) and where n is the outward normal vector of OVOY 5 at

pref
HU —UaB

p = argmin (4.42)

vedVOy

Assume that v} and VY are constant for a time horizon T and that the constraint (4.8)

is satisfied for both g ay and {qpy. Then A and B do not collide before 7, i.e.,

vy —vg &€ VO 5. (4.43)

new pref new

el replaced by v and v 2! replaced by v,

Proof. Using equation (4.20) with v/}

Vpg = Uzew — fd(A) (4.44)
and
VB = U%ew - gd(B)- (445)

Choosing new velocities v € ORC A",z (equation (4.40)) and vjx* € ORC AT, (equation

1
(vf}f”’ — (vﬁmf + 511})) n>0 (4.46)

o4

(4.41)) must satisfy



and

<ugf’w - <ug’”ef - %w)) - (—=n) > 0. (4.47)

Solving (4.44) and (4.45) for v}** and vj¥", respectively, and inserting them in (4.46) and
(4.47) yields

1
(UA + &aga) — (Uiref + §w)) >0 (4.48)

and

(ve + 6 = (577 = ) ) - (-m) >0 (4.9

Adding (4.48) and (4.49) gives
(vA — vp + Eaa) — Eamy — VR + o - w) -n > 0. (4.50)
Using (4.16) then yields

<UA —vp + &a) — SaB) — - w> -n >0, (4.51)

Define
e=w—d, (4.52)
where w is defined in (4.38) and d is defined in (4.33). Using equations (4.33) and (4.52),

(4.51) can be rewritten as

(UA —vp + &y — &am) — (P + e)) -n > 0. (4.53)

Rearranging yields
(UA—UB—p) -n > (e—fd(A) +£d(B)) ‘. (4.54)
From (4.34), (4.38), and (4.52)

e=kn, k>0. (4.55)
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Therefore, since VO 5 is a closed set while 7 is an open set,

e-n=le| >0. (4.56)
Due to symmetry of €4 and ¢p,
eatl —ea—ep=ca+(—cp) =ea+ep =i, (4.57)

where 54" is defined in (4.17).
Define an orthogonal coordinate system with origin at v 5 +w and with its primary axis
along n, and consider the coordinate of {4y — £a(p) along this axis, i.e., (y4) — &um)) - 1

Then there are two cases,
L. (&qa) — &amy) - <0,
2. (aay — &amy) - > 0.

Using (4.56), for case 1 we can conclude that

el =e-n > (&aa) — Eam)) - - (4.58)

We will now prove by contradiction that this result still stands for case 2. To that aim,
sum

we first notice that, due to the symmetry of €%, for any {g4) — {4(p) in case 2 there is a

corresponding point §;p) — £a(a) With negative coordinate along n, i.e.,

(fd(B) - fd(A)) ‘n = —(fd(A) — fd(B)) -n < 0. (4.59)

Assume that there are j ) and & p) in case 2 such that (4 — &) - n > ]l Then,
this would imply that & ) — &4 € VO’ 5 and therefore &m) — Sam) ¢ 7, which violates

the constraint in (4.37). Note that the constraint in (4.37) is on %" + w, which is a shifted
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version of €%'%". From case 1 and case 2 we can conclude that

e-n > (gd(A) — gd(B)) ‘M. (460)

Rearranging equation (4.60) yields

(6 — Sd(A) + gd(B)) -n > 0. (4.61)

Using equations (4.54) and (4.61) leads to

(va—vp—p)-n>0, (4.62)

From (4.62) and (4.35),
v4 —vp € T. (4.63)
Then, using equation (4.36) we conclude that (4.43) is satisfied. O

Corollary 4.2. Consider m agents A, By, ..., B,,_1 operating within the same area. Let A

choose its new velocity v’y € ORCAY,, where
VA = Uzew - fd(A) (464)

and ORC A7, is defined in equation (2.28) and repeated here for convenience,

m—1

ORCA}, = D(0,03*) N (| ORCAp,, (4.65)
=1

with ORC A7 . computed using w as defined in equation (4.37) and where n is the outward

normal vector of OV’ 5 at

— ; pref
p = argmin Hv — Uyp

vedVOy g

(4.66)

new new

Then assuming that v and vig™" are constant for a time horizon T and that the constraint
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(4.8) is satisfied for both qay and Eyp,), A will not collide with any other agent B;,i €

{1,...,m — 1} that chooses a new velocity v € ORCAL 4, i.e.,
vg —vp, § VOp ,Viec{l,..,m—1}, (4.67)
where

vp, = Vg, — &a(B,)- (4.68)

Proof. From the definition of ORC' A"y (equation (4.65)), assuming that v’}'** is finite,
ORCA} C ORCA}p,Vie{l,..,m—1}. (4.69)

Therefore, v;* € ORC A7 implies that v;*” € ORC A} 5 . From Theorem 4.3, we know that

Vi € ORCAT . and v € ORCAG, 4 leads to (4.67). O

4.4 Algorithm for Collision-free Multi-Swarm Coverage Con-
trol with Uncertainty

The proposed algorithm to use the method proposed in 4.3 for collision-free multi-swarm
coverage control with bounded disturbance measurement uncertainties is shown in table 2.
The set D contains the disturbance measurements. We adopt the same notation and make

the same assumptions as in section 3.5:

1. Planar motion of the agents is assumed. For flying vehicles such as UAVs, this corre-

sponds to the scenario where all agents operate at the same constant altitude.
2. All swarms use the same algorithm to cover the area and avoid other vehicles.

3. The computations are executed synchronously for all agents.
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4. Group affiliation, as well as the radius of the circle that defines a safety zone, is known

for each agent.

5. Knowledge regarding the locations of all other agents within the same swarm can be

obtained through communication between vehicles.

6. Knowledge regarding the locations of all agents from other swarms can be obtained

using sensors.

7. The input needed to counteract disturbances can always be achieved.

Algorithm 2 Computation of a Collision-Free Control Input for an Agent in a Multi-Swarm
Coverage Control Scenario

Input: X,Q,D
Output: u;5"

1. X,D + update(X D);

20 Ty XJ( )7

3. Edges;, Vertices; < voronoi(X;, Q);

4: CMy, ; + CenterOfMaSS(Edgesj( ), Vertices;(i));

5: pref < desiredVelocity(C' My, ,, z; 5, ki ;);

6: vd(m) + estimateDisturbances(D);

7. forall X; C X, I={1,...., N} do

8:  Edges;, Vertices; « voronoi(X;, Q);

9:  for all x; € X;,V (k1) # (i,j),k={1,...,m} do
10: C My, , < centerOfMass(Edges;(k), Vertices(k));
11: f)zrff < desiredVelocity (C' My, ,, 74, ke);

12: VO(ZJ)(M) « velocityObstacle(x; j, Tk, 7ij, Tk, T);

gy el — o

14: €i,j> €k uncertaintyEllipses(£ag.j), agr));

15: EGMhr) € Eig T Eng + v?re)f(k 0

16: ORCA[, s < halfplane(VOG, ;)

17: gsum —C gprel
(i) kD) Vig) (k) )3

18: ORCAJ, ) < N, ORCA[ jy iy

19:  end for

20 ORCA7; + D(0,v7%*) N5, ORCAT, ;)

21: end for

22: VIS neWVelomty(ORCAzj);

23: u”jw — 05" — Va(i

24: return unew
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As mentioned previously, assumption 6 can be achieved, for example, by using multiple
agents within the same swarm to sense their distance to an agent that belongs to another
swarm and doing respective computations.

In lines 1 and 2 of the algorithm, the positions of the agents and the disturbance mea-
surements across the area are updated. The Voronoi tessellation, as well as the centers of
mass of the Voronoi cells, are computed in lines 3 and 4. Subsequently, the agent 4, j that
executes the algorithm determines its desired velocity using the coverage control strategy
(equation (2.9) or (2.13)) and estimates the velocity of the disturbance at its location using
equation (4.4) (lines 5,6). In lines 7-21, the agent calculates its set of feasible velocities
considering all other agents. More specifically, for each swarm, after computing the edges
and vertices of the respective Voronoi cells in line 9, the centers of mass of the Voronoi cells
(equation (2.6)) are computed in line 10. Furthermore, the desired velocity of each agent
is estimated using coverage control methods such as equations (2.9) and (2.13) (line 11).
Subsequently, the velocity obstacle of agent 7, j with respect to each other agent is obtained
following equation (4.15) (line 12). The relative velocity between 7, j and each other agent
is then determined (line 13), before their uncertainty ellipses are computed (equation (4.9))
along with the translated Minkowski sum as defined in equation (4.18) in lines 14 and 15.
Consequently, the half-plane ORCAY, ;) ) is calculated (equation (4.40)), and the set of
feasible velocities is obtained by intersecting the half-planes with respect to all agents (lines
16-20). Finally (lines 22, 23)), agent i, j computes its new velocity (equation (2.29)), along

with a new control input.

4.5 Simulations

This section presents simulations to validate the proposed methodology and algorithm intro-
duced in sections 4.3 and 4.4, respectively. As in chapter 3, the simulations were performed

in MATLAB R2019a on a laptop possessing 16 GB of RAM as well as an Intel Core i7-1255U
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CPU with base speed 1.7 GHz.

For all simulations, the same area () as in Examples 3.1 and 3.3 is considered, whose
boundary has its vertices at [(1,0), (6,0),(8,5),(5,8),(0,4)]. Simulations were executed for
two non-cooperating swarms aiming to provide coverage to a common area. Each swarm
consists of four agents that start at different sets of initial conditions. Again, notice that all
algorithms proposed in this thesis are general for any number of swarms. For simplicity, only
simulations with two swarms are presented. Moreover, the swarms do not need to contain
the same number of agents.

In contrast to Example 3.3, the area is subject to a field of disturbance. For the sim-
ulations, we assume that measurements of the disturbance at each point within @) as well
as an estimate of the bias are available. Uncertainty is described by a bounded ellipse.
The agents compute their desired velocities using equation (2.13) with s;; = r;; = 1,Vi €
{1,...,m},¥j € {1,..., N}. The time horizon 7 chosen for collision avoidance is one time step.
The results obtained for one specific combination of the wind field and the initial positions

of the agents is presented in Example 4.1.

Example 4.1. In this example, two independent swarms, each consisting of four agents, exe-
cute the coverage task within a common area where disturbance is present. Collision avoid-
ance is implemented using the methodology and algorithm presented in sections 4.3 and 4.4,
respectively. Consider the same area with uniform density distribution and the same condi-

tions as in FExamples 3.1 and 3.3. The agents are placed at the following initial positions:
e Swarm 1 (S1): [(2,1),(2,1.5),(2.5,1),(2.5,1.5)],
e Swarm 2 (5§2): [(5,6), (5,6.5),(5.5,6),(5.5,6.5)].

The radii of the safety zones of all agents are 0.2 units. Similarly to Example 3.3, the time
step between computations is chosen to be 0.01 units of time, and the time horizon T is one
time step. As before, the desired velocity for each agent is computed using equation (2.13)

with Sij = Tij = ].,\V/Z S {]_, ,m} ,VJ € {]_, ,N}
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Figure 4.3: Simulation of coverage control with two non-cooperating swarms moving in a
non-uniform wind field showing the trajectories and positions of the agents of swarm 1 (S1)
and swarm 2 (S2) (a) at the first time step (b) after 10 time steps (c) after 50 time steps (d)
after convergence to their final positions.

Different from the previous examples, a non-uniform velocity disturbance field is present.
While the direction of all disturbances is 30 degrees, as measured from the east axis, the
magnitude of the disturbance speed vqu)(x,y) increases linearly towards the east and north,
and for this simulation, it is defined by the following function: vquy(z,y) = 0.05(x +y)+0.1,

where x represents the east position and y represents the north position. Regarding the
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measurements of the disturbances, the estimate of the bias depends on the disturbance speed,
l;d(i) = 0.0lvd(i). (470)

Similarly, the semi-major azis a; of the uncertainty ellipse depends on the speed of distur-
bance,

a1 = (0.05 ||vae||) /2, (4.71)

and aligns with the direction of the disturbance. The perpendicular semi-minor axis as is
az = (0.02 [Jvae ||) /2. (4.72)

The positions and trajectories of the agents can be seen in figure 4.3. The agents are
depicted at their initial positions in figure 4.3a. Figures 4.3b and 4.3c show the agents’
positions and trajectories after 10 and 50 time steps, respectively. Moreover, the agents are
displayed after convergence to their final positions in figure 4.3d, along with the trajectories
traveled. It can be seen that the agents do not collide with each other and that they converge to
similar positions as in Example 3.3. Another interesting observation is that the trajectories
traveled by the agents are similar to those traveled in Fxample 3.3. This supports that using
the proposed collision avoidance methodology and algorithm does not significantly influence
the trajectories unless necessary for collision avoidance.

In summary, the results show that the proposed method guarantees collision-free motion
i multi-swarm coverage control scenarios. This does not only apply to environments without
disturbances, but also to the case where disturbances are present and measurements of those
disturbances are subject to noise. No major differences between the trajectories taken by
agents in both scenarios are wvisible, which suggests that, compared to the example without
disturbance, the proposed methodology does not have a negative impact on the quality of

coverage achieved by each swarm.
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Chapter 5

Conclusions and Future Work

5.1 Summary

This thesis analyzed the problem of coverage control with multiple non-cooperating swarms.
The work shows that multi-swarm coverage control is a promising solution for applications
including wildfire mitigation, planetary exploration, and mobile coverage, where swarms of
multiple agents operate within a shared area. Playing an important role for safe operation in
such scenarios, collision avoidance can be achieved, for example, through methods based on
ORCA [4]. Despite pairs of agents from different swarms moving to similar desired locations,
the methodologies proposed in this thesis guarantee collision-free motion for agents involved
in the coverage task. This applies to both disturbance-free environments as well as areas
where disturbances such as wind are present, and when their measurements include noise.
Depending on the control architecture, computational performance may become a challenge
in multi-swarm coverage control as the number of agents operating within the same area
increases. In contrast, a possibility to increase the energy efficiency of the agents involved
in the task that has not been addressed in this thesis is the use of disturbances to reduce
the energy consumption. These and other considerations lead to the following ideas for

extensions that build on the results presented in this thesis:
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Extension to three-dimensional scenarios,

Development of strategies to increase computational efficiency,

Incorporation of non-uniform density distributions over the area to be covered,

Extension to account for uncertainty in both positions and velocities of the agents at

the same time,

Taking advantage of external disturbances such as wind to increase the energy efficiency

of the agents,

Application of the proposed collision avoidance methodology with bounded disturbance

uncertainty to scenarios independent of coverage control.
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