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ABSTRACT OF DISSERTATION

ADVANCES IN MULTI-AGENT FLOCKING:
CONTINUOUS-TIME AND DISCRETE-TIME ALGORITHMS

We present multi-agent control methods that address flocking in continuous-time and
discrete-time settings. The method is decentralized, that is, each agents controller
relies on local sensing to determine the relative positions and velocities of nearby
agents. In the continuous-time setting, each agent has double-integrator dynamics. In
the discrete-time setting, each agent has the discrete-time double-integrator dynamics
obtained by sampling the continuous-time double integrator and applying a zero-order
hold on the control input. We demonstrate using analysis, numerical simulations,
and experimental demonstrations that agents using the flocking methods converge to
flocking formations and follow the centralized leader (if applicable).
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Chapter 1 Introduction and Motivation

A simple look around the world demonstrates that there is a multitude of life
interacting with one another from the smallest bacteria to the largest whale. No
animal lives in isolation from one another, and in fact, all life is interconnected. In
the sciences, much attention has been paid to the study of a single animal. From this
important work we have gleaned major insights into the anatomy, physiology, and
psychology of all living beings. By studying how animals move and work, biology has
given us not only insight into how nature does things but also inspiration to do it for
ourselves. We watch flying birds and swimming fish, coveting the abilities ourselves.
While all this knowledge is beautiful and worth studying, there comes a point when a
single fish becomes humdrum and a single bird mundane.

At this point, we become keenly aware, however, that animals do not live in
isolation. Indeed, animals depend on one another, whether predator or prey, big or
small. Humans also depend on one another as well as machines to perform tasks. And
why do we depend on each other? Because our ambitions are bigger than any one
person. Thus, we need to study how animals, humans, machines, satellites, and other
single agents can work together.

Example multi-agent systems include animal behavior [2], economic markets [3],
reputation systems on websites such as Amazon or Ebay [4], biological systems [5],
and computer networks [6]. With reputation systems, people read others’ experiences
buying from a seller and determine whether a seller is trustworthy or not. Other
examples of multi-agents systems include sports teams designing game plans that
accentuate their teams’ strengths while exploiting the opponent’s weaknesses, dancers
and performers performing dangerous stunts and expecting their partners to help
them land safely, employees obeying their boss’” decisions, and solving a distributed
consensus problem efficiently |7].

Multi-agent systems for vehicles have many exciting applications related such as
distributed sensing, formation flying, cooperative surveillance, and point-to-point mail
delivery. For example, autonomous aircraft or spacecraft can fly in formations for
distributed sensing [8-10]. Coordinated aircraft could be used in a forest-fire scenario
to measure wind velocities and thus, predict fire movement. In the agricultural
industry, coordinated aircraft could conduct crop surveys. All of these applications
require decentralized methods for coordinating and controlling groups of autonomous
agents |L11].

Problems in multi-agent systems utilize multiple decision-making agents that may
either cooperate or compete with one another. A didactic multi-agent example is the
prisoner’s dilemma in which 2 criminals commit a crime together but are caught soon



after [12]. The police put the criminals into 2 separate rooms, where they attempt to
elicit information from each criminal about the other. Three outcomes can occur: (1)
if neither criminal incriminates the other, then they both serve 1 year; (2) if only one
criminal incriminates the other, then that criminal receives no penalty while the other
serves 3 years; and (3) if both criminals incriminate the other, then they both serve 2
years. Neither criminal is allowed to know what the other chooses before making their
own decision. Thus, each criminal decides what’s in their best interest with limited
information.

The prisoner’s dilemma illustrates several pivotal aspects of multi-agent systems.
Each agent (criminal) makes its own decision independent of the other. However, the
consequence of that decision affects both. In addition, each agent bases their decision
on limited information, which means that agents may make a bad choice from the
viewpoint of someone with more knowledge.

The focus of this dissertation is cooperative control, which is a subset of multi-
agent systems, where agents work together to achieve goals that may be difficult or
impossible for a single agent to achieve. Three examples of cooperative control systems
are RoboCup, complex structures, and the point-to-point passenger transport problem.
RoboCup competitors design teams of robots that play one another in soccer [13]. In
this case, the environment is dynamic, states change in real time, agents do not have
incomplete information, robots sense the environment, and each robot uses its own
control, that is, this is a distributed control problem [13].

Building complex structures is another application of cooperative control. For
example, a group of robots build a house together. Each robot uses a master set
of instructions and determine its own list of tasks, which could include grabbing
more materials, helping another robot carry a heavy beam, or holding a beam while
another robot secures it. Because robots do not require an atmosphere and other harsh
environments, such as those with high solar radiation, humans can rely on robots to
help us colonize Mars or other planets. For example, robots can prepare sites on Mars
before humans arrive or perform maintenance and repairs on equipment that may be
difficult for a human to reach or fix [14].

In point-to-point passenger-transport problems, a large number of people in dis-
tributed locations need to be transported to a set of distributed destinations. We
consider 2 approaches: a single large bus, and multiple smaller buses. Using a single
bus big enough to transport all the passengers, the bus has to visit every passenger
and every destination, which takes a long time even with an efficient route plan.
Moreover, if the bus breaks down, then nobody gets to their destination. Using
multiple smaller buses, each bus picks up fewer people at a time and transports them
to their destinations in a timely manner. Moreover, if one bus breaks down, then
the remaining buses can pick up the slack. Thus, by using multiple, smaller vehicles,
people reach their destination quicker, and the transportation system does not stop
when a vehicle breaks down.

In this dissertation, we focus on formation-control algorithms, which induce con-
figurations of agents that are beneficial to the group in some way. For example, one
car may draft off the car ahead of it to reduce wind resistance and save energy, and
additional cars drafting in a line leads to platoons of vehicles |15]. Flocking algorithms



derive their name from groups of birds that fly together in a giant cluster or a specific
formation such as a “V”. Flocking algorithms generalize birds to a broad range of
vehicles such as cars, rotorcraft, aircraft, underwater vehicles, and spacecraft, and
force vehicles to move into a desired configuration. The three characteristics of flocking
are collision avoidance, velocity consensus, and cohesion [16]. Collision avoidance
prevents birds colliding with one another. Velocity consensus causes the birds to fly
at the same velocity as one another, and cohesion causes birds to be close to another.
Flocking algorithms induce formations of vehicles in which the vehicles do not collide,
maintain desired inter-agent distance, and have the same velocity.

1.1 Literature Review

Two papers in particular sparked the revolution in multi-agent formation control.
In [17], agents have discrete-time dynamics with position-like and velocity-like states.
Furthermore, the velocity-like state has constant magnitude, and the heading is
updated using the average heading of nearby agents. In this case, agents approach
the same heading angle using feedback of neighboring agents’ heading angles. In [16],
agents follow the rules of flocking: collision avoidance, velocity matching, and flock
centering (staying near other agents).

For coordinated control, each agent relies on sensing to determine the relative
positions and velocities of nearby agents. Then, each agent uses these measurements
combined with other information to accomplish tasks, which can include: cohesion,
collision avoidance, velocity matching, and guidance. Cohesion attracts an agent to
nearby agents, whereas collision avoidance repels an agent from nearby agents or
obstacles. Velocity matching causes nearby agents to approach a consensus velocity,
and guidance causes an agent or agents to follow a leader agent or approach a desired
destination.

Cohesion and collision avoidance are often addressed simultaneously. Two common
cohesion methods are position-formation methods [18-20] and distance-formation meth-
ods [1L)21-28]. A survey of formation methods is presented in [29]. Position-formation
approaches force agents into a configuration by designing desired relative positions
between pairs of agents. These approaches require prescribing the desired formation
a priori and may be implemented using a linear control. Figure demonstrates a
configuration based on a position-formation cohesion method.

In contrast, distance-formation methods induce a configuration using only a desired
distance between adjacent agents. In this case, the agents autonomously determine
their configuration based on the desired interagent distance and initial conditions.
Distance-formation approaches do not require prescribing the configuration a priori
and are typically implemented with nonlinear controls. Figure demonstrates a
configuration based on a distance-formation cohesion method. The distance between
all pairs of adjacent agents, that is, agents that are connected by a line, is the same.
Note that in contrast to the position-formation configuration in Figure the agents
in Figure are not labeled because the configuration depends on initial conditions.

A common approach for distance formation is to use potential functions that create
attractive forces when nearby agents are too far away and repulsive forces when nearby



Figure 1.1: A configuration of 7 agents based on a position-formation cohesion
method. The ith agent’s position is ¢;, and the dashed line denotes that agents can
sense one another.

agents are too close [1,21-27]. Potential functions are typically designed so that
the potential decreases with respect to time and so that the minimum values of the
potential have desired properties. For example, in formation control the minimum
value often corresponds to the desired formation. Potential functions can also be
designed for destination seeking [30], collision avoidance [1,8}22,24-27},30-32], and
maintaining communication [26]. In [26], if agents are less than a certain distance
apart, then the potential function is infinity. In this case, since the potential function
is designed to be nonincreasing, it follows that for any initial condition such that
the potential function is finite, the distance between agents is always lower bounded,
which prevents collisions. Similarly, if agents are greater than a certain distance apart,
then the potential function is infinity, which ensures cohesion. However, in this case,
the gradient of the potential function, which is often in the control, may be unbounded
so implementing this control may not be practical.

Potential functions that create attractive and repulsion forces are similar to artificial
potential functions that are used for navigation (e.g., [33]). However, eliminating
undesired local minima is an open problem [33]. In the context of formation control,
undesired local minima may correspond to undesired formations. For example, when
flocking and following a leader, agents may form a compressed formation around the
leader.

Consensus algorithms [17],34-56] can be used for multiple purposes in formation-
control algorithms. The next section addresses consensus algorithms in depth.
Formation-control algorithms often use consensus-like algorithms to achieve velocity
matching [9}(181/34,45/57-59]. In addition, some consensus algorithms can be extended
to address formation control [46-48,57[58.60]. However, these approaches are position-
formation methods that force agents into a configuration using desired relative-position
vectors between pairs of agents. Approaches that use distance-formation methods
for cohesion and collision avoidance, and consensus for velocity matching lead to
formations called flocks [1,24-28.|61].

In addition to flocking, agents may also use guidance to accomplish external ob-
jectives such as following a leader agent, destination seeking, locating targets, and
avoiding obstacles. Combining flocking with external objectives increases the com-



Figure 1.2: A configuration of 7 agents based on a distance-formation cohesion
method. The distance between each pair of adjacent agents, that is, agents that are
connected by a line, is the same. Each circle represents an agent’s position, and the
dashed line denotes that agents are adjacent to and can sense one another.

plexity of the problem. For example, if agents are flocking and see an obstacle on
the horizon, an agent who overprioritizes flocking may not be able to safely avoid an
obstacle, whereas an agent who overprioritizes avoiding the obstacle may leave the
flock. Thus, flocking with obstacle avoidance, and more generally flocking with any
external objective(s), is difficult.

Two common forms of guidance are leader-follower methods [14/9,/19,21-26,58,60./62]
and destination-seeking methods [20,/63-65]. Leader-follower approaches, which are
known as formation-tracking problems in [29], rely on a centralized leader, who can
be an actual or virtual member of the formation and whose real-time position and
velocity are known by all agents [1,22-26] or at least by some [9,19,21]. Each
agent uses knowledge of the centralized leader and measurements of nearby agents to
induce a formation and follow the leader. In contrast, destination-seeking methods
(e.g., [20,63-65]) cause agents to approach desired destinations.

Agent dynamics affect both the analysis and implementation of formation-control
algorithms. Formation-control algorithms are commonly implemented using single-
integrator dynamics [8,42,66,/67], double-integrator dynamics [1,[24}25]27,|28}30-32,
36,42,66-68], unicycle-like dynamics [9,122,/69], and linear dynamics [18}34}, 35, 45,57~
59,70,71]. In particular, some algorithms for linear dynamics apply to heterogeneous
vehicles [35,145,58], that is, vehicles with non-identical dynamics. In addition, the
approaches in [1,/6},9,/19,20}22,24-27,|30,, 58, 66,(68}, 72, /73] consider continuous-time
dynamics, whereas [34,35],[37-42,44,|46,|49, 57,160} 62} 74-76] consider discrete-time
dynamics. Formation-control algorithms may be designed using continuous-time
dynamics, but implementing these algorithms requires sampled data. The results
in |77] demonstrate several examples, where a control designed for continuous-time
dynamics and implemented in a sampled-data setting fails.

In this dissertation, we provide experimental demonstration of the discrete-time
flocking algorithm. Experimental demonstrations of formation-control algorithms
are in [22,23}/78-80]. Of these, only [79,80] consider quadcopters, but |79,80] use a
position-formation algorithm for cohesion, whereas the experimental demonstrations
in this dissertation use a distance-formation approach.



1.2 Introduction to Consensus Algorithms

Consensus algorithms cause agents to agree upon a value and are the basis of many
formation-control algorithms. In this section, we present graph-theoretic material
related to consensus algorithms, specifically the Laplacian matrix. Furthermore, we
demonstrate how consensus algorithms use the Laplacian matrix.

Let n be a positive integer and define Z = {1,2,...,n}. The elements of Z are called
vertices, and T is the vertex set. Define € = {{i,5}: 4,5 € Tandi # j}. The elements
of £ are called edges and £ is called the edge set. Consider the graph G(Z, &;), where
& C &. Since the elements of £ are distinct and {i,j} € £ implies i # j, the graph
G(Z, &) does not contain any self loops or multiple edges between any 2 nodes. For all
{i,7} € €, we call w; ; = w;,; > 0 the weight of {i,j}. Furthermore, for all {7,j} € &,
w;; > 0; and for all {i,j} & &, w;; = 0. Thus, w;; = 0 is equivalent to {¢,j} not
being an edge in the graph G(Z, ;). We say that the graph G(Z, &) is connected if
for all ¢, 7 € Z such that i # j, there exists a potentially null sequence iy,...,5 € T
such that {i, il}, {il, ig}, {ig, ig}, N {'él—la il}, {il,j} S 51.

Graphs may be represented visually. The following example provides a visual
representation of a graph.

Example 1. Let n =7, and let

& = {{17 2}7 {17 3}7 {27 4}’ {37 4}7 {47 5}7 {47 6}, {5’ 7}7 {67 7}}
Figure[1.3]is a visual representation of the graph G(Z,&,). A

Figure 1.3: The graph G(Z, &) has 7 vertices and 8 edges.

The adjacency matriz of the graph G(Z, &) is

0 wio - Wiy
Y w2,1 0 nxn,
A(G) = e Rvxm:
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Wn,1 wn,nfl 0



the degree matriz of the graph G(Z, &) is

2 jeni1y WL 0 a 0
0 . ; :
D(g) £ ' Z]EI\{Q} W2, ‘ ; e Rnxn;
0 " 0 2 jen(n) Wnij

and the Laplacian matriz of the graph G(Z, &) is

It follows from [81] that L(G) is positive semidefinite. Furthermore, L(G) has exactly
1 eigenvalue at 0 if and only if G(Z, &) is connected.

To develop consensus algorithms, we define the states of n agents. For all : € Z,
let z;(¢) € R be the ith agent’s state at time ¢. In this dissertation, we consider
both continuous-time and discrete-time algorithms. For continuous time, we use
¢ =te€0,00). For discrete time, we use £ = k € {0,1,2,...}. We say that the agents
in Z reach consensus if for all {i,j} € &,

lim [z;(¢) — z;(¢)] = 0.

f—00

For all i € Z, define the neighbor set
Ni={jel:{ijte&},

which is the set of vertices with an edge that is connected to the ith vertex. In
the following examples, we demonstrate continuous-time and discrete-time consensus
algorithms.

Example 2. For all ¢« € Z, consider the continuous-time dynamics given by

where t > 0, and x;(t) € R and u,(t) € R are the ith agent’s state and control. For all
1 € I, consider the control u; : R x -+ x R — R defined by

UZ‘<ZL‘1,...,I'TL) £ Zw@j[l'j —I'Z] (12)

JEN;
Then, it follows from ({1.1)) and ([1.2)) that the closed-loop dynamics are

If G(Z, &) is connected, then [6, Lemma 1] implies that the agents in Z reach consensus.
A



Example 3. For all ¢+ € Z, consider the discrete-time dynamics given by

where k£ € {0,1,...}, and z;(k) € R and u;(k) € R are the ith agent’s state and
control. For all ¢ € Z, consider the control u; : R x --- x R — R defined by

UZ‘<ZL‘1,...,I'TL) £ Zw@j[l‘j —I'Z] (14)

JEN;
Then, it follows from ((1.3)) and (|1.4)) that the closed-loop dynamics are

: ==L |
z,(k+1) (k)

If for all i € Z, ZjeM- w;; < 1, then [6, Theorem 2] implies that the agents in Z reach
consensus. A

The above introduction considers the consensus problem for n agents in one dimen-
sion. Extensions of the above the results to arbitrary dimension is possible, for example
in [18]. Consensus algorithms are also designed using directed graphs, where the edge
set is defined using ordered pairs of elements [67]. Other research in consensus includes
time-varying communication topologies [36,/71,82] and time delays [35}/67,|70,82].
Results for time-varying communication topologies and time delays rely on having a
connected communication topology at all times and a bounded delay.

1.3 Flocking Problem Formulation

Let the positive integer n be the number of agents, and let Z = {1,2,...,n} be the
agent index set. Let the positive integer m be the spatial dimension. Let ¢;(¢) € R™
and p;(¢) € R™ be the ith agent’s position and velocity at time ¢, respectively. In
this dissertation, we consider both continuous-time and discrete-time algorithms. For
continuous time, we use £ =t € [0, 00). For discrete time, we use £ = k € {0,1,2,... }.

Let P = {(i,5) € T xZ:i # j} be the set of ordered pairs, and let 6. > 0 be
the the minimum acceptable distance between agents. Let || - || be the 2-norm. If
1¢;(€) — qi(0)]] < dc, then the agents collide. The rules of flocking based on [16] are:

(F1) [Collision avoidance| For all (4, j) € P and all £, ||¢;(¢) — ¢;(0)|| > ..

)
(F2) [Velocity consensus| For all (i, 7) € P, limy_,[p;(k) — pi(k)] = 0.
)

(F3) [Cohesion| There exists b > 0 and exists ¢, € [0,00) such that for all £ > ¢,

max jep |[¢;(€) — a:(0)]] < 0.

Condition states that there are no collisions. Condition |(F2)|states that agents
asymptotically have the same velocity. Condition states that the maximum
distance between agents is bounded asymptotically.



In addition to flocking, agents may have external objectives such as approaching a
set of destinations, following a leader, and avoiding obstacles, which are accomplished
with guidance. The additional objectives from guidance may conflict with flocking.
For example, if each agent has a unique destination, then agents must decide whether
it’s better to stay in a flocking configuration or to leave the configuration and approach
the destination. The combined problem of flocking and guidance, specifically following
a leader, is considered more difficult than flocking by itself [29].

To address flocking and guidance, let r. > . be the communication radius. If
lg;(¢) — q;(€)|| < 7, then the ith agent can detect the jth agent’s relative position
and relative velocity at time ¢ and use the relative position and relative velocity in
feedback, and vice versa. Define the neighbor set

Ni() £ {5 € T\ {i}: llg;(6) — a:(Ol| < e},

which is the set of agents that the ith agent can detect.

We address cohesion and collision avoidance together. Both position-formation and
distance-formation methods induce configurations of agents that achieve cohesion and
collision avoidance. Position-formation methods specify the desired configuration a
priori by choosing the desired relative position between pairs of agents. For each
(i,7) € P, let 6;; € R™ be the desired relative position from the ith to the jth agent.
Consider the ith agent’s position-formation control P; : R™" — R™ defined by

P(q) 2 alg; —a — b, (1.5)

JEN;

where o > 0 is the position-formation gain and

a1(0)
() = |
QH(@

Note that P;(q) is an affine function of position.

In contrast to position-formation methods, distance-formation methods specify
the desired distance between pairs of agents. The following example demonstrates
a distance-formation method for cohesion. Let d € (d.,7.) be the desired distance
between pairs of agents. Let ¢: [0,00) — R be a continuous function such that: for
all n € [0,d), ¢(n) < 0; for all n € (d,00), ¢(n) > 0; and ¢(d) = 0. Consider the ith
agent’s distance-formation control D;: R™" — R™ defined by

Di(g) £ ) o(llg; — alDlg; — @, (1.6)
JEN;

which is nonlinear.
To achieve velocity consensus, consider the ith agent’s velocity-consensus control
Vi: R™ — R™ defined by

Vilp) £ Blp; — pil, (1.7)

JEN;



where [ > 0 is the velocity-consensus gain and

p1(f)
piO) = |
pn(ﬁ)

The velocity-consensus control uses a consensus algorithm to cause the ¢th agent to
approach a weighted average of its own and its neighbors’ velocities.

To follow a leader agent, let ¢ € R™ and p, € R™ be the leader’s position and
velocity. Consider the ith agent’s guidance control L;: R™ x R™ x R™ x R™ — R™
defined by

Gi(qi, pis Ge, Pe) = Mlde — @) + Y2lpe — Pil, (1.8)

where v, > 0 and 5, > 0.

To achieve and guidance, flocking controls typically contain a summation
of collision-avoidance, velocity consensus, cohesion, and guidance terms; and the
collision-avoidance and cohesion terms are often combined. More specifically, the ith
agent’s flocking control typically has the form

ui(€) £ Ci(0) + Vi(0) + Gi(0), (1.9)

where C;(?) is the collision-avoidance and cohesion term, V;(¢) is the velocity-consensus
term, and G;(¢) is the guidance term. The flocking algorithms in [46{-48,57,/58,|60]
use C;(¢) = P,(q({)) to achieve [[F3)] If for all (i,7) € P, d;; = 0, then (L) is a
consensus algorithm that causes all agents to converge to the same position. The
flocking algorithms in [1,21H27] use C;(¢) = D;(q(¢)) to achieve [(F3)]

In this dissertation, we develop and analyze flocking algorithms that cause agents to
approach a set of destinations and follow a leader using distance-formation methods.
The flocking algorithms we design have provable properties related to the configuration
of agents, such as collision-free trajectories and bounded flock size. We also provide
sufficient conditions such that agents reach their destinations and follow a leader.

1.4 Summary of Contributions

Chapter [2] presents a new multi-agent control method that addresses the combined
problem of flocking and destination seeking. The method is completely decentralized,
that is, each agent’s controller relies on local sensing to determine the relative positions
and velocities of nearby agents but does not rely on a centralized flock leader. Each
agent has double-integrator dynamics and a potentially unique destination (i.e.,
position) that the agent must reach. We demonstrate that the flocking-and-destination-
seeking control method accomplishes 2 objectives: if an agent is far from its destination,
then that agent flocks with nearby agents, and if an agent is close to its destination,
then that agent approaches its destination. The flocking-and-destination-seeking
algorithm is demonstrated with several numerical examples. The novelty of the
algorithm in this chapter is the combination of competing objectives, that is, flocking
and destination seeking. Flocking algorithms typically consider only a centralized
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leader that the agents follow, but in practical applications agents may have other
objectives that are independent of other agents. The algorithm in this chapter allows
agents to have an objective of which other agents do not have knowledge. The results
of this research are published in [61].

Chapter [3| presents a new multi-agent control method that addresses flocking in
discrete time. The method is decentralized. Each agent has the discrete-time double-
integrator dynamics obtained by sampling the continuous-time double integrator and
applying a zero-order hold on the control input. The method can use a centralized
flock leader for guidance. We use a novel flock-correction-to-guidance term that
prevents formations from collapsing around the leader. We demonstrate with analysis
that agents using the discrete-time flocking method converge to a set of flocking
formations. Notably, the flocking analysis relies on logarithmic potential functions.
We also provide simulations demonstrating that agents using the discrete-time flocking
method converge to a set of flocking formations and follow the centralized leader (if
applicable). The results of this research are published in [83].

Chapter [ validates the discrete-time flocking control method by implementing the
control on rotorcraft. We present several experimental demonstrations of flocking with
and without a leader. We compare the experimental demonstrations with applicable
results in Chapter [3] The results demonstrate that in every case, the rotorcraft tend to
a flocking configuration and do not collide with one another. In addition, the velocity
difference between rotorcraft is bounded, and the rotorcraft approximately follow the
leader with delay.
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Chapter 2 Continuous-Time Flocking and Destination Seeking

We present a multi-agent control method that addresses the combined problem of
flocking and destination seeking. The method is completely decentralized, that is,
each agent’s controller relies on local sensing to determine the relative positions and
velocities of nearby agents but does not rely on a centralized flock leader. Each agent
has double-integrator dynamics and a potentially unique destination (i.e., position)
that the agent must reach. We demonstrate that the flocking-and-destination-seeking
control method accomplishes 2 objectives: (i) if an agent is far from its destination,
then that agent flocks with nearby agents, and (ii) if an agent is close to its destination,
then that agent approaches its destination. The flocking-and-destination-seeking
algorithm is demonstrated with several numerical examples.

2.1 Introduction

Multi-agent systems have many exciting applications such as distributed sensing,
formation flying, cooperative surveillance, and point-to-point mail delivery. For
example, autonomous aircraft or spacecraft can fly in formations for distributed sensing
[8,(9]. Coordinated aircraft could be used in a forest-fire scenario to measure wind
velocities and thus, predict fire movement. In the agricultural industry, coordinated
aircraft could conduct crop surveys. All of these applications require decentralized
methods for coordinating and controlling groups of autonomous agents [11].

For coordinated control, each agent relies on sensing to determine the relative
positions and velocities of nearby agents. Then, each agent uses these measurements
combined with other information such as mission objectives to accomplish tasks, which
can include: cohesion, collision avoidance, velocity matching, and guidance. Cohesion
attracts an agent to nearby agents, whereas collision avoidance repels an agent from
nearby agents (or obstacles). Velocity matching causes nearby agents to approach a
consensus velocity, and guidance causes an agent or agents to follow a leader agent or
approach a desired destination.

Cohesion and collision avoidance can be addressed using position-formation methods
[18-20] or distance-formation methods [1,21}28]. Position-formation approaches force
agents into a configuration using desired relative-position vectors between pairs of
agents. In contrast, distance-formation methods induce a configuration using only
a desired distance between adjacent agents. In this case, the agents autonomously
determine their configuration based on the desired interagent distance and initial
conditions. A common approach for distance formation is to use potential functions
that create attractive forces when nearby agents are too far away and repulsive
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forces when nearby agents are too close [1,21-27]. A survey of multi-agent formation
methods is presented in [29]. Consensus algorithms [42}/67,/68,71] are used to achieve
velocity matching. Approaches that use distance-formation methods for cohesion and
collision avoidance, and consensus for velocity matching lead to formations called
flocks |1,24-28].

Agent guidance is often addressed using leader-follower methods [1},9}/19}[21-26]
or destination-seeking methods [20}/63-65]. Leader-follower approaches rely on a
centralized leader, who can be an actual or virtual member of the formation and
whose real-time position and velocity are known by all agents [1,22-26] or at least by
some [94/19,21]. Each agent uses knowledge of the centralized leader and measurements
of nearby agents to induce a formation and follow the leader. In contrast, destination-
seeking methods (e.g., [20,/63H65]) cause agents to approach desired destinations.
The flocking algorithms with leader-follower guidance in [1},/19,21-26] do not address
destination seeking, and the destination-seeking methods in [204/63-65] do not address
flocking. In contrast to [19,18-29,(63-65], this chapter addresses the combined problem
of flocking and destination seeking.

The flocking-and-destination-seeking control objective is twofold—if an agent is
far from its destination, then it flocks with nearby agents, but ultimately each agent
approaches its destination. The flocking-and-destination-seeking algorithm in this
paper uses a distance-formation approach for cohesion and collision avoidance, a
consensus algorithm for velocity matching, and a destination-seeking method for
guidance. The main analytic results in this chapter examine the formation properties
of agents and provide sufficient conditions for agents to converge to their destinations.
Flocking and destination seeking is also considered in [30]; however, the analysis in [30]
considers only a single destination and does not examine formation properties.

The flocking-and-destination-seeking algorithm that we present is completely de-
centralized, namely, each agent’s controller does not incorporate a centralized leader
and relies on only local sensing to determine the relative positions and velocities
of nearby agents. Each agent has knowledge of its own destination but does not
require knowledge of other agents’ destinations. The controller in this chapter achieves
multiple objectives, that is, flocking and destination seeking, and thus, extends the
work of [1,9}/18-30,/63-65].

The combined flocking-and-destination-seeking problem has applications such as
point-to-point passenger transport and point-to-point mail delivery. For example,
consider a group of autonomous ground vehicles on a highway, where each vehicle has
a unique destination that it needs to reach. While traveling to the destination, it is
beneficial for a vehicle to reduce wind resistance and energy expenditure by drafting off
neighboring vehicles. When a vehicle gets close to its destination, it leaves the flock and
approaches the destination. The remaining vehicles then form a new flock and repeat
the process until all vehicles reach their destinations. Example [5[in Section applies
the flocking-and-destination-seeking algorithm to a vehicles-on-a-highway problem.
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2.2 Problem Formulation

Let the positive integer n be the number of agents, and define Z £ {1,2,...,n},
which is the agent index set. For each ¢ € Z, consider the double-integrator dynamics

¢(t) = pi(t), (2.1)
pi(t) = ui(t),

where ¢ > 0; ¢;(0) and p;(0) are the initial conditions; and ¢;(t) € R™, p;(t) € R™, and
u;(t) € R™ are the position, velocity, and control of the ith agent, respectively. Define
P 2 {(i,j) €T xI:i# j}, which is the set of ordered pairs, and let || - || denote the
Euclidean norm.

Let 0. > 0 be the collision radius, which is the desired minimum separation distance
between agents. The rules for flocking are that agents stay close to one another, avoid
collisions, and match velocities [16]. We use these rules to define flocking. Let T" be a
connected subset of [0, 00). Then, the agents in Z flock with radius d > §. over the
interval T if the following conditions hold:

(F1) For all (7,j) € Pand all t € T,

lg:(t) = q;(D)]] > dc.
(F2) For all (i,j) e Pand all t € T,

[Ip;(t) = pi(t)]| ~ 0.
(F3) Foralli e Z and allt € T,

max (t) —q; ()] <d(n—1).
max a,(0) — i)l < dtn - 1)

(F4) Foralli € Z and all t € T,

min (1) — q;(t)]] = d.
min {lg;(t) = a.(0)]

Condition states that there are no collisions. Condition states that all
agents have approximately the same velocity. Condition states that each agent is
at most a distance d(n — 1) away from its farthest neighbor. Condition states
that each agent maintains a distance of approximately d from its nearest neighbor.

We address not only flocking but also destination seeking. For all i € Z let & € R™
be the ith agent’s destination. Let rg > 0, and for each ¢ € 7 and each t > 0 we say
the ith agent is far from its destination if ||§; — ¢;(t)|| > rp. Assume there exists t¢ > 0
such that for all ¢ € [0,¢) the agents in Z are far from their destinations. In this case,
we consider 2 objectives:

(O1) Flocking: The agents in Z flock with radius d > 0 over a connected subset of
[07 te )
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(O2) Destination seeking: For all i € Z, limy_,, ¢;(t) = & and lim;_, p;(t) = 0.

Objective [(O1)| states that if agents are far from their destinations, then they
flock. Objective [(O2)|states that each agent approaches its destination asymptotically.

Unless otherwise stated, all statements in this chapter that involve the subscript i are
for all 1 € Z.

2.3 Review of Algorithm 1 from [1]

We review Algorithm 1 from [1], which is a flocking method for agents with double-

integrator dynamics. Let € > 0, and consider || - ||c: R™ — [0, c0) defined by
1
el 2 = (VI+ellP - 1). (2.3)
Note that || - || is continuously differentiable on R™, but || - || is not a norm on R™.

Define o, : R™ — R™ by

o) 2 (2 elld) = o (2.0

T

Next, let h € (0, 1), and define p: [0,00) — [0, 1] by

1, if n €[0,h),
N S 2.5
Ph(n) 2+2COS7T1_h, 1f77€[ha1]7 ( )
0, if n € (1,00),

which decreases from 1 to 0 as 7 increases from 0 to co, and the rate of change of p,
depends on h. Let b > a > 0, define ¢ £ (b — a)/+/4ab, and consider ¢: R — (—b, a)
defined by

(a+0)(n+c)

s 1
o) =5 1+ (1 +c)?

a—"b)|, (2.6)

which is a sigmoidal function.

Next, let . > 0 be the communication radius, which is the maximum distance at
which an agent can sense another agent’s relative position and relative velocity. For
all ¢ > 0, define the neighbor set Nj(t) £ {j € T\ {i}: ||q;(t) — ¢(t)|| < 7.}, which is
the set of agents whose distance to the ¢th agent is no greater than the communication
radius 7. at time t. Let d € (0., ] be the flock radius, which is the desired distance
between agents in the flock.

For all ¢t > 0, define

Q1 (t) pa(t)

Qn.(t) pn.<t>
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Then, [1, Algorithm 1] considers the control u;(t) = v;(q(t), p(t)), where

= 5 o (M5 o1, - all~ b -

]E/\/

J/

Flock attraction and repulsion

+> (H% qz”)[pj—pd' (2.7)

2"\l

/

P
Velocity consensus

For each t > 0 and each j € N(t), the flock-attraction-and-repulsion term in
is such that the ith agent is attracted to the jth agent if ||g;(¢) — ¢;(¢)|| > d, and
repelled from the jth agent if ||¢;(¢) — ¢:(t)|| < d. The velocity-consensus term in ([2.7))
attempts to match the ¢th agent’s velocity with a weighted average of the velocities of
all agents in the neighbor set.

The parameters in the control are €, h, a, and b. Increasing e decreases the
strength of the flock-attraction-and-repulsion term relative to the strength of the
velocity-consensus term. Increasing h increases the rate of change of p,. Increasing a
increases the strength of attraction relative to the strength of repulsion and velocity
consensus. Increasing b increases the strength of repulsion relative to the strength of
attraction and velocity consensus.

Theorem 1 of [1] provides conditions such that the agents with dynamics (2.1]),
and control u; = v; form at least one flock. However, the control u; = v; can cause
fragmentation, that is, u; = v; can result in multiple flocks rather than a single flock.
Thus, the control u; = v; may violate In contrast, |1, Algorithm 2] is shown to
force the agents in Z to flock without fragmentation. However, [1, Algorithm 2] relies
on a centralized flock leader whose position and velocity are known by each agent and
is used in each agent’s control. Neither [1, Algorithm 1] nor [1, Algorithm 2] address
destination seeking and thus cannot be used to achieve .

2.4 Flocking and Destination Seeking

We present a control that combines flock-attraction-and-repulsion and velocity-
consensus terms with additional terms to achieve and [(O2)l For all ¢ > 0, define

the attraction set

Ai(t) £ {5 € T\ {i}: d <|lg;(t) — (®)[] <re} S Ni(1),

which is the set of agents whose distances from the ith agent are between the flock
and communication radii. Define

Ai<q>é2ph(”qﬁ qu”)¢<||qj—qz-||e—||d||€>ae<qj—qi>, (2.8

JEA;

which has the same form as the flock-attraction-and-repulsion term in (2.7 except
that the neighbor set N; is replaced by the attraction set A;. Next, for all ¢ > 0,
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define the repulsion set

Ri(t) = {5 € T\ {i}: [lg;(t) — a:()]| < d} S Ni(t),

which is the set of agents whose distances to the ith agent are less than the flock
radius. Define

R@EY (%) olgs = alle = ldl)onle; —a),  (29)
JER: clle

which has the same form as the flock-attraction-and-repulsion term in ([2.7)) except that
the neighbor set N; is replaced by the repulsion set R;. For all ¢t > 0, A;(t) UR;(t) =
N;(t), and A;(q) + R;(q) is equal to the flock-attraction-and-repulsion term in ({2.7)).

Next, define
Z 1195 — 9dille

JEN;
which is the velocity-consensus term in (2.7)). Therefore, v;(q,p) = A;(q) + Ri(q) +

Let 7, € [0,75], and for all ¢ > 0, we say that the ith agent is close to its destination
if |16 — qi(t)]] < 7o. Let p: [0,00) — [0, 1] be a continuous function that satisfies the
following properties:

(M1) If n > rg, then p(n) = 1.
(M2) If n < rq, then u(n) = 0.
(M3) 9u(]|x||)/0z is continuous on R™.
If 75 > ro > 0, then an example p that satisfies (M1)—(M3) is

07 1f77 S Tas
1 1 r2 —n?

w(n) = §+§COS7TT§—:§’ if ro, <n <rg, (2.11)
I, if n > ra,

which is shown in Figure . Note that if 7, = rg = 0, then implies that p = 1.
For all t > 0, define z;(t) £ & — ¢;(), which is the vector from the ith agent to its
destination. If the ith agent is far from its destination, then the ith agent’s objective
is to flock with nearby agents. In contrast, if the ith agent is close to its destination,
then the ith agent’s objective is not to flock but rather to reach its destination.
The following result considers a control that consists of the flock attraction pu(||z;|])A:i(q),
flock repulsion R;(q), and velocity consensus u(||z]])Ci(q, p). The result is confirmed
by direct calculation.

Proposition 1. Consider and , where for all t > 0,
ui(q(t),p(t), (1)) = p(l|z: ()] Ai(a(?) + Ri(q(t)) + p(l[z:()|))Ci(a(t), p(?)). (2.12)

Then, the following statements hold:
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Figure 2.1: An example p : [0,00) — [0, 1] that satisfies (M1)—-(M3).

(a) If [[zi(£)| > rs, then wi(q(t), p(t), 2:(t)) = vi(q(t), p(t)).
(b) If [|2:()]] < 7o then u;(q(t), p(t), zi(t)) = Ri(a(t)).
(¢) wi(q,p,z;) is continuously differentiable on R™" x R™" x R™.

Part states that if the ¢th agent is far from its destination, then is
equivalent to (2.7)). Part @ states that if the ¢th agent is close to its destination,
then (2.12)) consists of only flock repulsion. Thus, if ||2;(t)|| < ra, then the ith agent
is neither attracted to nor matches velocities with nearby agents.

We now describe two additional desired properties for the agents in Z. Let ro > ry >
0. If ||z:(¢)|| > re, then we want the ith agent’s speed ||p;(t)|| to tend to the flocking
speed ps > 0. In contrast, if ||2;(¢)|| < r1, then we want the ith agent to approach its
destination. Specifically, if ||z;(¢)|| < 71, then we want ¢; to satisfy the differential
equation

§i(t) + 2Cwngi(t) + wiyi(t) = wi, (2.13)

where y;(t) € R™, w, > 0, and ¢ > 0.
To achieve these properties, we consider a control that includes destination-seeking
and damping terms. Let v € (0,w?r;), and consider v: [0,00) — (0,w?] defined by

wy, if n <,
1 A gl i/
sl lwi+ =) -z |wi-= 2T ifr<n<
v(n) = %(wn—i— 77) 5 (wn 77) coswr% e if i <n <, (2.14)
. 1f77 Z ra,
n

which is continuously differentiable on [0, c0) and shown in Figure 2.2l We use the
destination-seeking control v(||z|])z; to attract the ith agent to its destination.
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7/7“2 B B

Figure 2.2: A plot of v : [0,00) — (0,w?], which is continuously differentiable on
[0,00). For all n < 11, v(n) = w2, and for all n > rs, v(n) = /1.

Next, consider « : [0,00) — (—00,0) defined by

—2Cwn, it n <y,
1 ’Y) 1 ( v) rs—n
A2 ) — (20w, +— ) —= (20w, — — |cosT—5——, ifry <n<ry,
k(1) 27( ) 2 e 22 1< <72 (215)
N lf n Z T,
Y2 ?

which is continuously differentiable on [0, 00) and shown in Figure 2.3] We use the
damping control k(||z]||)p; to oppose the velocity p;.

0 [ |
—y/ps |

—2Cwn

Ui

Figure 2.3: A plot of x : [0,00) — (—00,0), which is continuously differentiable on
[0,00). For all n < ry, k() = —2Cwy, and for all n > o, k(1) = —7/ps.
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Define
&1
=R
&n
The following result demonstrates that a control composed of destination seeking

v(||zi]|)z and damping r(]|z;||)p; forces the ith agent’s position ¢; to converge asymp-
totically to its destination &;.

Proposition 2. Consider ([2.1)) and , where for all ¢ > 0,
ui(zi(t), pi(t)) = v(|[z:(D)|))zi(t) + (2 @)|)pi(t)- (2.16)

Then, the following statements hold:

(a) (q(t),p(t)) = (&,0) is a globally asymptotically stable equilibrium of (2.1)), (2.2),
and (2.16).

(b) There exists ¢; > 0 such that for all t > 1, ||2;(¢)|| < 71 and ¢;(t) satisfies
Gi(t) + 2Cwndi(t) + wagi(t) = wp&i-
(c) Assume [|2;(0)|| > 7. Then, there exists ¢, > 0 such that for all ¢ € [0, ),

wi(z(t), pi(t)) = ”ijzxt) - ]}fmt)-

(d) wi(z;,pi) is continuously differentiable on R™ x R™.

Part @states that there exists a time after which an agent approaches its destination
with the dynamics of a damped oscillator. If an agent’s initial position is greater
than 79 from its destination, then part provides an expression for the destination-
seeking-and-damping control.

If [|z:(¢)|| > 72, then (2.14) and ([2.15) imply that is equivalent to u;(z; (), pi(t)) =
vzi(t)/||zi()]| — ypi(t)/ps. In this case, it follows from that p;(t) satisfies

. Y v
which can be viewed as a linear time-invariant differential equation with the bounded
input vz;(t)/||z:(t)||. If the destination &; is infinitely far from the position ¢; (i.e.,
||zi|| = 00), then z;/||z]| is a constant unit vector. In this case, implies that
pi(t) tends toward pez;(t)/||zi(t)||, and the speed ||p;(t)|| tends toward pg. Thus, if
||zi(t)|| is sufficiently large, then the ith agent has forces that drive its speed ||p;(t)||
toward p.
We now combine the flock-attraction, flock-repulsion, velocity-consensus, destination-
seeking, and damping terms to form the control
ui(q,p,z) = plllzl))Ailg) + Rilg)  +pdl]zl)Cilg, p)
——— S~~~ o

[

Flock attraction Flock Velocity
repulsion consensus
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+ vllzll)z +wdllz])p; - (2.18)
—— Y

Destination Damping
seeking

Since is the sum of the controllers in Propositions |1| and 2} it follows that
is continuously differentiable on R™" x R™" x R™. In addition, we note that flock
attraction, flock repulsion, and destination seeking are bounded.

The parameters of u; are €, h, a, b, ro, 73, it, 1, T2, 7, P, ¢, and w,, where the first
6 parameters and the function p apply to the flock-attraction, flock-repulsion, and
velocity-consensus terms, and the latter 6 parameters apply to the destination-seeking
and damping terms. Note that €, h, a, and b are discussed in Section 2.3, We now
discuss 7y, 73, i, T1, T2, ¥, Df, ¢, and wy.

The radii rq, 73, 71, and 75 determine the ith agent’s control behavior for specific
distances from its destination &;. If ||2;(¢)|| > 7, then the ith agent and nearby agents
attempt to flock. If ||z;(¢)|| < rq, then the ith agent is repelled from nearby agents
but does not attempt to flock. If ||z;(¢)|| > 7o, then the ith agent has forces that drive
its speed ||p;(t)|| toward p¢. If ||z;(t)|| < 71, then the ith agent has forces that make it
behave like the damped oscillator. While r = r, and ry = r3 is an intuitive choice,
this is not required.

The function p determines the strength of flock attraction and velocity consensus
relative to flock repulsion, destination seeking, and damping. If u(||z;(¢)||) = 1, then
the combination of flock-attraction, flock-repulsion, and velocity-consensus terms
in is equal to the combination of flock-attraction-and-repulsion and velocity-
consensus terms in (2.7). As p(]|z(t)||) decreases, the strength of flock attraction
and velocity consensus decreases relative to flock repulsion, destination seeking, and
damping. If u(]|z;(t)||) = 0, then the flock-attraction and velocity-consensus terms
are zero.

For ||z;(t)|| > 72, v is the magnitude of the destination-seeking term v(||z;(¢)|])z:(t).
In this case, increasing 7y increases the ith agent’s attraction to its destination. For
||zi(t)|| > 7o, increasing ~y also increases the rate at which the ith agent’s speed ||p;(t)||
tends to pr. The flocking speed p¢, which is the desired speed of agents, can be chosen
for a variety of reasons such as fuel or time constraints.

Finally, ¢ and w, are the damping ratio and natural frequency of the dynamics
that govern the desired behavior of an agent when it’s near its destination.

2.5 Flocking Analysis

In this section, we analyze the flocking behavior of agents with control . Since
is designed to drive each agent to its destination, the agents flock over at most
a finite time interval before approaching their destinations. To analyze flocking, we
impose assumptions on the destinations so that we can use asymptotic analysis to
examine flocking. In particular, we impose assumptions that preclude agents from
reaching their destinations, and thus allow us to demonstrate flocking with asymptotic
analysis.
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To analyze asymptotic flocking, we could consider destinations &1, ..., &, that are
infinitely far from the initial positions ¢;(0), ..., ¢,(0). However, in this case, z; = §;—¢;
is not well defined. Instead, we impose the following assumptions regarding the agents
destinations:

)

(A1) All agents have the same destination, and this destination moves with constant
velocity x € R™, where ||x|| = pr.

(A2) For all t > 0, ||z(t)|| > max {rg, r2}.

These assumptions are used for flocking analysis only and apply only to this
section of the chapter. We refer to |(Al)| as the mowving-destination assumption.
Assumption combined with (2.14), and implies that u(||z;(¢)|]) =1,
v(llz(OI)z(t) = vz@)/l[z()]], and k(||z@)|]) = —v/pe. Thus, implies that
the control depends on the direction z;(t)/||z;(t)|| but not the distance ||z;(¢)|].
Therefore, the control with the moving-destination assumption is equivalent
to the control with a non-moving destination that is infinitely far from the
initial positions. Thus, |(Al)| and [(A2)|are in some sense equivalent to an infinitely far
non-moving destination. Asymptotic flocking under |(A1)| and [(A2)|suggests that if the
initial positions ¢;(0), ..., ¢,(0) are sufficiently far from the destinations &, . .., &,, and
the destinations are sufficiently close together relative to the distances ||z1]], ..., ||z.||,
then the agents flock over a finite time interval.

It follows from that the destination dynamics are &(t) = x, where &(t) € R™ is
the ith agent’s destination, &;(0) € R™ is the initial position, and & (0) = - -- = &,(0).
For all t > 0, define w;(t) = %(t) = x — pi(t). Thus, and imply that for all
t>0,

Zi(t) = wi(t), (2.19)
wi(t) = — wu(t). (2.20)
For all ¢t > 0, define
21 (t) ’LUl(t)
2(t) 2 . w(t) & ;
Zn(t) wn(t)

We use Lyapunov-like analysis to examine the asymptotic properties of (2.1)), (2.2)),
and (2.18)) under (A1) and |(A2)| Consider ¢: [0,00) — [0, 00) defined by

B(m) & / | ( e ) o(s — ||l )ds. (2.21)

If n = ||d||, then ¥ (n) = 0; otherwise, 1(n) > 0. Furthermore, consider ¢s: R™" —
[0, 00) defined by

Z D(lla — aillo). (2:22)

(Z] YeP
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If for all (¢,7) € P, ||¢g; — ¢i|| = d, then 15(q) = 0; otherwise, 1)5(q) > 0. Consider the
Lyapunov-like function W: R™ x R™" — [0, c0) defined by

v
> Azl = =Xz
ieT pr

W(z,w) = () + + %||w||2 (2.23)

Since ||x|| = pr, it follows that

>l = Ixzi = Y Allall = Ll =l = .

i€ pr i€ P
Since, in addition, ¥s > 0, it follows that for all (z,w) € R™ x R™ W (z,w) > 0.
If for all (¢,7) € P, ||zj — 2il| = d, xTz = pel|z]], and w; = 0, then W(z,w) = 0;
otherwise, W(z,w) > 0.

The following result provides sufficient conditions such that the agents do not

collide; all agents match velocity; the maximum distance between any 2 agents is
asymptotically bounded by d(n — 1); and the derivative of 15 along the trajectories of

([2.18)-(2:20) tends to 0. The proof is in Section [2.10]

Theorem 1. Consider the closed-loop system (2.18))—(2.20]), where the initial con-
ditions are z;(0) € R™ and w;(0) € R™. Assume [(Al)[ and |(A2)| hold. Then, the

following statements hold:

(a) EW(2(0),w(0)) < ¥(||dc||e), then for all (i, j) € P and allt > 0, ||¢;(t)—q(t)]| >
Je.

(b) limy_,e pi(t) = x.

(c) Assume 7 is such that for all (¢,7) € P and all £ > 0, ||r¢||e > ||g;(t) — ¢ (t)||/h.
Then, for all § > 0 there exists ¢; > 0 such that for all £ > ¢;, max; jep ||¢;(t) —
i(t)]| < d(n—1)+94.

=0.

z=z(t)
(e) limg oo ui(q(t), p(t), z;i(t)) = 0.
(F) e soc[As(a(8)) + Ria(6))] = 0.

4(t) _x

lz:(®I e
Part [(a)] states that if W (2(0),w(0)) < 1(||dc||¢), then there are no collisions, which
implies [(F1)] Part [(b)] states that every agent’s velocity tends to y. Therefore, the
difference in velocity between any 2 agents tends to zero, which implies |(F2). Part

states that if the communication radius r. is sufficiently large, then the maximum
distance between any 2 agents is asymptotically bounded by d(n — 1), which implies

(F3)] Part [(d) states that the derivative of ¢ along the trajectories of (2.18)—(2.20)

(g) limt—mo
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tends to 0. Thus, the asymptotic configuration of agents is a critical point of .
Furthermore, [1, Lemma 3] shows that if r./d is sufficiently small and the asymptotic
configuration of the agents in Z minimizes ¢, then that configuration satisfies .
Part states that the control tends to 0. Part states that the sum of flock
attraction and flock repulsion of each agent tends to 0. Part states that the
direction of z;(t) tends to the direction of the destination velocity x.

Part [(a)| of Theorem [1] provides a sufficient condition on z(0) and w(0) such that
there are no collisions. If ¢(0) is close to a flocking formation (i.e., a minimum of
), p(0) is close to the destination velocity x (i.e., w(0) ~ 0), and x*z; ~ pl|2,
then W (z(0),w(0)) is close to its minimum. In this case, W (z(0),w(0)) tends to
satisfy W (z(0),w(0)) < ¥(]|dc||c), and part [(a)] of Theorem [1] implies that there are
no collisions. We note that the upper bound (||d.||¢) in part [(a)] tends to increase
as the repulsion parameter b increases. Numerical testing suggests that for initial
conditions z(0) and w(0), where W (z(0),w(0)) is not near its minimum, selecting the
repulsion parameter b sufficiently large tends to result in W (z(0),w(0)) and ¥(]|dc]|)
that satisfy W (z(0),w(0)) < ¥(]|d||¢); in this case, part (&) implies that there are no
collisions. We also note that W (z(0),w(0)) < 1¥(]|d¢||¢) is a sufficient-but-not-necessary
condition such that there are no collisions. In fact, numerical testing suggests that for
many initial conditions z(0) and w(0), where W (z(0),w(0)) > ¥(||0c||c), there are no
collisions.

2.6 Destination-Seeking Analysis

In this section, we analyze the asymptotic properties of (2.1), (2.2]), and ({2.18]
without |(Al) and [(A2)l We provide a sufficient condition such that agents approach

a subset of the closed-loop equilibria of (2.1, (2.2), and (2.18). We also provide
a sufficient condition such that agents approach their destinations asymptotically.

Define

ul(q7p7 51 - Q1)
é .

u(q, p)

Y

Un (4,0, &0 — Gi)

where u; is given by ([2.18]).
The set of closed-loop equilibria of (2.1)), (2.2, and (2.18)) is

€ 2 {(gerpe) ER™ x R™: p, =0 and u(ge,0) = 0}.

Figure shows 4 types of equilibria for n = 2. In Figure (a), q(t) =&, and all
terms in u are zero. In Figure 2.4(b), the sum of flock attraction and destination
seeking is zero, that is, u(||2||)Ai(q) + v(||zi||)z = 0, and all other terms in u are
zero. In Figure[2.4[c) and 2.4(d), the sum of flock repulsion and destination seeking is
zero, that is, R;(q) + v(]|2:||)z; = 0, and all other terms in u are zero. For n > 2, the

closed-loop system ([2.1)), (2.2)), and (2.18]) has equilibria that consist of combinations
of the 4 types shown in Figure [2.4
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1=51 02=&2

(a) ¢ =&

& q1 a2 &
X vlal)a «O—= ulllzalDAr  plllzl)A2 —O— vlllzl) X

(b) u(l|zil])Ai(q) +v(||zil])z = O

0 &

q2
Ry «O— v(||z1]])z1 X v([|22]))z2 «—O— Ry X

(©) Ri(q) + v(||zl)z = 0

q1 61 52 q2
Ry O v(||al])z X X v(||22l))z2 «—O— R

(d) Ri(g) + v(|[zil)z =0

Figure 2.4:  Four types of equilibria for n = 2. Agents are shown by (s, and
destinations are shown by Xs. In (a), ¢(t) = &, and all terms in u are zero. In (b),
the sum of flock attraction and destination seeking is zero, and all other terms in u
are zero. In (¢) and (d), the sum of flock repulsion and destination seeking is zero,
and all other terms in u are zero.

Figure [2.4| shows that (£, 0) is not the only closed-loop equilibria of (2.1)), (2.2), and
(2.18]). In fact, (£,0) may not be in €. Define

d, ifr,e€(0,d],
Ty 2y, ifre € (d,Te), (2.24)
re, if ro € {0} U[re,00).
The radius 7, is such that if all agents are at their destinations and the destinations
are at least 7, apart, then flock attraction, flock repulsion, and velocity consensus are

0. The following result provides a sufficient condition such that (£,0) € €. The proof
is in Section 2111

Lemma 1. If for all (z,7) € P, ||§; — &l| € {d} U[r,,00), then (£,0) € €.

The following result provides a sufficient condition such that all agents asymptotically
approach their destinations. This result is a consequence of Proposition [2| and the
proof is in Section [2.12]
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Theorem 2. Consider the closed-loop system , , and , where for all
(i,5) € P, ||& — &l| > ry, and define 75 £ 2(ming jep ||€; — &[] — d) > 0. Assume
there exists tog > 0 such that for all t > ¢, and all ¢ € Z, at least one of the following
conditions holds:

(a) For all j € T\ {i}, [|g5(6) — as(0)]| > e
(b) [[z()[] < min {ra,rs}.
Then, lim; ¢(t) = £ and lim; . p(t) = 0.

Theorem [2] states that if there exists a time after which all agents are greater than
r. apart from other agents or less than min {r,, s} from their destinations, then all
agents asymptotically approach their destinations. The assumption that there exists
a time such that all agents are sufficiently far from other agents or sufficiently close
to their destinations precludes agents from converging to equilibria, where nonzero
flock attraction or repulsion cancel nonzero destination seeking. Examples of these
types of equilibria are shown in Figure 2.4[b)—(d). If flock attraction is sufficiently
small relative to destination seeking, then numerical simulations suggest that the
assumption of Theorem [2| holds. To decrease flock attraction relative to destination
seeking, we decrease a or increase v and wy,.

We now use Lyapunov-like analysis to examine the asymptotic properties of ,
, and without the assumption that for sufficiently large ¢ > 0 all agents are
greater than r. apart from other agents or less than min {r,, rg} from their destinations.
Consider the Lyapunov-like function V: R™" x R™ — [0, c0) defined by

N [1€i—aill 1 )
Vien 2o+ 3 [ wnr+ gl (2.25)

1€T

If for all (2,7) € P, ||& — &l = d, ¢ = &, and p; = 0, then V(¢,p) = 0; otherwise,
V(g,p) > 0. Note that V (g, p) has multiple minimizers.
The following result provides a sufficient condition such that (¢(t),p(t)) = (£,0) is a

locally asymptotically equilibrium of (2.1)), (2.2)), and (2.18]), and the agents do not
collide. This result also shows that (¢(t),p(t)) converges to a subset of £. The proof

is in Section 2.12]

Theorem 3. Consider the closed-loop system (2.1), (2.2), and (2.18)), and let
ro = rg = 0. Then, the following statements hold:

(a) Assume that for all (¢,7) € P, ||§; — &]|| > re. Then, (¢(t),p(t)) = (£,0) is a
locally asymptotically stable equilibrium of (2.1)), (2.2)), and (2.18)).

(b) For all ¢(0) € R™ and all p(0) € R™, (¢(t),p(t)) converges to the set M =
{(¢;p) € €: V(g p) < V(q(0),p(0))}-

(¢) 1V (g(0),p(0)) < ([|ocll), then for all (4, 7) € P and all ¢ > 0, ||g;(t) — ¢:(t)[| >
Je.
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Part states that if all destinations are at least r. apart from one another, then
(q(t),p(t)) = (&,0) is a locally asymptotically stable equilibrium of , , and
(2.18). Part @ states that, for all initial conditions, (¢, p) converges to M, which is
a subset of £. Therefore, all agents tend to zero velocity and zero control. Part
states that if V(¢(0),p(0)) < 1(||dc||e), then there are no collisions. Part |(c)| provides
a sufficient condition such that there are no collisions. The condition in part is
not necessary.

2.7 Numerical Examples

In this section, we present examples that demonstrate the control . Unless
otherwise stated, . = 0.0 m, d=15m, r. =30 m, r, =7r; =25 m, 753 = ro = 50 m,
a=033,0=35h=02¢=0.1w, =05rad/s, pr =20 m/s, v =5 m/s?, and p is
given by . Let ¢, € RY™™ be the kth row of the m x m identity matrix.

Example 4. This example shows the effect of v. Consider n = 3 agents, where m =
2,¢(0)=[0 8]Tm, & =[1500 50 [T m, @(0)=[0 0]"m, &=12600 20"
m, ¢3(0) = [0 —24 " m, & = [ 2700 —55 |7 m, and p;(0) = p2(0) = p3(0) =
[0 0]T m/s. We consider 2 cases: v =2 m/s* and v = 9 m/s?. Figures and
show that as 7 decreases from 9 m/s? to 2 m/s?, the agents are close together over a
longer distance, take longer to approach their destinations, and tend to pf = 20 m/s
more slowly. In both cases, for all time the minimum interagent distance is above the
collision threshold, that is, for all ¢ > 0, ming jyep |[q;(t) — ¢ (t)|| > dc = 0.5 m. Thus,
the agents achieve |(O1)|and [(O2)] A

Example 5. This example considers a group of autonomous vehicles on a highway.
Consider n = 6 agents, where m = 2, r. = 70 m, and a = 0.8. Each agent starts
with 0 velocity, and the control is turned on once another agent is less than
0.75r. away. Figure shows the trajectories of each agent, where the time next
to each agent’s initial position indicates the time at which it starts moving. While
agents are far from their destinations, they flock with neighboring agents. As agents
approach their destinations, they leave the flock, and the remaining agents form a
new flock. Figure shows the minimum interagent distance min j)ep ||¢; — ¢i|| and
the maximum control magnitude max;ez ||u;||. The minimum interagent distance is
always greater than the collision radius d,. and reaches a minimum of approximately
d = 15 m. The maximum control magnitude reaches a maximum of approximately
6 m/s? at t =40 s. A

Example 6. Consider n = 20 agents, where m = 2, the initial velocities are all
0, and 10 agents are distributed near [ 0 300 |* m, while the other 10 agents are
distributed near [ 0 —300 ¥ m. Figure [2.9 shows that initially 2 flocks are formed.
Then, each flock splits into 2 flocks based on agents’ destinations. Next, 2 of the
flocks cross without collisions or fragmentation. Finally, all agents exit the flocks and
approach their destinations. Figure [2.10| shows that the minimum interagent distance
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(m)

€24;

o Initial Position x Destination
—60 i
0 1300 2600
é1¢; (m)

Figure 2.5: Trajectories of n = 3 agents for v = 2 m/s? and 9 m/s?. As v decreases
from 9 m/s? to 2 m/s?, agents are close together over a longer distance. The agents
achieve [(O1)| and |(O2)]

[Ip:l| (m/s)

[Juil| (m/s?)

Figure 2.6: Speed and magnitude of control of n = 3 agents for v = 2 m/s* and 9
m/s%. As ~y decreases from 9 m/s? to 2 m/s?, agents takes longer to approach their
destinations and tend to py = 20 m/s more slowly. The agents achieve |(O1) and |(O2)]
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Figure 2.7: A group of n = 6 agents that flock before they reach their destinations.
Each agent starts with 0 velocity, and the control is applied once another agent
is less than 0.757r. away. The time next to each agent’s initial position indicates the
time at which it starts moving. While agents are far from their destinations, they
flock with neighboring agents. As agents approach their destinations, they leave the
flock, and the remaining agents form a new flock.

llg; = il (m)

- 2) min
] (ms?) min,

max
1€

40 |

15

- == Collision radius d. = 0.5 m

T
N _~ .
e Pmmmmmmmmmemmsmssssssmsm-sma-=-= .-
B N .
0 70 140

t(s)

Figure 2.8: For the trajectory shown in Figure the minimum interagent distance
min jyep ||g; — || is always greater than the collision radius d. and reaches a minimum
of approximately d = 15 m, and the maximum control magnitude max;c7 ||u;|| reaches
a maximum of approximately 6 m/s* at ¢ = 40 s.
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is always greater than the collision radius 0. and is at a minimum of approximately 1 m
at t = 0 s, and the maximium control magnitude is at a maximum of approximately
of 44 m/s? at t = 0 s. Thus, the agents achieve |(O1)|and [(O2)| A

x Destination
400 |- -

£
- o .
=
<QE)\] L =F
T - 33},
e .
§ x
DX 4
—400+ t=0s t="73s =150 s®¥
0 900 1800

€1¢; (m)

Figure 2.9: A group of n = 20 agents that flock before they reach their destinations.
Initially 2 flocks are formed. Then, each of those flocks splits into 2 flocks based on
the agents’ destinations. Next, 2 of the flocks cross without collisions or fragmentation.
Finally, all agents exit the flocks and approach their destinations. Thus, the agents
achieve |(O1)[ and |(O2)|

Example 7. Consider n = 20 agents, where m = 3, all agents are distributed near
[0 0 200 |" m, and the initial velocities are distributed near 0 m/s. Figure
shows that the agents flock by ¢t = 26 s. Then, the agents exit the flock and approach
their destinations. Figure [2.12| shows that the minimum interagent distance is always
greater than the collision radius . and is at a minimum of approximately 4.4 m at
t = 0 s, and the maximum control magnitude reaches a maximum of approximately
46 m/s* at t = 0.6 s. Thus, the agents achieve [(O1)| and |(O2)| A

2.8 Conclusions

We presented the flocking-and-destination-seeking control (2.18)) for a set of n agents
with double-integrator dynamics and potentially unique destinations. The control
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Figure 2.10: For the trajectory shown in Figure the minimum interagent distance
is always greater than the collision radius 0. and is at a minimum of approximately 1 m
at t = 0 s, and the maximium control magnitude is at a maximum of approximately
44m/s? at t =0 s.

400 600

200
0 —200 O

é1¢; (m)

€2¢; (m)

Figure 2.11: A group of n = 20 agents that flock before they reach their destinations.
The agents flock by ¢ = 26 s. Then, the agents exit the flock and approach their
destinations. The agents achieve [(O1) and [(O2)l The dots indicate agent positions,
while the lines connecting dots indicate that the 2 agents are approximately d = 15 m
apart.
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Figure 2.12: For the trajectory shown in Figure the minimum interagent distance
is always greater than the collision radius . and is at a minimum of approximately
44 m at t = 0 s, and the maximium control magnitude reaches a maximum of
approximately 46 m/s? at ¢t = 0.6 s.

includes terms that induce flocking as well as terms that drive each agent
towards its destination. The control is decentralized and does not require a centralized
flock leader. The control accomplishes 2 objectives: (i) if an agent is far from its
destination, then that agent flocks with nearby agents, and (ii) if an agent is close to
its destination, then that agent approaches its destination.

2.9 Proof of Proposition

Proof of Proposition [2| To show @, consider the Lyapunov function V;: R™" x
R™ — [0, 00) defined by

[1&i— QZH
V23 [0 w5l

1€T

which is radially unbounded in ¢ and p. If ¢ = £ and p = 0, then Vj(q, ) =
otherwise, V;(q,p) > 0. The derivative of Vi(q, p) along the trajectories of (2.1} .

and ( - is

Vi (¢,p) = Z MM’ + Mui(ziapi)

prs 8qi 8]%’
o [1&:i—aill T T
-y (4 / AN + (|2 =E + (2] DpF | p
ez \Y% |Jo
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Define v/(n) £ v(y/n), and it follows that

1€ —a:ll 1 l1€i—a:ll?
/ Av(A)dA = —/ V(7)dr,
0 2 0

where 7 = A\? and d7 = 2\d\. Thus,

0 /H&‘—qz' o |1 /|§i—qz'|2
Av(N)dN| = — Y (r)dr
dq; [ 0 ( ) Jg; |2 0 ( )

— — (|6 —alDE —a]"
= — u(||=]))=T.

Therefore, Vi(q,p) = 3,7 #(||2]|)pF pi, which is nonpositive because # < 0.

Define S £ {(gs,ps) € R™ x R™: V;(gs,ps) = 0}. Since Vi(g,p) = 0 implies
that p = 0, it follows that S = {(g,ps) € R™ x R™: p, = 0}. Define E; =
[ Opxm(i=1) Im Omxmm—s) | € R™*™" where 0y, xs, is the {1 x [y matrix of zeros, and
I,, is the m x m identity matrix. Let ¢: [0, 0c0) o R™ and p: [0,00) — R™ be
such that for all ¢ > 0, (G(t),p(t)) € S, and Gi(t) £ E;G(t) and p;(t) = E;p(t) satisfy

2-1), 2-2), and - Since for all ¢t > 0, (q(t ) ( )) € S, it follows that p(t) = 0.
Furthermore, since z; = &; — ¢;, it follows from ({2.2)) and - that

0= pi(t) = Bult) +usl& — @:(1), 5i(1) = v(||& = GOIDE& — @ (D)),

which implies that ¢;(t) = SZ because v > 0. Thus, (§(t),p(t)) = (£,0) is the only
solution of (2.1, (2.2)), and (2.16) such that for all ¢ > 0, (G(¢),p(t)) € S. Therefore,
[84, Corollary 4.2] implies that ( (t),p(t)) = (&£,0) is a globally asymptotically stable
equilibrium of , , and , which confirms .

To show [(b)], since (¢(t),p(t)) = (£,0) is a globally asymptotically stable equilibrium
of , , and , it follows that there exists t; > 0 such that for all t > ¢,
|z:()]| < r1. Thus, (2.1), 2-2), and (2.14)—(2.16)) imply that for all ¢ > #1, ¢ (t)
satisfies G;(t) + 2Cwnd;(t) + w?q;(t) = w?2&;, which confirms @

To show assume [|2;(0)|| > ry. Therefore, there exists ¢y > 0 such that for
all t € [0,0), ||zi(t)]| > 72, and it follows from (2.14)—(2.16) that for all ¢ € [0,¢),
wi(qi(t), pi(t)) = v2:(t)/||2:(t)|| — vpi(t)/pe, which confirms [(c)]

Part @ follows from direct calculation. O

2.10 Proof of Theorem

Proof of Theorem [1l Since [(A2)| holds, it follows from [(M1)| that for all ¢ > 0,
w(]z:(6)]]) = 1, which implies that the derivative of W (z,w) along the trajectories of

[2.18)—([2-20) is
A OW (2, w)w W (z,w)

Wiz w) = 0z O dw

Z( Z[Zv\\zkH——x ] =2 g - R

€T kel

9(q,p, 2)

33



—Ci(a.p) —V(H%H)ZZ-T—ff(HZiH)piT)wi, (2.26)

where g(q,p, 2) £ [ w{(¢,p,21) -+ ui(q,p,2n) |7, where u; is given by ([2.18).
Since holds, it follows that for all (¢, j) € P, ¢; — ¢; = 2z; — z;, which implies

that ¥(||¢; — @lle) = ¥(||z — 2;l|e) and hence, ¥5(q) = 15(2). Thus, using (2.4), (2.8),
(2.9), (2.21), and (2.22)), we obtain that for all i € Z,

Ops(2) — Os(g
B T: a4, [Z > vlla — aille ]

k=1 j=k+1
_ 9¢(llg;—gille)
9q;
JET\{d}
llg; — aille
= > o (120 o1, all = il - 0
JET\{i}

= A; (¢9) + R} (q)- (2.27)
Define
D2 {(z,w) € R™ x R™: for all i € Z, ||zi|| > 79, where z =[ 2 --- 2I T}

and it follows from (2.14)) and (2.15) that for all (z,w) € D and all i € Z,

( - [Zv|lzk|l - —x Zk] —v(llzll)= H(I|Zill)pf) w;

kel
T
:{ v zi—lx] wW; — Z;Twi—klpiTwi
1EA 2 || 2| 2
Y 2
= ——||w;]|*. 2.28
pfll | (2.28)

Since for all (7, j) € P, z; — z; = ¢; — ¢; and w; — w; = p; — p;, it follows from ([2.10)
that for all (z,w) € D,

Sctapui= Y ¥ o (1) - g

€T i€ ]ez\{}
=5 5 o (1) s — )
i€ j=i+1
1 ||z — 2]
5 3 (Bl 220
(i,)eP che
Substituting (2.27)—(2.29) into (2.26]) yields that for all (z,w) € D,
- g 1 ||z — 2]
W) = =Tl - 5 5 o (B2l )y -l 230
D (i,))EP | ’rc‘ |e
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which is nonpositive.

To show [(b)} note that for all ¢ > 0, (z(t),w( )) € D. Therefore, and
0) imply that for all t > 0, W(z(¢),w(t)) 2 and W (z(t),w(t)) < 0. Thus,
limt_m W (z(t), w(t)) exists. Since for all (7, j) € P, ¥(||z; — zille) < ¥s(2), it follows
from (2.23) that for all (z,w) € D and all (z,]) E P, W(z,w) > ¥(||z; — zlle) +
||w|[?/2 > 0. Since for all ¢ > 0, W(z(t),w(t)) is bounded, it follows that for all
(1,7) € P and all t > 0, z;(t) — 2(t) and w(t) are bounded, which implies that
q;(t) — qi(t) and p;(t) are bounded. Therefore, (2.8)—(2.10), (2.14), (2.15), and
imply that for all ¢t > 0, g(q(t),p(t), 2(t)) is bounded. Note that for all (z,w) € D,

OW (2, w) OW (z,w)

W(Z,U)) é 8,2 w — aw g(Qapa Z)
1 dl)h(ﬂ) 2 T
= Z Jwj — wil[*o, (2 — 25)[wi — wy]
-~ Allrelle oer U Lmiz sl
2y
+ > [ui(a.p,z) — wilg, p, z)] T [wy — wi] + EQT(q,p, z) w
(i,5)eP

Since dpp(n)/dn and o, are bounded and for all ¢ > 0, g(q(t),p(t), 2(t)) and w(t)
are bounded, it follows that for all ¢ > 0, W (z(t),w(t)) is bounded, which implies
that W (z(t),w(t)) is uniformly continuous. Since lim;_,.o W (z(t), w(t)) exists and
W (2(t), w(t)) is uniformly continuous, Barbalat’s lemma 84, Lemma 8.2] implies that
limy o0 W (2(t), w(t)) = 0. Thus, implies that lim; . w(t) = 0, or equivalently,
limy o pi(t) = x, which confirms

To show ()] note that for all (z,w) € D and all (i,7) € P, pn(||zj — zill/||rclle) =1
and dpp(1)/dn||jz; 2l /|re|lc = 0. Since, in addition, u = 1, it follows from that

)

for all (z,w) € D,
- ui(g,p, zi)  Ouilq,p, zi) dui(q,p, %)
A 1\dy Iy ~1 1\ Iy ~1 1\dy Iy ~1 )
Uz(q,p, ZZ) - aq p+ ap g(QaP? Z) + 82’7, W;
dgb ¢ q; — qille — d €
= > <d_(77) ol — @)l (a5 — ai) + (Hlire” |.|_ !||| 19y,
JET{i} T In=llgj—aille—lldllc qj — Gille

_€¢(||qj_qi||e_||d||€> o 4T> - | |
(1+ ellg; — aille)? 95 = ailla; — @l | Ip; —pil +ui(a, p, %)
v

1EA1k

(zi2] )w; + Lwi — (n -1+ 1)ui(q,p, ;). (2.31)
1Edl pr
Since for all t > 0, ||z;(t)|| > r2; and p;(t), u;(t), w;(t), and g;(t) — ¢;(t) are bounded,
it follows from and that for all t > 0, ||g;(t) — qi(t)]]e, 0e(gi(t) — ¢i(t)), and
—(v/1z: (O [z () 2 ()wi (8)] + (v/|2:(#)||)wi(t) are bounded. Since, in addition,
¢ and d¢(n)/dn are bounded, (2.31)) implies that for all ¢ > 0, «;(q(t), p(t), zi(t)) is
bounded. Therefore, u;(q(t), (t),zl(t)) is uniformly continuous. Since lim;_ p; (%)
exists and p;(t) = uz( (t),p(t), z:(t)) is uniformly continuous, |84, Lemma 8.2] implies

that lim . u;(q(t), p(t), 2;(t)) = 0, which confirms [(e)]
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To show [(g)} note that for all (i,5) € P, ||lg; — alle = g — ¢;]|c and oc(q; — ¢;) =
—0e(qi—q;); and (2.8)~(2.10) imply that for all (¢, p) € R™"xR™", 3,7 A;(q)+Ri(q)+
Ci(q,p) = 0. Since, in addition, for all t > 0, ||z;(¢)|| > ro, limy_se0 u;(q(t), p(t), 2:(t)) =

0, and limy_, p;i(t) = x, it follows from (2.14), (2.15)), and (2.18) that
0= lim (Z uiq(t), p(t), z:(t)) + ([l ()| Ix — pﬁ)])

. Y Y
= lim ———2z(t) — —x|,
fm 2 o

which implies that limy . > ;.7 2i(t)/||z(t)|| = nx/ps. Since ||x|| = p, it follows
that limy_oo > o7 2 (8)X/(|]2:(t)||pr) = n. Assume for contradiction that there ex-
ists k € Z such that limy . 25 (¢)x/(]|2k(#)||ps) # 1. Let d; > 0 be such that for
all t > 0, there exists t; > t such that |z} (¢1)x/(||zx(t1)|lpr) — 1] > d;. Since
My oo D ier 2 (E )X/(||Zz( )||pe) = n, it follows that there exists 5 > 0 such that for
all £ > 1y, | 325e7 2 (0)x/(||2:(0)]pe) — nl < 01 Since limy oo 2 (£)x/([12(8)lpe) # 1,
it follows that there exists t3 > to such that |z (¢3)x/(||2(¢3)||ps) — 1| > 61, which
implies that 2! (t3)x/(||zk(t3)||lps) < 1 — 1 because 25 x/(||zx||ps) < 1. Since for all
i € T\ {k}, 25 (ts)x/([2i(t3)llpr) < 1 and 2 (t3)x/([|2k(ts)l[pr) < 1 — 0y, it follows
that

T LT
2 (t3)x z; (t3)x

E = + E 2R -6 4+n—1=n—4,

||Zz ts ||29f |2 (t )||Pf ! !

Taelts)llor 2,

or equivalently, | ZzEI T(t3)x/(||zi(t3)||lps) — n| > &1, which is a contradiction. Thus,
for all i € Z, limy_, 2, (t)x/(||2:(¢)||pr) = 1, which implies that

zi(t) — ix

2 T(¢+
lim H Z\UX <)X =
t=oo 1] 2;(1)]] P

=2 - 2lim =
t=oo ||2:(t)||ps

Therefore, lim;_,o 2;(t)/||2:(t)|| = x/ps, which confirms

To show|[(f)] since for allt > O, [|zi(t)|]| > 7o, limy o0 pi(t) = X, and limy_, o 2;(t)/||2i(2)]]
= x/pr, it follows from ), (2.14), and (2.17)) that lim, . Ci(q(t), p(t)) = 0 and
limy oo [v(|]2:(8)|]) i ( )—I—Ii(HZz( )||)pz( )] = 0. Since, in addition, lim;_, u;(q(t), p(t), z;(t)) =
0, it follows from that

0= lim [u;(q(t), p(t), 2(t)) — Ci(q(t), p(t)) — v([[z(B)]])z:(t) — s(| |2 ()[])pi(1)]
= lim[Ai(q(t)) + Ria(1))],

t—

which confirms [(f)]
To show [(d)} it follows from (2.27) that 0v(2)/0z = AT (q) + R} (g), which implies

limy o O (2) /0]y = limme o[ AT (q(1)) + R (g())] = 0, which confirms [d]
To show , assume 7. is such that for all (i,j) € P and all t > 0, ||re|lc >
llg;(t) — @i(t)]|e/h. Define f: (d,00) — (0,00) by f(n) = ¢(|lnlle — |ld]|c)oc(n) =
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o(||nlle = lldlle)n/ (1 + €lnlle). For all n € (d,o0), ¢([[nlle — ||d|[c) > 0, which implies
that for all n € (d, 00),

df d¢ d||n]]e d
tn) _ d¢tm) e ol il 3 ()
U M ==y 40 1+ e€llnlle 1+ €l[n]]
_ ot (o) Al
2(1+ (|[nlle = lldlle + ¢)2)32 \ 1 + €]|n|| (14 €l|n]]e)?

> 0.

Let 6 > 0, and define v; = f(d(n — 1) +0). Let ¢; > 0 be such that for all ¢ > ¢,
[|Ai(q(t)) + Ri(q(t))|| < vs/n, which exists because lim;_,.[A;(q(t)) + Ri(q(t))] = 0.
Let ty > t1, and it follows that

[Ai(q(t2)) + Ri(q(t2))]] < % (2.32)

For all (i,j) € P, define Q(i,7) = q;(t2) — qi(t2). Assume for contradiction that
there exists (i,7) € P such that ||Q(7,7)|| > d(n — 1) + 6. Let (a, ) € P be such
that ||Q(«, B)|| = max( jep ||Q(4,5)]|. Since |[|Q(c, B)|] > d(n — 1) 4+ ¢ and for all
n € (d,o0), df(n)/dn > 0, it follows that

vs = fd(n —1) +6) < f(||Q(a, B[)- (2.33)

Let Iy, 1y, ...,1, € Z be such that: (i) [y = o and [,, = 3; (ii) for all (i, 5) € P, l; # I}
and (iii) for all i € Z\ {n}, QT(l;,1;11)Q(c, B) > 0. Since ||Q(a, B)|| > d(n — 1) + 4,
it follows from (iii) that

(d(n —1) +9)]|Q(a, B)|| < [|Q(av, B)|I?
= ZQT(li;li—H)Q(O‘?ﬁ)

<(n-1) Z,EI}}?{)?(L} Q" (I liy1)Q(, ),

which implies that there exists w € Z \ {n} such that

<d+—) 10, )| < QT (lor Luss)Qlar B). (2.31)

Define 7, = {l1,...,l,} and Ty = {l,41,...,l,}, which are nonempty. It follows from
(iii) that for all (4, 7) € P such that i < j,

j—1

Q" (1.1)Qa. ) = 3 Q" (I lis1)Qor, ) = 0.

k=i

Thus, for all i € Z;, Q" (i,1,)Q(a, 8) > 0, and for all j € T, Q" (I,,41,7)Q(a, 3) > 0.
Therefore, for all (i,7) € Z; x I,

0 < QM(i,L)Qa, B) + Q" (w1, 1)Q(ar, B) = QT (i, /)Q(ev, B) = Q" (lu, lus1) Q(x, B),
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which implies that Q% (I,,, l,4+1)Q(a, B) < QT (4, j)Q(c, 3). Thus, it follows from ([2.34])
that for all (¢, 5) € Zy x Iy,

(d+ —) 106, B)ll < Q" (i, /)0a B) < 1106 )| 1@ D).

which implies that QT (4, j)Q(a, 3) > 0 and ||Q(4, j)|| > d. Therefore, (2.4) and (2.6
imply that for all (i, j) € Ty x I, (||Q, j)lle —ldl|e) > 0 and 0/ (Q(E, j))Q(ev, B) > 0,
which implies that

o(1Q 1, e — lldlls)o (Qi, 5))Q(a, B) > 0. (2.35)

Since for all (i,j) € P and all t > 0, ||rc||e > ||g;(t) — ¢i(t)]|c/h, or equivalently,
;i (t) — @i(®)||e/]|relle < h, it follows from that for all (z(t2),w(t2)) € D and all
(i,7) € P, pr(|Q(2, 9)|]e/]|rel|le) = 1. Since, in addition, for all (i,7) € P, 1Q(, j)|]e =
[|Q(7,7)||c and 0. (Q(7, ) = —0.(Q(j,17)), it follows from (| and ([2.9) that

> Ailg(ta)) + R =Y > QN — lldlls)o(Q, 1))

1€y €1y jeI\{i}

= > > oUllQe. )l — lldlls)oc( Q. 1))-

1€11 jJELo

Furthermore, since « = [; € Z; and 8 = 1, € Iy, it follows from (2.32)), (2.33)), and

(2.35) that

s Q(e, BII < F(11Q(e, BIDIIQ(ar, B)]
= o([1Qi, j)lle — lldlls)oe (Q, 7)) Q(, B)
< 0> oIQG. )l — [ldlls)ol (Q(, 1)) Qe )

1€11 jEIL2

= S [Aila(t2)) + Rila(t2))]"Q(ax, B)

i€y

< Y [[Ai(a(t2) + Rila(2)]] [1Q(a, B)]|

i€Zq

<> 2llQe,

1€y

< vs||Q(a, B,

which is a contradiction. Thus, for all ¢ > t;, max jjep ||¢;(t) — ¢:(t)|| < d(n— 1)+,
which confirms .
To show [(a)] assume W (z(0),w(0))<t(||d||c). Let (i,4) € P. Since for all ¢ > 0,
z

P[]z (t) — 2 (O)]e) < Ys(2(t)) < W(2(t), w(t)) and W(z(t),w(t)) <0, it follows that
for all t > 0,

D((l2(1) = z:(®)]e) < W(2(t), w(t)) < W(z(0),w(0)) < ([|0c][)-

Therefore, for all t > 0, ||z;(t) — 2;(t)||e > ¢, which implies ||q;(t) — qi(t)||e > ¢, which
confirms . O
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2.11 Proof of Lemma

Proof of Lemma [Il Assume that for all (i,5) € P, ||§; — &l € {d} U [r,, 0).
Let to > 0, and assume ¢(ty) = £ and p(ty) = 0. Since ¢;(ty) = &;, it follows that
for all (,7) € P, ||¢;(to) — ¢i(to)|| € {d} U [r,,00). We consider 2 cases: r, = 0 and
ro > 0. First, assume r, = 0, and it follows from that r, = r.. Thus, for
all (i,7) € P, |lg;(to) — ¢i(to)|| € {d} U [re,00), which implies that A;(ty) = {j €
T\ {i}: ]]gj(to) — qi(to)|| = d}. Therefore, and imply that A;(q(to)) = 0.
Next, assume r, > 0, and since z(ty) = 0, implies that wu(]|z(t0)||) = O.
Thus, for r, > 0, it follows that u(||z;(t0)||)Ai(¢(to)) = 0. Since for all (i,5) € P,
l|gj(to) — @i(to)|| > min{d,r,} = d, it follows that R;(to) = (), which implies from
that R;(q(tp)) = 0. In addition, since ¢(ty) = £ and p(ty) = 0, it follows
that C;(q(to), p(to)) = 0, v(||zi(to)|])z:(to) = 0, and k(]|z:(to)||)pi(to) = 0. Therefore,
u(q(tp),0) = 0, which implies that (£,0) = (q(to), p(to)) € &. O

2.12 Proof of Theorems 2| and

Proof of Theorem 2l Let i € Z, and assume that for all ¢t > ¢, (a) or (b) hold.
Let t; > to, and it follows that for t = ¢;, (a) or (b) hold.

First, assume that for ¢ = ¢; (a) holds, and it follows that A;(t1) = R;(t1) = N;(t1) =
0, which implies from (2.8)-(2.10) that A;(q(t1)) = Ri(q(t1)) = Ci(q(t1),p(t1)) = 0.

Next, assume that for ¢ = ¢;, (b) holds and (a) does not hold. Thus, ||z (t1)|] <
min {r,,rs} < rs. Let j € N;(t1), which exists because (a) does not hold. Since
llg;(t1) — qi(t1)]|| < re, it follows from the assumption of Theorem [2| that ||z;(¢1)]] <
min {7, rs} < rs. Since ||z;(t1)|| < rs and ||z;(t1)|| < 75, it follows that

d= mi —&all—2
(,gll)lgpllﬁz Ekll — 275

<& —&ll —2rs

= llzj(t1) = zi(t1) + g;(t1) — @i(t2)[] — 2rs

< Iz E)I + Nz @)l + g5 (t) — @(t)]| — 2rs

<lg;(t1) — a(t)ll.
Therefore, R;(t1) = 0, which implies from (2.9) that R;(q(¢1)) = 0. Since, in addition,
||zi(t1)|| < min{r,,rs} < 1y, it follows from [(M2)| that p(||2;(¢1)||) = 0, which implies
that u([|2;(t1)][) Ai(q(t1)) = p(l]zi(02)[)Cila(tr), p(t1)) = 0.

Thus, combining cases yields that

plllzi(t) D Ai(a(t) + Rilg(t)) + pllz:(0)[))Cila(tr), p(t)) = 0.

Therefore, for all t > to, u;(q(t), p(t), z:(t)) = v(||z:(t)|])2:(t) + &(||z:(t)]|)pi(t). Thus,
part @ of Proposition [2| implies that there exists to > ty such that for all t >
ta, Gi(t) + 2CwnGi(t) + wiqi(t) = w?&;, which implies that lim . ¢;(t) = & and
limy o0 pi(t) = 0. n

Proof of Theorem [Bl Since r, = rg = 0, it follows from [(M1)| that x = 1, which
implies that the derivative of V (g, p) along the trajectories of (2.1, (2.2), and (2.18])
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is

V(g,p) £ é ) épmum,p)

o [1&i—aill AN AT
=X (T | | T
+ R} (q) + G (a.p) +V(||Zi||)2;'r+H(||Z¢||)P;F>pi- (2.36)
Since for all (k,j) € P, qu Qlle = qu gille, it follows that ¥(||lg; — alle) =

¥(|lgk — gjl|e). Therefore, (2.4), [2.8), (2.9), (2:21)), and (2-22)) imply that for all i € Z,
s 0
b [Z > wlas — ail ]

& k=1 j=k+1

_ Z W(quq— Gille)

. 9q;
JET\{i}
q; — QZ| €
== % (1) i, — a0 a)
JET\{i} cerie
= — Af(q) — Ri(q). (2.37)

Define /() £ v(/7), and it follows that

1€ —q:ll 1 [1€—aqs| |2
/ M(A)dA = / V(F)dr.
0 2 0

where 7 = \? and d7 = 2\d\. Thus,

o /Hﬁi—qz' O 1 /|5i—qz'|2
Av(N)dN | = — Vv (T)dr
Jq; [ 0 » 9g¢; |2 )y (7)

= —v(l&—all)&—al"
= —v(lzll)2 (2.38)
For all (,7) € P such that ||¢; — ¢i|| < rc, it follows that j € N;. Furthermore, it

follows from ({2.5)) that for all (¢, j) € P such that ||¢; —q|| > 7e, pr(||g; —aille/||7clle) =
0. Therefore, (2.10]) implies that

> Clg.p)p Z > op (H% |(|]’|| ) [—p{ pi + ;i

€L ZEI jEI\{ }

1 ||Cla qz|| 2
D) il 2,
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Substituting (2.37] - into - 2.36]) yields
’ 1 ||q QZH
Wwﬁ>52m«ﬁH oyl + Y sl Ipd? (240)

(i)eP i€z

and since k < 0, it follows that V (g, p) < 0.

To show |(b)| it can be shown that [ Gl Av(A)dA\ is radially unbounded in g;,
which 1mphes that V(q,p) is radially unbounded. Since for all (¢,p) € R™ x R™,
V(g,p) <0, it follows that for all ¢ > 0, V(g(t), p(t)) < 0, which implies that

VM&MWZVMWMW+AVMﬁMWMSVM%MW-

Since V' (g, p) is positive semidefinite, radially unbounded, and for allt > 0, V(q(¢), p(t)) <
V(¢(0),p(0)), it follows that ¢ and p are bounded.
Define
Q= {(q,p) € R™ x R™: V(g,p) < V(q(0),p(0))},

which is compact and positively invariant with respect to (2.1), (2.2), and (2.13).

Furthermore, define

0 2 {(q,p) € Q: V(g,p) =0} = {(q,p) € Q: p=0}.

Since p = 0 implies that p = u(q, p) = 0, it follows that M is the largest set contained in
), that is invariant with respect to , , and . Thus, LaSalle’s invariance
theorem [84, Theorem 4.4] implies that, for all ¢(0) € R™ and p(0) € R™, (q(t), p(t))
converges to M, which confirms [(b)]

To show [(a)], assume that for all (i,7) € P, [|&; — &|| > r. Therefore, there exists
d > 0 such that for all (i,7) € P, || — &]| > e + 0. Define

o
D2 {(g.0) €R™ xR™: fl¢ - qll < 5},

which implies that for all (¢,p) € D,

1/2
4]
|mns<21mw> = lle—dll < 3.

icT
Thus, for all (¢,p) € D and all (i, j) € P,
re < lig — &ll - &

=llzj—zita—all—0

< Izl + Nzl + lla; — @ll =6
o 0

<gtgtlle—all=9

= llg; — aill,
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which implies that ||g; — ¢|¢/||rc||c > 1. Hence, it follows from (2.5 and (2.21)) that

[I7c|le
tb(llqj—que):Adh <|| - )¢<s—udue>ds

which combined with (2.22)) implies that

_n(n—1) [Irelle s B .
o) =" [ () ete =l

Consider the candidate Lyapunov function Vi: D — R defined by

nln — relle
Vl(q,p)éV(q,p)—(TD/ <|| i >¢(8—|Idlle)d8

[l le

It follows from ([2.25]) that V;(&,0) = 0. Since v > 0, it follows that for all ¢; € R™\ {¢;},
Jemall \py(A)dX > 0. Therefore, ([@:25) implies that for all (¢,p) € D\ {(€,0)},
Vilg,p) > 0.
The derivative of V;(q, p) along the trajectories of (2.1)), (2.2), and (2.18) is

oVi(q,p)  OVi(q,p)
dq Pt op

Vi(g,p) 2 u(q,p) = V(q,p).

Define

S 2 {(q,p) € D: Vi(q,p) =0} = {(q,p) € D: p =0},
Rmen

Ez' = [ Ome(ifl) Im Omxm(nfi) ] € )

where 0y, «;, is the {1 X [y matrix of zeros, and [,,, is the m x m identity matrix. Let
G: [0,00) = R™ and p: [0,00) — R™ be such that for all t > 0, (N( ),p(t)) € S
and for all i € Z, ¢(t) £ E;g(t) and p;(t) = Ep(t) satisfy (2.1), [2.2), and (2.15).
Thus, p(t) = 0. Since S C D, it follows that for all (i,5) € 73 and all t > 0,
1,(6) = @B > e, which implies that pn(|1g;(t) — &(t)l|c/l|relle) = 0. Therefore,
2.8)-(2.10) imply that 4;(¢(t)) = Ri(q(t)) = Ci(§(t),p(t)) = 0. Since, in addition,
p(t) =0, it follows from and that

0= pit) = wil@(t), 5(1), & — @:(t)) = v(|l& — G)DI&E — @),

which implies that ¢;(t) = & because v > 0. Thus, (¢(t),p(t)) = (£ 0) is the
only solution to (2.1), (2.2), and such that for all ¢ > 0, (¢(¢),p(t)) € S.
Therefore, |84, Corollary 4.1] implies that (¢(t), p(t)) = (§ 0) is a locally asymptotically
equilibrium of (2.1] . , and (| -, which confirms

Finally, to show assume V' (¢(0),p(0)) < ¥(]|dc H ) Since for all (i,75) € P,
Y(llg; — aille) < ws(q) < V(g,p) and V(¢,p) < 0, it follows that for all t > 0,
Blllgs(®) — a:(®)ll) < V(a(t),p) < V(g(0), p(0)) < w(|I5c]l)- Thus, for all (5, ) € P
and all t > 0, ||g:(t) — ¢; ()|l > [|0c||e, which implies ||g;(t) — qi(t)]| > Jc, which
confirms [(c)] ]
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Chapter 3 Discrete-Time Flocking

We present a multi-agent control method that addresses flocking in discrete time.
The method is decentralized, that is, each agent’s controller relies on local sensing to
determine the relative positions and velocities of nearby agents. Each agent has the
discrete-time double-integrator dynamics obtained by sampling the continuous-time
double integrator and applying a zero-order hold on the control input. The method can
use a centralized flock leader for guidance. We use a novel flock-correction-to-guidance
term that prevents formations from collapsing around the leader. We demonstrate
with analysis that agents using the discrete-time flocking method converge to a set
of flocking formations. Notably, the flocking analysis relies on logarithmic potential
functions. We also provide simulations demonstrating that agents using the discrete-
time flocking method converge to a set of flocking formations and follow the centralized
leader (if applicable).

3.1 Introduction

Multi-agent systems have many exciting applications such as distributed sensing,
formation flying, and cooperative surveillance. For example, autonomous aircraft
or spacecraft can fly in formations for distributed sensing [8.|9]. These applications
require decentralized methods for coordinating and controlling groups of autonomous
agents [11].

For coordinated control, each agent relies on sensing to determine the relative
positions and velocities of nearby agents. Then, each agent uses these measurements
combined with other information such as mission objectives to accomplish tasks, which
can include: guidance, velocity matching, collision avoidance, and cohesion. Guidance
causes an agent or agents to follow a leader agent or leader trajectory, or approach a
desired destination. Velocity matching causes nearby agents to approach a consensus
velocity; collision avoidance repels an agent from nearby agents (or obstacles); and
cohesion attracts an agent to nearby agents.

Agent guidance is often achieved using leader-follower methods [1},9,19}21-26,/58],
60,62, which rely on a centralized leader, who can be an actual or virtual member
of the formation and whose real-time relative position and relative velocity are
known by all agents [1,22-26] or at least by some [9,|19,21]. Consensus algorithms
(173453153561 85] are used to achieve velocity matching.

Some consensus algorithms can be extended to address formation control [46-48|
57,58,60]. These approaches are position-formation methods that force agents into
a configuration using desired relative-position vectors between pairs of agents. In

43



contrast, distance-formation methods induce a configuration using only a desired
relative distance between adjacent agents. In this case, the agents autonomously
determine their configuration based on the desired interagent distance and initial
conditions. One approach for distance formation is to use potential functions that
create attractive forces when nearby agents are too far away and repulsive forces when
nearby agents are too close [1,21-27,/61]. Flocking methods such as [1,21-27,61] use
distance-formation algorithms for cohesion and collision avoidance, and consensus
algorithms for velocity matching. A survey of multi-agent formation methods is
presented in [29]. In addition, many flocking methods include a centralized leader for
flock guidance.

The majority of the formation-control literature focuses on algorithms for agents
with continuous-time dynamics (e.g., [1,8,9,[11,|19,21-27,61]). However, a controller
that stabilizes a continuous-time dynamic system may not stabilize the discrete-time
dynamic system obtained from sampling and holding the continuous system because
of sampled-data effects |77]. To address sampled-data effects, formation-control
approaches for agents with discrete-time dynamics are given in [46,47.57.58,60,83].
These methods include velocity consensus as well as cohesion and collision avoidance,
but only [83] is a distance-formation algorithm.

In this chapter, we present a discrete-time distance-formation flocking algorithm.
This distance-formation algorithm is decentralized, but it can also incorporate a
centralized leader. We use a discrete-time flocking algorithm, where the parameters of
the algorithm depend on the number of agents and the sample time. The algorithm
contains a novel flock-correction-to-guidance term that prevents formations from
collapsing around the leader. The objective of this flocking algorithm is to induce
a formation of agents, where all agents have the same velocity, do not collide with
one another, and form a single group of agents, that is, the flock is not fragmented.
Our analysis uses a logarithmic potential function, which is similar to a logarithmic
Lyapunov-like function [86{91].

This chapter has several contributions that extend the current literature. In contrast
to [83], we provide sufficient conditions such that the agent-averaged position and
velocity converge to the leader’s position and velocity. In addition, we demonstrate
with an example that if agents follow a leader and use flock correction to guidance,
then the agents converge to the same flocking configuration as without flock correction
to guidance; and if agents follow a leader and do not use flock correction to guidance,
then the flocking configuration collapses around the leader.

The discrete-time distance-formation algorithm has applications in distributed
sensing, formation flying, and cooperative surveillance. This discrete-time algorithm
is beneficial for applications with slow sampling rates. As shown in Sections and
[3.6 the discrete-time flocking algorithm can yield improved performance relative to
continuous-time algorithms when implemented with sampled-data systems.
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3.2 Problem Formulation

Let the positive integer n be the number of agents, and define Z £ {1,2,...,n},
which is the agent index set. For each ¢ € Z, consider the discrete-time dynamics

ik +1) = ai(k) + Topu(k) + 5T (R). (3.)
pi(k +1) = pi(k) + Toui(k), (3.2)

where k € N2 {0,1,2,...}; T, > 0 is the sample time; ¢;(k) € R™, p;(k) € R™, and
u;(k) € R™ are the position, velocity, and control of the ith agent; and ¢;(0) and
pi(0) are the initial conditions. Note that and are the discrete-time double-
integrator dynamics obtained by sampling the continuous-time double integrator
with sample time T, and applying a zero-order hold on the control input. Define
P 2 {(i,j) €T x I:i+# j}, which is the set of ordered pairs, and let || - || denote the
Euclidean norm.

Let 6. > 0 be the collision radius, which is the minimum acceptable distance between
agents. The rules for flocking are that agents stay close to one another, avoid collisions,
and match velocities |[16]. We use these rules to define asymptotic flocking. The agents
in Z flock with interagent distance d > 0 if the following conditions hold:

(F1) For all (i,j) € P and all k € N, ||g;(k) — ¢;(k)|| > ..
(F2) For all (4,j) € P, limy_,oo[pj(k) — pi(k)] = 0.
(F3) There exists kg € N such that for all k& > ko, max; jjep ||¢;(k) — qi(k)|| < d(n—1).

Condition states that there are no collisions. Condition states that all
agents approach the same velocity. Condition states that asymptotically each
agent is at most a distance d(n — 1) away from its farthest neighbor; this condition is
flock cohesion.

We present a discrete-time flocking algorithm that accomplishes (F3)l In
addition, this algorithm can force the flock to follow a virtual leader, whose dynamics
are

ek + 1) = (k) + Topg)+ 5 T ). (33
ol 1) = py(h) + Tog ), (3.4

where ¢(k) € R™ and p,(k) € R™ are the position and velocity of the leader; g4(0)
and pg(0) are the initial conditions; and u,: N — R™ is an external forcing signal.
The leader dynamics and take the form of a discrete-time double integrator
and thus match the agent dynamics and ((3.2)).

Unless otherwise stated, all statements in this chapter that involve the subscript
1 are for all ¢ € Z, and all statements that involve the subscripts ¢ and j are for all
(i,j) € P. Also, for £ =1,...,m, we let ¢, € R™ denote the (th row of I,,,.
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3.3 Motivation

To motivate discrete-time flocking, we examine the effect of discretization (i.e.,
sample and zero-order hold) on a continuous-time flocking controller, specifically, |1,
Alg. 1]. We consider the discrete-time double-integrator dynamics and ,
where u; is determined by discretizing the continuous-time controller |1, Alg. 1] with
sample time 75 and applying a zero-order hold. In this section, we adopt the notation
of [1]. Unless otherwise stated, the notation from this section is not used in other
sections of this chapter. In this section, we focus on flocking without a leader.

Let d > 0 be the desired distance between agents. The attraction parameter is
a > 0, and the repulsion parameter is b > a. Let € > 0, and define ||-||,: R™ — [0, c0)
and o.: R™ — R™ by ||z]|, £ (v/1+¢€||z]|2 — 1) /e and o.(z) £ (1/(1 + €||7||5))z.

In this section, we assume that the communication radius r > d is sufficiently large
such that for all k € N, p,(||¢; (k) — @:(k))||o/||I7|lo) = 1, where py: [0,00) — [0, 1] be
given by [1, Eq. (9)]. We also assume a = b. Then, [1, Algorithm 1] is

w(k) & Y o(lla(k) = a(®)lls — lldlo)oe(a; (k) = a(k) + pi(k) = pi(k),  (3.5)
JET\{i}

where ¢: R — R is given by ¢(n) = an/+/1 + n?.
First, we consider the case with n = 2 agents. In this case, it follows from (3.1)),

(3.2), and (3.5) that for all k£ € N,

0q(k +1) £ g2(k +1) — qu(k +1) = f1(5q(k), op(k)),
op(k +1) 2 pa(k +1) = pi(k + 1) = fo(dq(k), dp(k)),

where
T2¢(110q]| — ||d]] ))
sa.8 2 1_ s o o 5 Tsl_Ts(57 3.8
fl( q, p) ( 1_|_6H5qu. Q+ ( )p ( )
—2T.¢(|19g]l> — 1ld]|5)
5q.5p) & 8q + (1 — 2T3)dp. 3.9
f2(dq, 0p) 1+ €||5q]|» 1 v >
Define

o€ = {(5(]6761)6) € R™ x R™: Hd(JeH = d and (Spe =0 }7

which is the set of equilibria of the closed-loop system (3.6)—(3.9) such that the
agents are d apart and have the same velocity. Note that (6¢(k), dp(k)) = (0,0) is an

equilibrium of (3.6)—(3.9)), but (0,0) & 6&.
Let (dge, 0pe) € 6E, and it follows from (3.8)) and (3.9) that

0f1(6¢,6p)  9f1(64,6p) T2q T
Ly — 22%6¢.0¢F T,(1—T)I
Ay o & _ m € de0(q, S s)dm
A= opas  ondaem) ] = [ Lol s (o, |
bq op (64,60)=(6ge.0pe) Ied? 7EeT e e

(3.10)
The following result describes the locations of the eigenvalues of A. The proof is in
Section
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Proposition 3. The matrix A given by (3.10]) has m — 1 eigenvalues at 1 and m — 1
eigenvalues at 1 — 27;. Furthermore, the following statements hold:

(a) Both of the remaining eigenvalues are inside the open unit disk if and only if
T, < min{1,2(1 + ed?)/(ad?)}.

(b) At least one of the remaining eigenvalues is outside the closed unit disk if and
only if T, > min {1,2(1 + ed?)/(ad?)}.

The following results describe the stability properties of the equilibria of ((3.6)—(3.9).
These results are an immediate consequence of Proposition [3{ and Lyapunov’s indirect
method.

Corollary 1. If m =1 and T, < min {1,2(1 + ed?)/(ad?)}, then every element of
0€ is a locally asymptotically stable equilibrium of (3.6)—(3.9)).

Corollary 2. If T, > min{1,2(1 + ed?)/(ad?)}, then every element of §€ is an
unstable equilibrium of (3.6)—(3.9)).

Corollary [2| implies that if the continuous-time flocking controller [1, Alg. 1] is
discretized with a sample time T that is not sufficiently small, then the closed-loop
system f is unstable. The following example demonstrates that the instability
described in Corollary [2|is such that the agents approach a limit cycle, where they
oscillate about the desired flocking distance d.

Example 8. Let m = 2, a = b =5,¢ = 0.1, d = 12, and Ty = 0.05 s. Thus,
T, =0.05s > 0.04 s = min {1,2(1 + ed?)/(ad®)}, and Corollary [2] implies that every
element of §& is an unstable equilibrium of —. The initial positions ¢;(0)
and ¢2(0) are randomly distributed about 0. The initial velocity p;(0) is randomly
distributed about 0, and p,(0) = [200]" — p;(0), which makes the average initial
velocity |10 O]T. Figure shows the trajectory of the closed-loop dynamics ,
(3-2), and (3.5), and Figure [3.2 shows the time histories of ||go — ¢1|| and ||ps — p1]|.
The agents asymptotically oscillate towards and away from one another. The relative
distance asymptotically oscillates about d, and the relative velocity asymptotically

oscillates. Thus, neither [(F2)| nor |(F3)| are satisfied. A

Corollary (1] states that if m = 1 and T} is sufficiently small, then every element
of 6& is a locally asymptotically stable equilibrium of (3.6)—(3.9). For m > 1 and
T, sufficiently small, Proposition 3| implies that A has at least one eigenvalue at
1. In this case, Lyapunov’s indirect method cannot be applied to determine local
stability. Numerical simulations suggest that for n = 2 and m > 1, the condition
T, < min {1,2(1+€d?)/(ad?)} may be sufficient to ensure that every element of §€ is a
locally semistable equilibrium. However, a proof of this conjecture is open. See [92, pp.
194-195] for the definition of discrete-time local semistability.

The above analysis and example are for n = 2 agents. For n > 2 agents, the
condition Ty < min {1,2(1 + ed?)/(ad?)} is not sufficient to achieve [[F1)H(F3)} For
n > 2, numerical testing suggests that the bound on T, depends not only on a, b, €,
and d, but also n. The following example for n = 3 agents shows a trajectory of ,
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Figure 3.1: A trajectory of the closed-loop dynamics (3.1)), (3.2), and (3.5). The
agents asymptotically oscillate towards and away from each other.

(3.2), and (3.5)), where T, < min{1,2(1 + ed?)/(ad?)}. In this example, the agents
start near a flocking configuration but diverge from this configuration.

Example 9. Let n =3, m=2,a=0=0.2,¢e=0.1,d =12, and T; = 0.7 s. Thus,
T, =0.7s <1s=min{1,2(1+ ed?)/(ad?)}. The initial positions are ¢,(0) = [00]",
¢(0) = [d40]", and ¢3(0) = [05d 0865d¢]", which implies that all pairs of agents are
approximately d apart. The initial velocities are p;(0) = 0. Thus, the agents start
near a flocking configuration. Figure [3.3]shows the distance ||ga — ¢1]| between agents
and the magnitude of the relative velocity ||ps — p1]|- The agents do not stay in a
flocking configuration. In fact, ||g2 — ¢1|| and ||p2 — p1|| grow without bound. Neither

nor are satisfied. A

The analysis and examples in this section demonstrate that continuous-time flocking
algorithms may not perform well in sampled-data settings particularly for large sample
times or for a large number of agents. Discretizing these algorithms with sufficiently
small sample times may yield the desired flocking formations. However, for n > 2
agents, it is unclear how to determine an upper bound on the sample time required
to obtain stable formations. In this chapter, we present a new discrete-time flocking
algorithm that is designed to guarantee stability properties for arbitrary sample time
T,, number of agents n, and spatial dimension m.
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Figure 3.2: The distance ||g2 — ¢1|| between agents and the magnitude of the relative
velocity ||ps — p1]| for a trajectory of the closed-loop dynamics (3.1)), (3.2)), and (3.5).
The distance between agents oscillates about d asymptotically, and the relative velocity
oscillates asymptotically.

3.4 Discrete-Time Flocking

Let r. > 6. be the communication radius, which is the maximum distance at which
an agent can sense another agent’s relative position and relative velocity. For all
k € N, define the neighbor set N;(k) = {j € T\ {i}: ||¢;(k) — qi(k)|| < rc}, which
is the set of agents whose distance to the ith agent is less than the communication
radius 7. Let d € (d,r.) be the flock radius, which is the desired distance between
adjacent agents in the flock. For all k € N, define the attraction set A;(k) = {j €
Z\{i}: d <||gj(k) — q(k)|| <rc} € Ni(k), which is the set of agents whose distances
from the ith agent are between the flock and communication radii, and define the
repulsion set Ri(k) = {j € T\ {i}: ||g;(k) — qi(k)|| < d} C N;(k), which is is the set
of agents whose distances to the ith agent are less than the flock radius. Note that for
all k € N, N;(k) = Ai(k) UR;(k).

For each k € N, let ¢;(k) € R™ be an estimate of ¢;(k + 1), that is, ¢;(k) is an
estimate of the ith agent’s position at step &+ 1. We discuss how to design §;(k) later
in this section. Let 7 > n and T, > T,. We assume 7 and 7, are known; however,
n and T, need not be known. If n and T} are known, then 7 = n and T, = T, are
appropriate choices.
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Figure 3.3: The distance ||g2 — ¢1|| between agents and the magnitude of the relative

velocity ||ps — p1]] for a trajectory of the closed-loop dynamics (3.1]), (3.2)), and (3.5)).
The agents start near a flocking configuration; however, the agents do not stay in a

flocking configuration.

To develop the flocking controller, let

4 1
a € (0,00), as€ (o, %) (3.11)
and consider ¢: [0,00) = [aa/(on + 1) — aa/on, az/(a1 + 1)) defined by
o(n) & 2 = (3.12)

ar+1 oy +n?/d?

Note that ¢(d) = 0; for all n € [0,d), ¢(n) < 0; and, for all n € (d,00), ¢(n) > 0.
Next, let

O[QTS 2
Clo,— 3.13
p {2(041 +1)’ T_LTS> ’ (3.13)
where this interval exists because ap < 4(a; + 1)/(nT2).
Let _
2 Ty 1
0. — — 3.14
71€|:7T82>7 72€|:2 7TS>7 ( )
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where the interval for v, exists because vy, < 2/T2. For all k € N, define

a(®) pL(R)
q(k)é[ : ] p(’f)é[ :

qn (k) Pn (k)

G1(k)

in (k)
Thus, we consider the discrete-time flocking control u; : R™" x R™" x R™" x R™ x R™ —
R™ defined by

JEA;
N

7

Flock attraction

+ > olld; — @lDlg — g

JER;
NG

J/

Flock repulsion

+ > Blp —pl

JEN;

Velocity consensus

+m g — @) + 12lpg — Pz‘l

Gui:irfince
n 2
_ (j; W[% —ql+ W[pj - pi]>, (3.15)

N J/

Flock correction to guidance

where card(N;) is the cardinality of N;.

The flock-attraction term in (3.15)) is such that for all j € A;, the ith agent is
attracted to the jth agent. The flock-repulsion term is such that for all j € R;, the ith
agent is repelled from the jth agent. The velocity-consensus term attempts to match
the ith agent’s velocity with the average velocity of all agents in the neighbor set N;.
The guidance terms cause the ith agent to be attracted to the leader’s position and
attempt to match its velocity. The flock-correction-to-guidance term is such that for
all j € \V;, the ith agent experiences corrective forces that repel it from the jth agent
and prevents configurations from collapsing around the leader for a large number n of
agents. This collapsing effect has been noted as an issue in [29).

The parameters in the control are aq, a, 8, 71, and 7. Decreasing oy
increases flock repulsion relative to flock attraction, which helps prevent collisions.
Increasing as increases the magnitude of ¢ and thus, the flock-attraction and flock-
repulsion forces. Increasing 3 increases the magnitude of the velocity-consensus force.
Numerical simulations suggest that choosing 3 closer to its upper bound 2/(n7T}) tends
to yield better performance. Positive 7, causes the ith agent to be attracted to the
leader’s position, whereas positive v, causes the ith agent to attempt to match the
leader’s velocity.

The estimate ¢; can be chosen in multiple ways. The analysis in the next section
uses the estimate §;(k) = qi(k) + Tipi(k) + (T2/2)u;(k) = ¢;(k + 1). This choice of the
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estimate ¢;(k) depends on u;(k), which can make this estimate difficult to implement.
However, we present an iterative algorithm for implementing ¢;(k) = ¢;(k + 1) at
the end of the next section. In contrast, the estimate §;(k) = ¢;(k) + Tip;(k) is easy
to implement. In addition, for bounded u; and sufficiently small T;, the estimate
Gi(k) = qi(k) + Typ;(k) is approximately equal to ¢;(k + 1). The simulations in
Section |3.7| use the estimate ¢;(k) = q:(k) + Tipi(k).

3.5 Flocking Analysis

In this section, we analyze the closed-loop dynamics (3.1)—(3.4) and (3.15]). Let

E; £ |: Ome(i—l) L, Omxm(n—i) ] € Rmxmn?

and define @ £ {g € R™: for all (i, ) € P, ||[E; — Eilq|| < r}, which is the set of
agent positions such that all agents can communicate with one another. The flocking
analysis in this section relies on the following assumptions:

(A1) q(k) = gl +1).
(A2) r. is sufficiently large such that for all k£ € N, ¢(k) € Q.

At the end of this section, we present an iterative numerical approach for imple-

menting (k) = q(k + 1) and thus satisfying [(A1). Assumption states that the
communication radius is sufficiently large such that all agents communicate with one

another. Theorem [5|in this section provides a sufficient condition such that [(A2)|is

satisfied.
Define ¢, & —Qg+ ez ¢i/n and p, £ —Pg+Y ez Pi/, which are the agent-averaged
position and velocity relative to the leader’s position and velocity. Then, it follows

from (3.1)—(3.4) and (3.15)) that for all k € N,
1
el +1) = 0ulR) + TapalR) + S T20ala(R), p(R) g ) peR) usB), (310
pa(k + 1) = pa(k) + Tsua(q(k), p(k), gz (k), pg(k), ug(k)), (3.17)
where u,: R™ x R™ x R™ x R™ x R™ — R™ is defined by
1 .
ua(QaP? anpg> ug) £ — ug‘ + E Z ui(Q>p7 q, anpg>7 (318)
1€L

which is the agent-averaged control relative to u,. We call (3.16)—(3.18)) the agent-

averaged dynamics.
Next, define g;; = ¢; — ¢; and p;; = p; — pi- Then, it follows from (3.1)), (3.2), and
(3.15) that for all k£ € N,

il +1) = a(k) + Top() + 5 T2usla(h) p(8), 4(R). (319)
ik 1) = (k) + Twzla(k), p(K) 4(K)). (320)
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where uj; : R™ x R™ x R™" — R™ is defined by

4

w;i(q, 1, q) = ui(q,p, 4, 4g, Pg) — wi(q, s 4, Gg Dg)- (3.21)

We call (3.19)—(3.21)) the interagent dynamics. Note that the interagent dynamics

do not depend on the leader’s position g, or velocity p,. Thus, @— and (3.15)
can be decomposed into 2 parts: the agent-averaged dynamics (3.16])—(3.18) and the

interagent dynamics (3.19)—(3.21)).
The following result provides sufficient conditions such that the agent-averaged

position and velocity converge to the leader’s position and velocity. The proof is in
Section [3.10, We let ® denote the Kronecker product.

Lemma 2. Consider the closed-loop dynamics f and (3.15)), and the
associated agent-averaged dynamics (3.16)—(3.18)), where [(A1)| and [(A2)| are satisfied
and ug(k) = 0. Then, for all ¢(0) € Q, p(0) € R™, ¢,(0) € R™, and p,(0) € R™, the
following statements hold:

(a) If 41 = 0 and 5 € (0,1/T}), then p, satisfies
Pa(k +1) = (1 = Teyz)pa(k), (3.22)
and limy,_,o pa(k) = 0.

(b) If v € (0,2/T.%) and v, € (Tiy1/2,1/T,), then g, and p, satisfy
¢a(k+ 1) ] ([ 1— %T%l Ti(1 — %TS'yQ) ] ) [ ¢a(k) ]
_ ; I . (323
[ pa(k +1) ~Tim 1—Toy | © pa(k) (3:23)
and limy,_,o ¢a(k) = 0 and limy_, pa(k) = 0.

To analyze the combined agent-averaged dynamics ([3.16[)—(3.18) and the interagent
dynamics (3.19)—(3.21)), consider : [0, 00) — [0, 00) defined by

¢()A2a/n G 7 do
= 2doz1~|—1 ag + 02 /d?

2 72
:CK2|:77 d +d21 a1+1

—_— 3.24
a1+1 n()é1+7]2/d2 ( )

Note that ¥ (d) = 0 and for all n € [0,00) \ {d}, ¥(n) > 0. Consider the logarithmic
potential function V': Q x R™ — [0, 00) defined by

Vig,p) & Y w(IlE; — Elall) + MI[E; — EiplP, (3.25)
(i,5)eP
where A\ £ 1/n — T,3/2, which is positive because 5 < 2/(nT,) < 2/(nT}). If
|[E; — Eilq|| = d and [E; — E;]p = 0, then V (¢, p) = 0; otherwise, V (g, p) > 0.
Define the Lyapunov-like difference AV (k) £ V(q(k + 1),p(k + 1)) — V(q(k), p(k)).
The following result shows that V(q(k), p(k)) is nonincreasing along the trajectories

of (3.1)), (3-2), and (3.15)). The proof is in Section [3.10}
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Lemma 3. Consider the closed-loop dynamics (3.1)—(3.4)), and (3.15]), where
is satisfied. Let ko € N, and assume ¢(ko) € Q. Then, AV (ky) < 0. Furthermore,

Define

& £ {(Qeape> S Q x R™": for all (Zaj) € P7 uji(Qeapt%QG) =0 and [E] - Ei]pe =0 }
= {(ge, pe) € Q x R™: for all (,7) € P, uji(¢e,0,¢.) =0 and [E; — E;]Jpe =0 },
(3.26)

which is the set of agent positions and velocities such that all agents communicate
with one another and have the same velocity and control.

The following result provides sufficient conditions for flocking and is the main result
of this chapter. The proof is in Section [3.11]

Theorem 4. Consider the closed-loop dynamics (3.1)—(3.4) and (3.15)), where
|(A1)| and |(A2)| are satisfied. Then, for all ¢(0) € Q, p(0) € R™, ¢,(0) € R™, and

pg(0) € R™, the following statements hold:
(a) If V(q(0),p(0)) < 2¢(d.), then for all & € N, ||g;;(k)|| > d..

(c) For all § > 0 there exists ks € N such that for all k& > ks, max; jyep ||g;:(F)|] <
din—1)+9.

(d) (q(k), p(k)) converges to the set {(ge,pe) € £: V(ge,pe) < V(q(0),p(0))}.

(e) For all i € T, limyoo Y jepniy 21185 (k) — @i(k)[1)gzi(k) = 0.

(f) My =72 =0, then -7 pj(k) = 3257 pi(0) and limg o pi(k) = 3257 p5(0)/n.
(9) It 71 €[0,2/T.%), o € (T /2,1)Ts), and ug(k) = 0, then limy_, o pi(k) = pg(0).
(h) If v € (0,2/T.%), 75 € (T /2,1/T), and ug(k) = 0, then limy_,o0 ga(k) = 0.

Part states that if V' (¢(0),p(0)) < 2¢(d.), then there are no collisions, which
implies |(F1)l Part states that all agents converge to the same velocity, which
implies|(F2)| Part|(c) states that the relative position between agents is asymptotically

bounded by d(n — 1), which implies [(F3)| Thus, parts |(a){(c)imply that the agents

in Z achieve (F3), and thus flock with radius d > 0.
Part states that agents converge to a subset of £, which implies that agents

converge to the same velocity and control. Part states the sum of attraction
and repulsion of the ith agent converges to 0. Part states that if 74 = v = 0,
then the 7th agent’s velocity converges to the agent-averaged initial velocity. Part
states that if v; € [0,2/T5°), 72 € (T71/2,1/Ts), and u,(k) = 0, then the ith agent’s
velocity converges to the leader’s initial velocity. Part states that if v, € (0,2/ TSQ),
Yo € (Tyy1/2,1/Ty), and ug(k) = 0, then the agent-averaged position converges to the
leader’s position.

o4



Assumption requires that r. is sufficiently large such that for all £ € N,
q(k) € Q. The following result provides a sufficient condition for [(A2)| The proof is
in Section [B.111

Theorem 5. Consider the closed-loop dynamics (3.1)—(3.4) and (3.15]), where
is satisfied. Assume ¢(0) € R™" and p(0) € R™" are such that V(¢(0), p(0)) < 2¢(r.).

Then, for all £ € N, q(k) € Q, and parts |(a){(h) of Theorem {4f hold.

The analyses in this section use the estimate §(k) = q(k + 1), which can be difficult
to implement because (k) depends on u(k). The following iterative algorithm provides
a process to compute an estimate ¢(k) on each step k such that ||G(k) —q(k+1)|| <€
for an arbitrarily small € > 0.

Algorithm 1. Consider the closed-loop dynamics (3.1))—(3.4]) and (3.15]), where

is satisfied. Let € > 0 be the required accuracy of the estimate §(k) of ¢(k + 1). For
each step k € N, consider the estimator of ¢(k + 1) given by the difference equation

2(l+1) = q(k) + Tep(F) + %TEU(Q(/f),p(k), 2 (1), 4g(F), ps(k)), (3.27)

where [ € N z;(I) € R™, and z(0) is the initial estimate of ¢(k + 1). For each step
k € N, the estimate ¢(k) is obtained using the following algorithm:

Step 1: Initialize [ to 0, and select z;(0) € R™", which is the initial estimate of ¢(k+1).

Step 2: Compute z (I 4+ 1) using (3.27). If ||zx(I + 1) — zx(I)|| < €, then go to Step 3;
otherwise, increment [ by 1 and repeat this step.

Step 3: The estimate of g(k + 1) is ¢(k) = 2zx(1). A

For each k € N, one possible choice for the initial estimate is 2;(0) = q(k) + Tip(k).
Note that Algorithm 1 can be implemented decentrally for each agent using feedback
q(k) and p(k). In numerical testing with e = 107'% and different values of ¢(k), p(k),
4(k), ps(k), a1, as, B, 71, 72, n, m, Ty, and d, we observed that after a sufficient
number of iterations ||zx(l + 1) — zx(1)|| < €. In practice, the tolerance € > 0 would
be selected based on the computational resources and the acceptable amount of time
to iterate on each step k. In fact, Algorithm 1 can be easily modified to impose
a maximum number of iterations, which would be determined based on practical
constraints.

3.6 Motivating Example Revisited

We now reconsider Example [§ in Section [3.3] where instead of using the control
given by [1, Alg. 1], we use the control (3.15). Let Ty, d, and r, = r be the same as
in Section [3.3] The initial positions ¢;(0) and ¢2(0), and initial velocities p;(0) and
p2(0) are the same as in Example |8 Let a; = 0.01, ap =3, 5 =3.3, and 73 = 72 =0,
which are the parameters of and are selected to satisfy , , and
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(3-14). We use the estimate G(k) obtained from Algorithm [1} where ¢ = 107'* and
2,(0) = q(k) + Tep(k).

Figure shows the trajectory of the closed-loop dynamics , , and
overlaid on Figure 3.1 and Figure shows the time histories of ||¢g2 — ¢1]| and
||[p2 — p1|| overlaid on Figure Using the control (3.15)), the distance between agents
converges to d without oscillations and the agents approach the same velocity. Thus,
the agents flock asymptotically, and this flocking behavior contrasts the asymptotic
oscillations observed in Figures and , where the control is given by [1, Alg. 1].

If, in the above example, we use the control with the estimate ¢(k) =
q(k) + Typ(k) instead of the estimate obtained from Algorithm 1, then the response
(solid lines) is indistinguishable from the response shown in Figures and

&’-~“~~. —’4"‘.~.-_ 4"~..-"—".
4, -
s of --- [ Alg. 1] |

9 — Control ((3.15)
4 |
"¢‘-- ~~~. . 4"~~~.-",-—.~.-_’_

X --
| | |

€14;

Figure 3.4: A trajectory of the closed-loop system ({3.1)), (3.2)), and (3.15)) overlaid on
the trajectory from Figure , which uses the control , Alg. 1]. The agents using

(3.15) flock asymptotically.

3.7 Numerical Examples

In this section, we present examples that demonstrate the discrete-time flocking
control . For all examples, we let T, = 0.05 s, 6. =2 m, d = 12 m, o; = 0.01
ay = 3, and = 3.3. We use the estimate ¢(k) = q(k) + Tip(k).

The following example demonstrates that the flock-correction-to-guidance (FCTG)
term helps prevent the agents’ configuration from collapsing around the leader, which
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Figure 3.5: The distance ||g2 — ¢1|| between agents and the magnitude of the relative
velocity ||ps — p1]| for a trajectory of the closed-loop system (3.1)), (3.2), and
overlaid on the plot from Figure which uses the control , Alg. 1]. Using ,
the distance between the agents converges to d, and the relative velocity converges to
0.

in turn helps prevent collisions.

Example 10. Let n = 3 agents, m = 2, and r. = 100 m. The initial positions are
¢1(0) = [90]", ¢(0) = [-27]", and ¢3(0) = [-5 —3]"; and the initial velocities are
p1(0) = p2(0) = pg(O) = 0. In addition, let 4, = 50 and 75 = 10, and consider the
leader dynamics (3.3) and (3.4), where ¢z(k) =0, pg(k) = 0, and uy(k) = 0. Thus, the
leader agent is statlonary Flgure shows the trajectory of agents using the control
(3.15)), which includes the FCTG term, and the control , where the FCTG term
is omitted. Figure shows that the distances between agents using the control
with FCTG converges to d, whereas the agents whose controls do not contain the
FCTG term converge to a distance less than d apart. A

The remaining numerical examples demonstrate formations of agents with and
without a leader.

Example 11. Let n = 3 agents, m = 2, and r. = 100 m. Assume there is no
leader (i.e., 71 = 72 = 0). The initial positions ¢;(0), ¢2(0), and ¢3(0) are randomly
distributed about 0; and the initial velocities p;(0) and p,(0) are randomly distributed
about 0, and ps(0) = [300]" — p1(0) — p2(0), which makes the average initial velocity
[10 O]T. Figure shows that the agents form a flock, where all agents have the

27



20 x ¢;(0) ]
qi(ke) with FCTG
o ¢;(k¢) without FCTG
o ¢(k)=0
With FCTG
10| --= Without FCTG .
P4
> 5\
9 |
‘e
0r o O ncmmmmmmn" X |
..--0
%-
~101 i
| | | |
—10 0 10 20

€14;

Figure 3.6: Trajectories of n = 3 agents that follow a leader whose position and
velocity are gq(k) = 0 and p,(k) = 0. In one trajectory, agents use the control (3.15)),
which contains the FCTG term; in the other, agents use the control , where the
FCTG term is omitted. The step k¢ € N is such that ¢;(ks + 1) ~ ¢;(ke).

same velocity and are d apart from all other agents. Furthermore, for all £ € N,
|gj(k) — qi(k)|| > dc, which implies that there are no collisions. In this example, we
use the estimate §(k) = q(k)+ Tsp(k) =~ q(k+1), whereas Theorem {4 uses the estimate
G(k) = q(k + 1). Figure shows that with this approximation, the agents in Z flock
with radius d. JAN

The asymptotic configurations in Example [10| (with FCTG) and Example [11] are
both such that limy_, ||g; (k) — ¢i(k)|| = d. Therefore, in these cases, agents converge
to this d-apart configuration independent of whether or not there is a leader.

Example 12. Let n = 3 agents, m = 2, and r. = 100 m. Let v; = 3 and v, = 6,
and consider the leader dynamics (3.3) and (3.4), where ¢4(0) = 0, pg(0) = [100]",

and
0

(k) = | gu (k) + 50 sin 0 — 2eapy (k) + 1000 cos Ok |

and w = 0.025 rad. Thus, the leader has a constant velocity in the e; direction and
a sinusoidal velocity in the ey direction. The initial conditions ¢(0) and p(0) are
randomly distributed about 0. Figure 3.9 shows that the agents flock and follow the
leader. A
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Figure 3.7: The distances between n = 3 agents that follow the leader agent whose
position is gy(k) = 0 and whose velocity is p,(k) = 0. In one trajectory, agents use the
control , which contains the FCTG term; in the other, agents use the control
(3.15)), where the FCTG term is omitted. The agents using the FCTG term converge
to d apart, whereas the agents that do not use the FCTG term converge to a distance
less than d apart.

Example 13. Let n = 10 agents, m = 3, and r. = 100 m. Let 74 = 3 and v, = 6,
and consider the leader dynamics (3.3) and (3.4), where ¢,(0) = 0, py(0) =[50 o]",

and

0

ug(k) = 0
—e3qg (k) + 50sin 0k — 2e3p, (k) + 1000 cos Ok
where w = 0.025 rad. Thus, the leader has a constant velocity in the e; and es
directions and a sinusoidal velocity in the es direction. The initial conditions ¢(0) and
p(0) are randomly distributed about 0. Figure shows that the agents flock and

follow the leader. AN
3.8 Conclusions

We presented a discrete-time distance-formation control (3.15]) that addresses flock-
ing for agents with the sampled-data double-integrator dynamics, which are obtained
by sampling the continuous-time double integrator and applying a zero-order hold
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Figure 3.8: A group of n = 3 agents with no leader that flock. The agents form a
flock, where all agents have the same velocity and are d apart from one another. The
line between agents shows that agents are approximately d apart.

on the control input. The control includes flock-attraction, flock-repulsion,
velocity-consensus, guidance, and flock-correction-to-guidance terms. We demon-
strated with analysis and simulation that discretizing (i.e., sample and zero-order
hold) a continuous-time flocking algorithm (specifically [1]) can lead to instabilities.
In contrast, we demonstrated with analysis and simulation that the discrete-time
flocking method in this chapter causes agents to flock, that is, avoid collisions, match
velocities, and achieve a cohesive formation.

3.9 Proof of Proposition

Proof of Proposition[3. Let S € R™*™ be an orthogonal matrix such that Sdg. =
del, which exists because ||0qc|| = d. Let P € R***™ he the permutation of the
2m x 2m identity matrix, where the second and (m + 1)th columns are switched.
Define

A é S 0m><m :| A |: OST Om><m :| Pfl

m><

(m—1)x2 ]m 1 Ts(]- _TS)N ) (328>

P
02><(m—1) O2x (m—1)
m=-1)x2  Om-1)x(m-1) (1 = 2T5)I;m—1
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Figure 3.9: A group of n = 3 agents that flock and follow a leader. The line between
agents shows that agents are approximately d apart.

where

2a2
Méll—ﬁ—ejz L(-T) | _ g

2Tyad?
- 1+?d2 1 =27

N2 Om-2)x1 Im—2 € RIm—1x(m—1)
1 le(m—Q)

Since the eigenvalues of A coincide with those of A, and A is upper block triangular,
it follows from that A has m — 1 eigenvalues at 1 and m — 1 eigenvalues at
1 — 2T}, and the 2 remaining eigenvalues of A are the eigenvalues of M.

It follows from Proposition [ in Section that the eigenvalues of M are in
the open unit disk if and only 7, = f < min{1,2/¢g} = min{1,2(1 + ed?)/(ad?)},
which confirms . Similarly, it follows from Proposition |5 in Section that
at least one of the eigenvalues of M is outside the closed unit disk if and only
T, = f >min{1,2/g} = min {1,2(1 + ed?)/(ad?)}, which confirms [(b] O

3.10 Proof of Lemmas 2| and

Proof of Lemma[3. Assumption implies that for all & € N, ||g;;(k)|| < re.
Since, in addition, uy(k) = 0, it follows from ([3.18) that for all k¥ € N,

ua(q(k), p(k), qg(k), pg(k), ug(k)) = =71¢a(k) — Yopa(k),
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Figure 3.10: A group of n = 10 agents that flock and follow a leader. The line
between agents shows that agents are approximately d apart.

which substituted into (3.16) and (3.17)) yields (3.23).

To show [(a), assume that 7; = 0 and 4, € (0,1/7%), and it follows from
that for all k € N, p,(k) satisfies (3.22). Since v € (0,1/T;) C (0,1/T5), it follows
that all the eigenvalues of (1 — Tyy2)I,, are inside the open unit disk. Therefore,
limy,_ o0 pa(@: 0, which confirms |(a )

To show |(b), assume ~; € (0,2/T,") and v, € (Tiy1/2,1/Ty), and define

B é 1-— %Tg")/l Ts(l — %TS"}/Q)
—Timn I =Ty

Since v, > 0 and v € (Tyn1/2,1/T3) C (Tyy1/2,1/T,), it follows that det B =
14+ T2%y,/2 — Tyye > T2, /2 > 0 and det B < 1. Thus, 0 < det B < 1.

Since v, > 0, it follows that tr B = 2 =T,y —T%v,/2 = 1+det B—Tyy? < 1+det B.
Since det B > 0, it follows that |tr B| < |1 + det B| = 1 + det B.

Finally, since | det B| < 1 and |tr B| < 1 + det B, it follows from [93| Fact 11.21.1]
that the eigenvalues of B are in the open unit disk. Thus, the eigenvalues of B ® I,
are in the open unit disk, and it follows from that limy_,o ¢a(k) = 0 and
limy_ 0 pa(k) = 0, which confirms O
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Proof of Lemmal[3. Tt follows from (3.24]) and (3.25) that

i k 1 2_ y k 2
AV(k) = 3 o, [4iiRo 1 D] 1||qg( ol
(i.5)eP ar+

o + ||q;5(ko) [P/ d?
+ od? ln( J
2 ay + ||gji(ko + 1)||?/d?
+ Apji(ko + 1)[1* = M|pji(ko)|”

- Y o [lgji(ko + DII* — llgji(ko)||”
2 Oél+1

(i,5)eP

ot (14 (g 12 = gk + 1>H2>/d2)

a1 + ||gji(ko + 1)[|?/d?
+ Alpsi(ko + DI = Al[pji(ko) |- (3.29)
Since for all n > 0, Inn < n — 1, it follows from (3.12)) and (3.29)) that AV (k) < W7,

where

. 1 2 o 2
W, 2 Z a2|’q]l(k0 + DII* = l1g5i(ko)||
A a1 + 1
(3,7)€P
lgji(ko)|1* = |lgji(ko + 1)[|?
a1 + ||gji(ko + 1))|12/d?
+ A|pji(ko + 1)[1* = M|pji(ko)|”
= Z d(|gji (ko + DII) (1gji(ko + 1)[1> = llgji(ko)?)
(3,7)€P
+ Al|pji(ko + 1)[|* = M|psi(ko)|[>- (3.30)

Define G;i(ko) £ §;(ko) — Gi(ko), and it follows from |(A1), ([3.19), and (3.20)) that
W= 3 26(lata) e o)

(3,5)eP
+ Tuo(|1G5: (ko)1) q;; (ko) uji(q(ko), (ko). G(ko))
+ 2Xpj; (ko)ui(q(ko), p(ko), G(ko))

+ T50(]1G5: (ko)) ||pji (ko) + % suji(q(ko), p(ko), 4(ko))

+C¥2

2

+Ts)\Hsz‘(Q(/fo)’p(ko)y@(ko))Hﬂ- (3.31)
Note that all terms in (3.31)) are at time step ky. For notational convenience, we

omit the argument kg from this point forward. Since (3.12]) and (3.13]) imply that
sup,so ¢(n) = az/(aq + 1) < 28/1, it follows from (3.31) that W, < Wy, where

W, & TS{ S 2001145l akw

(4,7)EP
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+ Ts¢(| |qu1 | |)QEuji(q’ b, qA)

+ QAPJTM@‘(Q; j2X0)
2

+2

1 .
Dji + §Tsuji<Q7p7 Q)

Tl q>||2] | (3.32)

Next, define

n—1 -1 -1
Ll é -1 n— 1 ® Im c ]Rmnxmn7
1
-1 -1 n—1
and
[ > olg(ko)ll)  —¢(llg21(ko)ll) —d(l1gn1 (ko)) 7
JENT
L, a —¢(||g12(ko)]) j§2¢(\léjz(ko)ll) : %1, € Rmxmn
: e ~6(ldn(n—1) (Ko)II)
—¢(||d1n (ko)|]) —(1d(n-1)n (ko)II) GZA; &(|ldjn (ko)1)

and note that
> o(lgillaipii = 24" Lop,
(i,5)€P

> oldsill)gfiwiila. p,4) = 24" Loulq, p. §),
(3,7)€P

Z ]zuﬂ q, pv - 2pTL1’LL(q,p, (j)a
(i,5)€P

1 . 1 NE 1 .
> Ipji+5Tswi(a, p, )II° =2 {p + 5 Toulg, p, Q)} Ly {p + 5 Tula p, q)] ,
(3,5)€P

Z Huji<Q7p> qA)H2 = 2uT(Q7p7 Q)L1u(q,p, qA)a
(4,5)EP

where

ul(q7p7 Cja 07 0)
A A .
u(q,p,q) = :
un(q,p,q,0,0)

Thus, it follows from (3.32)) that

Wy = 4Toq" Lgp + 272" Lyu(q, p, )
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+ 4Ts)\pTLlu(Q7 b, Cj)

1 R 1 .
+ 4T, {p 1 §Tsu(q,p, q)} Ly {p + §Tsu(q,p, Q)}

+ 212" (¢, p, §) Lru(g, p, §).- (3.33)

Next, let 1,,x, € R™"™ denote the n x n matrix of ones, and define 14 lyxn® 1, €

R™xmn - Since (1/n)Ly — I = —(1/n)1, it follows from (3.15) and that

. v v
u(q,p,4) = — Lsqg — BLip+ glqu + lep — Mg — Yap
= — Lyq— BLip — %M — %1}) (3.34)

Since L11 = Oppxmn and Lyl = Oppscmn, it follows from (3:33)) and (3.34) that

1
WQ = 2TS2qTL¢ |:_Imn + EL1:| L¢q

2 275

n

2 15
+ 2T.8p" [le — (TSB + 5) LT+ nﬁLﬂ p
Furthermore, since (1/n)Ly — I, = —(1/n)1 and L? = nLy, it follows that

1 1.
L¢, |:_[mn + —Ll} = L¢>1 = Omnan7
n

n

215

1 2 4
L¢ |:21mn -2 (TSB + —> L1 + L%:| - L¢1 = Omnxmm
n

o
Iip
n

2Ll - (TS/B + %) L% + L? - Omnxmn’
which implies that W5 = 0. Therefore, AV (ko) < Wy < W, = 0.

To prove that AV (ko) = 0 if and only if g;;(ko + 1) = g;i(ko), first assume that
¢i(ko + 1) = ¢ji(ko). Thus, it follows from and that AV (ko) = Wi.
Furthermore, it follows from that pj; (ko) + (T5/2)w;i(q(ko), p(ko), G(ko)) = 0,
and (3.31]) and (3.32)) imply that W, = Wa. Thus, AV (ky) = Wy = Wy = 0.

Conversely, assume that AV (ky) = 0. Since 0 = AV (kg) < Wy < Wy =0, it follows
that W, = W,. Therefore, and imply that

2

pji(ko) . suji(q(ko), p(ko), 4(ko))|| = 0.

> (28— Tep(/1g5i (ko)) 5

(i,5)EP

Since (3.12)) and (3.13)) imply that for all n > 0, Typ(n) < Tsaa/(an+1) < 20, it follows
that 258 — Ts¢(||¢;i(ko)||)) > 0. Therefore, pj;(ko) + (Ts/2)uji(q(ko), p(ko), ¢(ko)) = 0,
and (3.19)) implies that g;;(ko + 1) = g;i(ko)- ]
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3.11 Proof of Theorems 4| and

Proof of Theorem [, To show[(a) assume ¢(0) and p(0) are such that V(¢(0), p(0)) <
2(d.). It follows from |(A1)| and Lemma [3| that for all £ € N, AV (k) < 0. Thus,

implies that for all k£ € N,
2¢(|1g;s (k)II) < V(q(k), p(k)) < V(q(0),p(0)) < 2¢(dc).

Since ¥(||g;i(k)|]) < ¥(d.) and 1 is strictly decreasing on [0, é.], it follows that for all
k€N, ||g;i(k)|| > 6c, which confirms [(a]
To show , let g,: Q@ X R™ x R™ x R™ — R™” satisfy

. 1 .
4 (¢, D, 4g, ) = ¢+ Top + §T3U(q,p, 4+(¢, D, g, Pg)+ 4e> D),

where
Uy (Q7 D, Cj) an pg)

A

uw(q,p,q, 4g, Pg) :
un(Q7pa (jv anpg)

Note that (3.1)) and [(A1)| imply that for all £ € N,

G(a(k), p(k), qg(k), pg(k)) = a(k + 1) = 4(k). (3.35)
Also note that (3.15) implies that for all (¢, p, ¢g, ps) € R™ X R™ x R™ x R™,
[Ej - EZ]Q*(Q7P7 qgvpg) = [E] - E%](j*(Q7pa Oa 0) (336)

Next, consider Dy : R™ x R™ — R defined by
Dy (g, p) = V(4.(¢,p,0,0),p + Tiu(q, p, ¢.(¢,p, 0,0),0,0)) — V(g,p),
and define
Re = {(¢;p) € QX R™: V(q,p) < V(q(0),p(0)) and Dy(g,p) =0 }.

It follows from (3.19)), (3.20)), (3.35)), and (3.36|) that Dy (q(k),p(k)) = AV (k). Thus,
it follows from (3.35)), (3.36]), and Lemma |3 that

Re={(q;p) € 2 xR™: V(q,p) < V(q(0),p(0)) and [E; — E][G.(q, p,0,0) — 61(] = 0) }
3.37

Let M. C R. be the largest invariant set with respect to — that is
contained in R.. Let ¢: N — Q and p: N — R™" be such that (¢(0),p(0)) € M.,
and ¢;;(k) = [E; — E;]¢(k) and pj;(k) = [E; — E;]p(k) satisfy the difference equations
(3.19)—(3.21)). Thus, for all £ € N, (G(k),p(k)) € M. C R.. For all k € N, define
qu(k> £ [E] — Ez](j(l{?) and ﬁ]z(k’) = [Ej — Ez]ﬁ(k), and it follows from *
that g;;(k + 1) = g;i(k). Thus, and imply that for all k € N,

Pii(k + 1) = pji(k) + Tsu;i(q(k), p(k), 4(k + 1))
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= k) + 7 (@l + 1) = Guk) — T ()
= —pji(k). (3.38)
Next, and imply that for all £ € N,
u;i(q(k),0,G(k + 1) = u;i(g(k +1),0,q(k + 2)). (3.39)

Furthermore, (3.19)) implies that for all £ € N, p;i(k) = —(T5/2)u;i(G(k), p(k), G(k+1)),
which combined with [(A2)] (3.15), and (3.21]) implies that for all k£ € N,

1

(k) = =5 T @(R), 0,k + 1)) + STan (k). (3.40)

Therefore, using (3.40)) followed by ([3.39)), (3.40)), and (3.38]) yields that for all k£ € N,
1 1 N ~
1 - -

= (1 - %Tsnﬁ) pji(k+1)

= - (1 — %TJL@) pji(k),

which implies that p;;(k) = 0 because 8 < 2/(ily) < 2/(nTy). Since G;i(k+1) = g;i(k
and p;;(k) = 0, it follows from that u;;(G(k),p(k),q(k + 1)) = 0. Next, since
g;i(k + 1) = ¢;i(k), it follows from (3.15) and 1} that w;;(q(k),p(k),q(k)) =
uJZ((j(k)aﬁ(k)’CI(k + 1)) = 0. Therefore, M. C & 2 {(Qe7pe) S V(Qevpe) <
V(4(0), pO))}

Finally, it follows from Lemma [3| that for all (¢,p) € Q x R™ Dy (q,p) < 0.
Since, in addition, M. C &. is the largest invariant set contained in R., it follows
from [92, Theorem 13.3] that (q(k),p(k)) converges to M, C &.. Thus, (q(k),p(k))
converges to &., which confirms

To show , let € > 0. Since (q(k),p(k)) converges to &, let k. € N be such that
for all k > ke, )

inf [lp(k) = pel| < NG

(Qeape)egc
Since, in addition, for all (ge,pe) € &, [Ej — Eilpe = 0, it follows that for all k& > k.,

|psi (k)| = [[[E; — Edp(k)]]
= inf [|Ej[p(k) — pe] — Eilp(k) — pell|

((Ic 7pc)€£c

< inf [|Ejp(k) — pelll + || Eilp(k) — pelll

(qe 7Pe)€5c

< inf > [|Ep(k) — pe]l]

9. gc
(gespe)€ =
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< \/_ inf Z || E[p( Pel||?

qe pe Egp

=i int_lp(k) — pel

(Qe:pe)e c
< €.

Therefore, limg_,o pj;(k) = 0, which confirms |(b)

To show [(e), it follows from that Tyu;i(q(k), p(k), ¢(k+1)) = pji(k+1) —pji(k),
and since limy_,o pji(k) = 0, it follows that limy_,. u;;(q(k),p(k),q(k + 1)) = 0.
Next, note that implies that w;;(g¢(k),0,q(k + 1)) = w;i(q(k),p(k),q(k + 1)) +
nBp;i(k). Since, in addition, limy_, p;i(k) = 0 and limy_,o w;i(¢(k), p(k), ¢(k+1)) =0,
it follows that limy . uj;(q(k),0,9(k + 1)) = 0. Consider F;: N — R™ defined
by Fi(k) £ > jenir) PUlgsi(k + 1)[[)gji(k), and note that > . ; Fj(k) = 0. Thus,
Fi(k) = Fi(k) — 2z (k) = 3 jen i i (g(k), 0,g(k + 1)). Since, in addition,
limy,so0 wji(q(k), 0,q(k + 1)) = 0, it follows that limy_,., F;(k) = 0, which confirms

To show , let § > 0, and let §; € (0,0). Since limy_, F;(k) = 0, let k; € N be
such that for all k > kq,

¢d+61/(n 1)) (d+61/(n 1))

n

[ E ()] <

(3.41)
Next, let 5y £ § — &;. Since limy o pji(k) = 0 and limy_,o u;i(q(k), p(k), q(k+1)) = 0,
let ko > ki be such that for all k > ko,

09
n—1

max

Tipji(k) +
ey Dy ( )

(3.42)

T2ua( 0.tk + 1) <

Assume for contradiction that there exists ks > ko such that max jyep ||gji(ks)|| >
d(n - 1) + 9. Define Q(]7 Z) = jS(k5)7 P(],Z) = pji(k5)7 Q(j? l) £ jS(k§ + 1)7 and
U(j,1) = uji(q(ks),p(ks), q(ks + 1)). Let (I1,1,) € P be such that [|Q(l,,11)|] =
max jyep ||Q(J,7)||, and let Iy, ..., l,—1 € T be such that: for all (i,j) € P, l; # l};
and for all j € Z\ {n},

Q" (1j41,1))Q(ln, 1) > 0. (3.43)
To show that lo,...,l,_1 exist, we consider 2 cases. First, assume for contradiction
that there exists lp € Z \ {ly,1,} such that Q™ (ly,1,)Q(l,, ;) < 0. Since ||Q(l,,1)]| =
max; jyep ||Q(J, %), it follows that

QU 1)|]? = Q" (I, lo)Q(ln, 1) + Q" (lo, 1) Q(1n, 1)
< HQ(lm ll)HQ + QT(Z(L ll)Q(lna ll)
< 1Q(L,, 1),

which is a contradiction. Therefore, [y does not exist. Second, assume for contra-
diction that there exists ;1 € Z \ {l1,1,} such that QT (l,.41,1,)Q(l,,11) > 0. Since
|Q(ly, 11)|| = max jyep ||Q(4,7)|], it follows that

0 < Q" (ln+1, 1) Qlny 1) + [|QLn, W)|* = [|QLn, 1) [?
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= Q" (lns1, 1) Qs 1) — |Q(Ln, )P

< QUn, W = Qs 1)
=0,

which is a contradiction. Therefore, [,,,1 does not exist. Thus, ls, ..., [, 1 exist.
Next, it follows from (3.43)) that for all (/;,/;) € P such that [; < ;,

Q" (1, 1:)QUn, 1) = ZQ Lot 10)Q(ln, 1) > 0. (3.44)

Since ||Q(l,,11)|| > d(n — 1) + 0, it follows from (3.44)) that

(d(n = 1) + O)|QU, W] < [|Q(Un, L)

n—1
- Z QT(lﬂl: lj)Q(ln, L)
j=1

< (n—1) max Q*(I 15 1) Qlns 1),

JEI\{n}

which implies that there exists w € Z \ {n} such that
5 T
d + 1 ||Q( n )|| <Q (lw—l-h lw)Q<lna ll)' (3-45)

Define 7, = {ly,...,l,} and T, & {l41,...,l,}. Since for all (i,j) € Z; x I,
i <l < o1 < J, it follows from BA) that Q™ (lusr, L)QUs ) < QT (7, ) QU 1),
Thus, (3.45) implies that for all (i,j) € Z; x I,

0 QT(]? )Q(lmll)
=1 QU]

Since § = d; + 09, using ([3.42)) followed by (3.46)) yields that for all (i, ) € Z; x Is,

d+ <[l 9l (3.46)

T.P(j,1) + 1T2U( i)

! > 110G )

01

QG - |

>d+

-1
which implies from (3.19) that for all (i, ) € Z; x Zs,

QG-I = [[QU. 1+ TP + 320G

T.P(j,i) + ;T2U( i)

Y

gl -

n—1
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Furthermore, since ¢(d) = 0 and ¢ is a strictly i increasing function, it follows that for
all (4,5) € Zy x Iy, 0 < ¢(d + 61 /(n — 1)) < ¢(]|Q(5,4)|]). Since, in addition, for all
(1,7) € Iy X Iy, i < j, it follows from (3.44)) that for all (i,5) € Z; x I,

(||Q(J7 NQT (7 )Q(ln, 1) > 0. (3.47)
Finally, it follows from (3.46)) followed by - ) that

o(0+-25) ( 5)wwnww@wwmww
<> o1QULNINQT (4, )Q (L, 1)

€Ty j€L,

(3.48)

Since Y ez, D ez iy o(||Q(,)|NQ>,7) = 0, it follows from |(A2)| that

> olRG. DN = Filks).

1€11 jJELy 1€Zy

Thus, it follows from m followed by (3.41)) that
)
e L G [CCABIED SATHIEONN
1€
< D NEE) QU W)l

i€l
1 01 01
< el
< Yo (a2 (04 22 ) et
i€y
0 01
d ns 5
<ofar-20) (a+ 2 et
which is a contradiction. Therefore, for all & > ky, max; j)ep ||qﬂ(k)|| <d(n—1)+9,

which confirms .

To show, assume y; = 2 = 0, and it follows from (3.15)) that ZjeI ui(q, P, q, 4gs Dg) =
0. Therefore, (3.2) implies that

dopilk+1) =) (k) + Ta(a(k), p(k), 4(k), g5 (), pe(k)) = Y p;(k)

JET JjeET JET

Thus, Zjezpj(k) = Zjezpj(o)- Moreover, p;(k) = Z]EI[pj (k) — pji(k)]/n
> iezlpi(0) — pji(k)]/n, and since limy_, pji(k) = 0, it follows that limy_, e pi(k)
> ez Pi(0)/n, which confirms .

To show , assume v, € [0,2/T2), v2 € (Tiy1/2,1/Ty), and ug(k) = 0. Therefore,
Lemma 2 implies that limy . pa(k) = 0. Since ugz(k) = 0, it follows from (j3.4)
that pe(k) = p,(0). Since pu(k) + 32, pyu(k)/n = py(k) — (k) = pe(0) — pi(h),
limy o0 pa(k) = 0, and limy_,o pji(k) = 0, it follows that pe(0) — limy_. pi(k) = 0,

which confirms .
To show [(h)} assume v, € (0,2/T2), 72 € (Tyy1/2,1/T), and ug(k) = 0. Therefore,
part of Lemma [2{ implies that limy_, ¢a(k) = 0, which confirms . O
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Proof of Theorem[5. To show that for all k € N, V(q(k),p(k)) < 2¢(r.), we use
induction on k. First, since V(q(0),p(0)) < 2¢(r.), it follows that for k& = 0,
V(q(k),p(k)) < 2u(re). Next, let k; € N, and assume that V(q(ky), p(k1)) < 2¢(r.).
It follows from and that ¥(||q;i(k1)|]) < V(g(k1),p(k1)), which implies
that ¥(||g;i(k1)]|) < ¥(re). Since, in addition 1) is strictly increasing on [r¢, 00), it
follows that ||g;;(k1)|| < re, which implies that ¢(k;) € Q. Thus, Lemma 3] implies that
AV (k) < 0, which implies that V(g(ki + 1), p(k1 + 1)) < V(q(k1), p(k1)) < 23(r).
Therefore, for all k € N, V(q(k),p(k)) < 2¢(r).

Since for all £ € N, V(q(k), p(k)) < 2¢(r.), it follows from and that for
all k € N, ¢(||qﬂ(k‘1)||) < V(q(k),p(k))/2 < 4(r.). Thus, for all k € N, ||g;:(k)|| < e,
which implies that q(k) € Q. Therefore, the assumptions of Theorem 4| are satisfied,

which implies that parts|(a)H(h) of Theorem {4| hold. O

3.12 Propositions [4| and |5| used in the proof of Proposition

The following section is independent of the rest of the chapter. The proofs of the
following 2 results are after the statement of the second result.

Proposition 4. Let f > 0 and g > 0, and define

al1-Ff9 f-f? «
M_{ oy 1_2f}eR2 2,

Then, both eigenvalues of M are in the open disk if only if f < min{1,2/g}.

Proposition 5. Let f > 0 and g > 0, and define
a | 1= fPg f—=F 2x2
M= { _9fg 1-2f e R*“.

Then, at least 1 of the eigenvalues of M is outside the closed unit disk if and only if
f>min{1,2/g}.
Proof of Proposition[f] Define

2
rlél—f_%ﬂg_f\/<1+%fg) —2g € C, (3.49)

A 1, 1,\°
rn=l-f—=gfg+f (1+§fg) —2¢ €C, (3.50)

which are the eigenvalues of A, and note that

ot =53 ) o

Assume f < min{1,2/g}. We consider 3 cases: (i) ¢ <2 and f > +/8/g —2/g; (ii)
g<2and f </8/g—2/g; and (iii) g > 2. Assume (i) g <2 and f > /8/g — 2/g.
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Since g < 2, it follows that f < min{1,2/g} = 1. Since f > /8/g — 2/g, it
follows from (3.49)—(3.51)) that r; and ro have 0 imaginary parts and r; < ry. Since

fV/ L+ fg/2)2 —2g < f(1+ fg/2), it follows from (3.50)) that 5 < 1. Since f < 1,
it follows that

2
2
f\/(l + %fg) —29 | =/ <1+fg+ if292 — 29)

1
= '+ fPa+ > — 2%

4
<1 ot -2 —4f +4
2
= <2 — %f2g — f) . (3.52)

Since a < 1 and g < 2, it follows that 2 — f2g/2 — f > 0. Therefore, (3.52)) implies

that
f\/(1+§fg) ~2g<2-Sf% -,

which implies from ([3.49) that

1 1.\
T1=1—f—§f29—f\/(1+§f9) —29> -1

Thus, —1 < r; < ry < 1, which implies that both eigenvalues of M are in the open
unit disk.

Next, assume (ii) ¢ < 2 and f < \/% — 2/g. Since g < 2, it follows that
f<min{1,2/g} = 1. Since f < \/%—Q/g, it follows from (3.49)(3.51)) that r; and
9 have nonzero imaginary parts and |(1+4 fg/2)* —2g| = 29 — (1+ fg/2)*. Therefore,
(3.49) and (3.50)) imply that

|7’1’2 = |7“2\2

= (1-1-5r) +2|(1+500) -2

1 1
=1+ f+ é—lf“g2 —2f — P9+ fPg+2fg— f*— fPg— Zf492

=1-2f+ f%. (3.53)

Since, in addition, f < 1 and g < 2, it follows from (3.53)) that |r| = |r2] < 1. Thus,
both eigenvalues of M are in the open unit disk.
Next, assume (iii) g > 2, which implies that f < min{1,2/g} =2/g. Since f <2/g

and 2 < g, it follows that (1 + fg/2)* < 4 < 2g, which implies from (3.49) and ({3.50))
that r; and ro have nonzero imaginary parts. Since, in addition, f < 2/g, it follows
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from (3.53)) that |r;| = |re| < 1. Therefore, the eigenvalues of M are in the open unit
disk.

Conversely, assume both eigenvalues of M are in the open unit disk. We consider
3 cases: (iv) g <2and f < +/8/g—2/g; (V) g<2and f>/8/g—2/g; and (Vi)
g > 2. Assume (iv) g < 2 and f < /8/g —2/g. Thus, f < sup,cq V/8/9—2/9 =
1 =min{1,2/g}.

Next, assume (v) g < 2 and f > /8/g—2/g. Since f > \/8/g—2/g, it follows from
(3.49) and (3.51)) that r; has 0 imaginary part. Since, in addition, both eigenvalues of

M are in the open unit disk, it follows that —1 < r;. Thus, it follows from (3.49)) that

2

2
L Pt P2 = f\/ (1+500) ~2

< (2-39-1)

1
= é—lf"tg2 + P9+ P —2f°g —Af + 4,

which implies that f < 1. Since g < 2, it follows that 1 = min {1,2/g}. Therefore,
[ <min{l,2/g}.

Finally, assume (vi) g > 2. Assume for contradiction that f > /8/g — 2/g.
Thus, and imply that r; has 0 imaginary part. Since, in addition, both
eigenvalues of M are in the open unit disk, it follows that r; > —1. Therefore, it

follows from ((3.49) that

1 2
Osf\/<1+§fg) vy

< —%fQQ—f—I—Q
_ _g_]<f_1—|—\/1+4g) (f_l—\/1+4g)
2 )

g 9

and thus, f < (v/T+4g —1)/g. Since \/8/g —2/g < f < (VT + 4g — 1)/g, it follows
that /8¢9 < 1+ /1 + 4g. Squaring both sides yields that 8g < 2 + 4g + 24/1 + 4g, or
equivalently, 2g — 1 < /1 + 4g. Squaring both sides again yields that 4¢> — 49 + 1 <
1 + 4g, or equivalently, ¢ < 2, which is a contradiction because g > 2. Thus,

f < +/8/g9—2/g. Therefore, it follows from (3.49)—(3.51]) that r; and ry have nonzero

imaginary parts. Since, in addition, both eigenvalues of M are in the open unit
disk, it follows from (3.53)) that 1 —2f + f?g = |r1]|? = |r2|? < 1, which implies that
f <2/g=min{l1,2/g} because g > 2. O

Proof of Proposition[J. Define

2
rlél—f—%fZQ—f\/<l+%fg) —2g € C, (3.54)
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2
rgél_f_%ﬂg—i-f\/(l—i-%fg) —2g € C, (3.55)

which are the eigenvalues of M, and note that

1,0\ 2 2 8 2 8
(1+—fg> —2g:g—<f+——\/j) (f+—+\ﬁ>. (3.56)

2 4 g g g g
Assume f > min{1,2/g}. We consider 2 cases: (i) f > /8/g — 2/g, and (ii)
f<+/8/g9—2/g. First, assume (i) f > /8/g — 2/g, and it follows from (3.56|) that

r1 and ry have 0 imaginary parts. Since, in addition, f > 1, it follows that

f\/(l + %fg) —29 | =/ (1 + fg+ ingz — 29)

1
= 1f492 + fPa+ f2—2f%

1
> ;1f492+f‘°’g+f2 —2f%g—4Af +4

1 2
=(2—-=1%¢g—
( 519 f) ;
which implies from (3.54)) that

1 1.\
rlzl—f—§f29—f\/(1+§fg) —29 < -1

Thus, an eigenvalue of M is outside the closed unit disk.
Next, assume (ii) f < 1/8/g — 2/g, and it follows from (3.56) that r; and 75 have
nonzero imaginary parts. Therefore, it follows from (3.54)) and (3.55)) that

1 2

1 1
=1+ 4+ 1f492 —2f = P9+ fPg+2fg— f*— fPg— Zf492

=1-2f+ f%. (3.57)

\7"1!2 = ’7”2\2

1 2
= (1—f—§fzg> +

Since f > 2/g, it follows that f%g —2f > 0, which implies that |ri| = |ry| > 1. Thus,
an eigenvalue of M is outside the closed unit disk.
Conversely, assume at least 1 eigenvalue of M is outside the closed unit disk. We

consider 2 cases: (iii) f > /8/g — 29, and (iv) f < /8/g — 2g. Assume (iii)
f > 1/8/g — 2g, and it follows from ({3.54))—(3.56)) that r; and r, have 0 imaginary
parts and r; < ry. Since \/(1+ fg/2)2 —2g < 1+ fg/2, it follows from (3.55) that
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ro < 1. Since, in addition, at least 1 eigenvalue of M is outside the closed unit disk, it
follows that r; < —1, which implies from (3.54) that

2

2
L Pt P2 = f\/ (1+560) ~2

1 2
2
> (2—§fg—f>
= PP P 2 - af 44

Thus, f > 1. Assume for contradiction that g > 2, and, since f > 1 it follows that

_g <f_1+— Vl+49) (f_l— V1+49> :—ljﬁg—f—ir2<0,
g g 2

which implies that f < (v/1+4g —1)/g. Since \/8/g—2/g< f<(\/1+49—-1)/g,
it follows that /89 < /1 +4g + 1. Squaring both sides yields that 8g < 2 + 4¢g +
24/1 + 4g, which implies that 2g — 1 < /1 4+ 4g. Squaring both sides again yields that
49> —4g+1= (29 —1)? < 1 + 4g, which implies that g < 2, which is a contradiction.
Therefore, g < 2, which implies that f > 1 = min {1,2/g}.

Finally, assume (iv) f < 1/8/g —2g, and it follows from — that r and ry

have nonzero imaginary parts. Since, in addition, at least 1 eigenvalue of M is outside
the closed unit disk, it follows from ([3.57)) that 1 < |ri|*> = |re|?> = 1 —2f + f?g, which
implies that f > 2/g. Since 2/g < f < 1/8/g — 2/g, it follows that 16/¢* = (4/g)? <

(v/8/9)* = 8/g or equivalently, g > 2. Therefore, f > 2/g = min{1,2/g}. O

75



Chapter 4 Experimental Demonstrations of Discrete-Time Flocking Us-
ing Rotorcraft

We present results from experiments that use a group of three rotorcraft and
the discrete-time flocking control in Chapter [3] We use a motion-capture system
to sense each rotorcraft’s position. In addition, we use a centralized computer to
calculate each rotorcraft’s control and transmit the control to the rotorcraft. The
centralized computer is not required by the discrete-time flocking control but is used
to simplify implementation. These experiments show that the rotorcraft tend to a
flocking configuration both with and without a centralized leader. Furthermore, these
experiments show that the rotorcraft approximately follow a leader (if applicable).

4.1 Introduction

Chapter |3| provides discrete-time flocking results and simulations showing that
agents converge to a flocking configuration whether or not a leader agent is present.
However, the results presented in Chapter |3 are based on simplified agent dynamics
(i.e., discrete-time double-integrator dynamics) and do not account for real-world
challenges such as sensor noise and time delay.

In this chapter, we examine the performance of the discrete-time flocking control in
experiments with three rotorcraft. Implementing the discrete-time flocking control on
rotorcraft allows us to analyze aspects of the control that are harder to analyze math-
ematically such as asynchronous sampling, measurement noise, and communication
delays and dropouts.

Experimental demonstrations of formation-control algorithms are in [22,23,78-80].
Of these, [79,80] consider quadcopters, but [79,80] use a position-formation algorithm
for cohesion, whereas this chapter uses a distance-formation approach.

In this chapter, we implement the discrete-time flocking control presented in Chap-
ter Bl In order to implement the discrete-time flocking control in Chapter [3 we
review pertinent aspects of the algorithm, and we describe the experimental setup.
We present results of experiments where rotorcraft flock with and without a virtual
leader agent.

4.2 Approximate Dynamics for an Attitude-Stabilized Quadcopter
Let the positive integer n be the number of rotorcraft, and define Z £ {1,2,...,n},

which is the rotorcraft index set. Unless otherwise stated, all statements that involve
the subscript i are for all i € 7.
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Let Fg be the Earth frame, which is assumed to be an inertia frame and has
orthogonal unit vectors ig, Jg, and kg. The origin og of Fg is any point on the Earth’s
surface, and the ig—Jg plane is parallel to the Earth’s surface, which is assumed to be
flat. Let F; be a frame whose origin o; is fixed to the quadcopter’s center of mass and
has orthogonal unit vectors 7;, 7;, and l;‘z», where i; is directed through the nose (i.e.,
front) of the ith quadcopter and where ki = kp. Let ¢; € (—m, ] be the angle from
ig to i; as shown in Figure [£.1 Note that v, is the yaw angle of the ith quadcopter.
Thus, the direction cosine matrix of F; relative to Fg is

cost;  siney; 0
O(;) & | —sinth; costy; 0
0 0 1

The position of o; relative to og is denoted by 7; as shown in Figure [4.1] The velocity
E-

of o; relative to og with respect to Fg is denoted by 7;. The position and velocity are
E

: A - A p
resolved in the Earth frame as q.; = 7i|g and p.; = 75|g.

Fg

OE

Figure 4.1: The position of the ith quadcopter’s center of mass o; relative to og is 7;.
The orientation of F; relative to F is O(1;), where 1); is the yaw angle, which is the
angle from 7g to 2;. Note that kg = k; is directed out of the page.

The rotorcraft used in our experiments are Parrot Rolling Spider quadcopters, and
each one is attitude-stabilized by Parrot’s proprietary inner-loop controller, which
is implemented on each quadcopter’s onboard processor. Note that we do not alter
this inner-loop controller in any way. This inner-loop controller accepts an external
force command v ;(t) € R3, where the 3 elements of v; are directed in the -, ji-,
and /;:Z-—direction, respectively. The inner-loop controller also accepts an external yaw
command; however, the yaw command is constant in all experiments in this chapter.
These external commands can be provided a user operating a smartphone-simulated
joystick or by an outer-loop controller, which is the method used in our experiments.
Thus, the dynamics of each attitude-stabilized quadcopter are approximated by the
double integrator

QC,i<t) = pc,i(t)> (41)
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Pei(t) = uci(t), (4.2)

where u.; € R3 is the external force command resolved in the Earth frame, which is
determined from an outer-loop flocking controller; and ¢.;(0) and p.;(0) are the initial

conditions. Thus,
Vei(t) = O(hi(t))uc,(t)

is the force command for the inner-loop controller as shown in Figure [4.2]

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

e g L[ Tonerioon | [ Quadeoprer | Qudeope

c,i — i )Uc,i : controller 7] dynamiCS : glld VelOquCt;' Do
! | C,%
‘ |
‘ |
l Onboard 3
| sensors |
‘ |
: |

Figure 4.2: The Parrot Rolling Spider quadcopter is attitude-stabilized by Parrot’s
proprietary inner-loop controller. The attitude-stabilized quadcopter dynamics are
approximated by the double integrator (4.1) and (4.2)).

In this chapter, we implement a modified version of the discrete-time flocking control
from Chapter [3in experiments with n = 3 rotorcraft. To implement the sampled-data
controller, we sample the position ¢.;(t) and velocity p.;(t) with sample time 75 > 0
and apply a zero-order hold on the Control input u,(t). Thus, for all £ € N, the
sampled position and velocity are ¢;(k) = q.;(kT}) and p;(k) £ p.;(kT,). Furthermore,
for all k € N and all ¢t € [kTy, (k + 1)T), uci(t) = wi(k), where u;: N — R™ is the
control and m = 3 is the spatial dimension. In this case, we obtain the discrete-time
dynamics

¢i(k +1) = qi(k) + Tips (k) + %Tfui(k)a (4.3)
pilk +1) = pi(k) + Tsu;(k), (4.4)

where k € N, and ¢;(0) = ¢.;(0) and p;(0) = p.;(0) are the initial conditions.
We also consider a flock leader, which is a virtual member of the flock, whose
discrete-time dynamics are

sl + 1) = gg(K) + Tipu(k) + S T2 (k). (4.
pg(k +1) = pg(k) + Tsug(k), (4.6)

where k € N; gz(k) € R™ and p,(k) € R™ are the position and velocity of the leader;
¢:(0) and p,(0) are the initial conditions; and ug: N — R™ is an external forcing
signal. The leader dynamics (4.5) and (4.6]) take the form of a sampled-data double
integrator and thus match the sarnpled data dynamics (4.3]) and ( .
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4.3 Discrete-Time Flocking

Define P £ {(i,7) € T x Z: i # j}, which is the set of ordered pairs, and let || - ||
denote the Euclidean norm. Let 6. > 0 be the collision radius, which is the desired
minimum separation distance between rotorcraft. The rules for flocking are that
rotorcraft stay close to one another, avoid collisions, and match velocities |[16]. We
use these rules to define asymptotic flocking. The rotorcraft in Z flock with radius
d > 0 if the following conditions hold:

(F1) For all (7,j) € P and all k € N,
llg; (k) — @i(F)]| > dc.

(F2) For all (i,5) € P,
lim [p;(k) — pi(k)] = 0.

k—o0

(F3) There exists k; > 0 such that for all £ > ky and all ¢ € Z,

(k) —q(k)|| <d(n—1).
max o;(k) ~ a(B)]| < dln 1)

Condition states that there are no collisions. Condition states that all
rotorcraft approach the same velocity. Condition states that asymptotically each
rotorcraft is at most a distance d(n — 1) away from its farthest neighbor.

In these experiments, we use n = 3 rotorcraft. In this case, it is possible to a achieve
a formation where each rotorcraft is d apart from all other rotorcraft. So, we also
consider the condition:

(F4) For all (i,7) € P,
i g5 (k) — () = .

Condition states that the distance between pairs of rotorcraft tends to d. For
n > 4 rotorcraft, is not possible.

Next, we describe a modified version of the discrete-time flocking algorithm presented
in Chapter [3] Let r. > . be the communication radius, which is the maximum
distance at which a rotorcraft can sense another rotorcraft’s relative position and
relative velocity. For all £ € N, define the neighbor set

Ni(k) = {5 € T\ {i}: llg;(k) — ai(k)I| < re},

which is the set of rotorcraft whose distance to the ¢th rotorcraft is less than the
communication radius r.. Let d € (d.,7.) be the flock radius, which is the desired
distance between adjacent rotorcraft in the flock. For all k£ € N, define the attraction
set

Ai(k) = {5 € T\ {i}: d < lg;(k) — i(R)]] < re} S Ni(k),
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which is the set of rotorcraft whose distances from the ¢th rotorcraft are between the
flock and communication radii, and define the repulsion set

Ri(k) £ {j € T\ {i}: llg;(k) — a:(b)ll < d} € Ni(k),

which is is the set of rotorcraft whose distances to the ith rotorcraft are less than the
flock radius. Note that for all & € N, N;(k) = A;(k) UR;(k).

For each k € N, let ¢;(k) € R™ be an estimate of ¢;(k + 1), that is, ¢;(k) is an
estimate of the ith rotorcraft’s position at the next sample time. Let n > n and
T, > T,. We assume 7 and T, are known; however, n and T, need not be known. For
the experiments in this chapter, both n and 7 are known. Thus, we let n = n and
T, =T..

To develop the flocking controller, let

4 1
a; € (0,00), ag€ (0, @ ) (4.7)
nT?

and consider ¢: [0,00) = [ae/(a1 + 1) — aa/ay, aa/(a1 + 1)) defined by

a %) _ as(n®/d* — 1)
o= T W F 2/ (ay + D)y +2/d?)

Note that ¢(d) = 0; for all n € [0,d), ¢(n) < 0; and, for all n € (d,c0), ¢(n) > 0.

(4.8)

Next, let ~
OZQTS 2
e |2 2 ), 4.9
where the interval exists because ay < 4(ay + 1)/(RT2).
Let _
2 I 1
N € [07 T—52> ;o M€ |:Ta i) ;o 1320, =0, (4.10)

where the interval for v, exists because vy < 2/T2.
For all £ € N, define

q1(k) pi(k) a1 (k)
gk) = | | pR)= | dk) =
Gn(k) pn(k) Gn(F)
Let e, € RY3 be the £th row of 3x 3 identity matrix. Consider the discrete-time flocking

control with additional altitude guidance wu; : R™" x R™ x R™" x R™ x R™ — R™
defined by

uilg, 9,4 4o pe) 2 Y 016 — @ilDlgy — @l + Y o(lld; — @il gy — al

JEA; JER
Flock ;&raction Flock ;erpulsion
+ > Blp —pil +7lge — @i +72lps — i
JEN: Guia;unce

Velocity consensus
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T T
+ 3€3 es[qg — ] + ez eslpg — pi]
Additional algirtude guidance

— (ZN Card(VW[% — il + md{ﬁ[ﬁj —pi}), (4.11)

J/

Flock correction to guidance

where card(N;) is the cardinality of N;. Thus, for all k£ € N and all t € [kT5, (k+1)T}),
the command to the quadcopter’s inner-loop controller is

Uc,i(t) = vi(q(k),p(k), q(k), Qg<k)> pg(/f), Vi (KTy)),

where v;: R™ x R™ x R™ x R™ x R™ x (—m, 7] — R™ is defined by

Ui(Q:Z)a qAa Qg> pg7 wz) é O(¢Z)uz(Q7pa qAa Qg>pg)' (412)

If v3 = 0 and 4 = 0, then is identical to the discrete-time flocking control
in Chapter [3] However, if 73 = 0 and 4 = 0, then the rotorcraft may move into a
formation, where one rotorcraft is above another. In this case, the downwash from
the higher-altitude rotorcraft may cause an undesirable disturbance on the lower-
altitude rotorcraft. If v3 > 0 and 4 > 0, then the rotorcraft prioritize matching the
leader’s altitude more than its lateral position. In this case, the rotorcraft tend to a
configuration that is parallel to the ground, that is, in the 7g—jg plane.

The estimate ¢; can be chosen in multiple ways. In this chapter, we use the estimate

Gi(k) = q:i(k) + Tepi(k),

which uses the sampled position and velocity of the current step to estimate the position
at the next time step. It follows from that for bounded wu; and sufficiently small
T, the estimate ¢;(k) = ¢;(k) + Tip;(k) is approximately equal to ¢;(k + 1).

In this chapter, we compare our experimental results with the theoretical results
in Theorem [6] We repeat the main result from Chapter [3| to make this chapter self
contained. Consider ¥: [0, 00) — [0, 00) defined by

n 2 2

R . o n —d 2 CY1+1
a9 _ do = d°ln ————

¥(n) a2/d ag+1 a4+ 02/d? 7T ® a;+1 + r1061"‘772/d2

and consider the logarithmic potential function V': @ x R™" — [0, 00) defined by

Vig,p) & Y ¢(I[E; — Eddll) + B, — Elpll,

(4,5)eP

where 1 1
N
=5 sB.
The following contains results related to the asymptotic flock configuration as well as
the rotorcraft-averaged position and velocity are related to those of the leader.

A
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Theorem 6. Consider the closed-loop dynamics in f and , where
v3 = 74 = 0. Define @ = {q € R™: for all (i,5) € P, ||¢; — @|| < rc, where ¢ =
[¢F .. ¢7]"}. Assume that for all k € N, §;(k) = ¢;(k + 1) and ¢(k) € Q. Then, for all
q(0) € Q, p(0) € R™, ¢,(0) € R™, and p,(0) € R™, the following statements hold:

(a) If V(q(0),p(0)) < 2¢(d.), then for all k € N, ||g;;(k)|| > Oc.
(b) Timy oo [p; (k) — pi(k)] = 0.
(¢) For all § > 0 there exists ks € N such that for all & > ks,

(k) —aqi(k)]] <d(n—1)+0.
max [lg,(k) = (k)| < d(n = 1) +

(d) For all i € I, limy o0 > e a iyumi) U105 (K) = @i (R)I)]g; (k) — a:i(k)] = 0.
(e) If vy = 72 = 0, then for all k € N,

sz(k) = Zpi<0)7

icT icT
and

lim pi(k) = %ij(()).

k—oo -
JET

(f) If v2 € (Tyy1/2,1/Ty), and ug(k) = 0, then limy_,o p;(k) = pg(0).
(9) It 71 € (0,2/T3%), 72 € (Tey1/2,1/T%), and ug(k) = 0, then

Jim [—qg(k) + % > Qi<k)] = 0.

1€L

Note that Theorem |§| invokes 2 key assumptions: the estimate ¢;(k) of the position at
step k+ 1 equals the position ¢;(k+ 1), and the communication radius r. is sufficiently
large such that all agents communicate with each other at all times.

Part implies that if V(¢(0),p(0)) < 2¢(d.), then there are no collisions, which
implies . Part implies that the rotorcraft converge to the same velocity,
which implies . Part implies that the relative position between agents is
asymptotically bounded by d(n — 1), which implies [(F3)] Thus, parts [(a}{(c] imply
that the rotorcraft flock with radius d.

Part implies that the sum of flock attraction and repulsion of each rotorcraft
tends to 0. Numerical simulations suggest that for n = 3 and m = 3, if the sum of
flock attraction and repulsion of each rotorcraft tends to 0, then the agents tend to a
configuration, where each agent is d apart from other agents, which implies .

Part implies that if there is no leader, then the sum of velocities is constant.
Furthermore, all rotorcraft tend to the average initial velocity. Part implies that if
the rotorcraft follow a leader and the leader has constant velocity, then each rotorcraft’s
velocity tends to the leader’s velocity. Part implies that if the rotorcraft follow
and leader and the leader has constant velocity, then the rotorcraft-averaged position
tends to the leader’s position.

82



4.4 Description of Experimental Setup

In this section, we describe the hardware setup for implementing the discrete-time
flocking control . The experimental hardware includes: rotorcraft, a motion-
capture system, a desktop computer, and Android devices.

We use n = 3 Parrot Rolling Spider quadcopters. These quadcopters have 4
propellers whose thrust vectors point downward. By increasing or decreasing the
thrust of all propellers, the quadcopter can move up and down. By increasing or
decreasing the thrust of some propellers relative to the others, the quadcopter changes
its orientation, which causes it to move laterally. Thus, quadcopters may move in
approximately any direction.

Each Rolling Spider has a removable axle that we attach. The axle attaches to
wheels, which serve as propeller guards, but we do not attach the wheels because they
reduce mobility and battery life. We tape 4 infrared-reflective markers (specifically,
Optitrack’s 6.9 mm markers with M3 base) to each Rolling Spider—one on the nose,
one near the tail above the battery, and one on each end of the axle. All 4 markers
are visible from the top of the Rolling Spider but not the bottom. The markers form
a planar diamond configuration on the Rolling Spider as shown in Figure 4.3] The
marker placement on each Rolling Spider is unique so that the motion-capture system
can identify the Rolling Spiders based solely on the marker placement.
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Figure 4.3: A picture of the Rolling Spider quadcopter with 4 attached markers for
motion capture. The markers are arranged in a planar diamond configuration.

The quadcopters’ positions are tracked using an Optitrack motion-capture system
that uses a combination of cameras, markers, and software to determine rigid-body
positions and attitude. We use 6 OptiTrack Prime 13 cameras, which emit and receive
infrared light to track objects. The cameras are arranged in a circular configuration,
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pointed towards the test-flight volume, and angled slightly downward, as shown in
Figure [4.4. The cameras are mounted on tripods and are approximately 3 m off the
ground, and the collective tracking volume of the cameras is approximately 3 m by
4 m by 3 m. The cameras emit infrared light towards the infrared-reflective markers
on the Rolling Spider quadcopters. Then, the cameras sense the light reflected from
the infrared-reflect markers and send the pixel coordinates of all reflected light to the
desktop computer for processing. All the cameras are connected to a switch using
CAT6 cables, and the switch is connected to a desktop computer using a CAT6 cable.

Figure 4.4: The 6 OptiTrack Prime 13 cameras are mounted on tripods, arranged in
a circular configuration, pointed towards the test-flight volume, and angled slightly
downward.

The attached desktop computer runs Motive:Tracker, which is proprietary software
developed by Optitrack for the motion-capture system. We use Motive:Tracker to
build rigid bodies composed of the 4 markers on each Rolling Spider. Motive:Tracker
tracks and streams position and attitude for each rigid body, but it does not calculate
translational or angular velocity estimates. For each k € N\ {0}, we define the
translational velocity estimate

i) = 7l (k) — aiCk — 1), (4.13)

where p;(0) = 0 is the initial estimate. The velocity estimator uses the
backward-Euler rule. Thus, the control is v;(q(k), p(k), ¢(k), gz(k), ps(k), (K1),
where p(k) £ [sTk) - pEk) ] and v; is defined by ([“.12).

The discrete-time flocking control allows each rotorcraft to compute its control
independently; however, we use a centralized implementation for simplicity. In a cen-
tralized setting, computing each rotorcraft’s control independently is computationally

84



inefficient. We can reduce the number of redundant calculations by computing every
agent’s control simultaneously. Consider the graph G = (Z, D), where Z is the vertex
set and D = {{i,j} € T x T:i # j} is the set of unordered edges [94]. Define the
unweighted Laplacian matrix associated with G

n—1 -1 ... -1
[.(G) & -1 n-1 € R,
: |
-1 . —1 n—1
and the weighted Laplacian matrix associated with G
r > ollg—al)  —¢(lla2—all) —o(llgn—a1l)) 7
JENT
L,(Q) a —¢(|lg1—azl) jg\fz o(I14;—Gzll) c R
: . _¢(an (nfl)ll)
—o(lld1—3nll) =o(llan-1ynll) 3 ¢(llg;—dnll)
L JENR .

The following example shows L;(G) and L4(G) for n = 3 and N; = T\ {i}, which are
the values used in the experiments.

Example 14. Let n = 3 rotorcraft, and assume N; = Z \ {i}, which implies that
all rotorcraft communicate with one another. Then,

2 -1 -1
Li(G=1|-1 2 -1/,
-1 -1 2
and
(Ild2—ar 1 +(1lds—d 1)) ~¢(/ld2—dull) —(||ds—dull)
Ly(G) = —o(|la2—a)) (|ld2—a1|)+(]1d3—dal]) —o(]|ds—dl|) VAN
~o(|lds—du ) ~o(|lds—3l)) (1Ids—a1 1)+ (|lds —dal|)

Let ® denote the Kronecker product, and define £1(G) £ L1(G) ® I, and L4(G) £
L4(G) ® I,,. Thus, the discrete-time flocking control with additional altitude guidance
can be written as

ul(Q?ﬁv Cja ngpg)
: =  —L4(G)g —BLIG)D
——— —_———

Un(q, P, 4 4g, Pg) Flock attraction  Velocity
and repulsion consensus

+01lln ® gg — g + (10 © pg — ]
Guia;mce
+ ’]1 [In ® 6563] []-n ® Qg - Q] + Y2 [-[n ® €3Te3][1n X pg - ]5}

Additional altitude guidance
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+ (diag {Card(}vl)ﬂ, e card(./{/'n)Jrl} ® Im> L1(G)[11q + 720,

[

Flock correction
to guidance

(4.14)

where 1,, € R" is the vector of ones.Then, v; is computed from (4.12)) using u; and ;.

After we compute each Rolling Spider’s discrete-time flocking control v; on the
centralized computer, we relay the control v; to the Rolling Spider. Note that it is
possible to send the Rolling Spider control signals directly from the computer, but
Android devices send control signals with less lag due to software optimization. Thus,
we send the control signals v; to n = 3 Android devices running a custom application
that links each Android device to a Rolling Spider. The application receives the
control v; from Matlab and sends it to the linked Rolling Spider.

Figure provides a block diagram of the control architecture. The Rolling Spider
relies on inner- and outer-loop controllers. The inner-loop controller uses onboard
sensing and input v;. The onboard sensing of the rotorcraft uses sensor fusion of a
3-axis gyroscope, 3-axis accelerometer, vertical camera, and pressure sensor.

The outer-loop control uses the motion-capture cameras, velocity estimator, and
inputs g, and p,. The motion-capture cameras use marker data to sense the position g;
and yaw angle v; of each rotorcraft. The velocity estimator uses the current position
¢;(k) and previous position ¢;(k — 1) to estimate the velocity at the current step p;(k).

Motor
qgy Pg

— "~ Discrete-time vl Os)u | Hold Inner-loop | commands | Rotoreraft Outputs
P = i) ui —= Hold —=|

flocking control r control dynamics
{i}iez Onboard

Sensors

{Pitier

Velocity ‘ Motion-capture
estimator {qi}ier cameras

Motion of other rotorcraft

Figure 4.5: The Rolling Spider uses onboard sensing with input v; for inner-loop
control and the motion-capture system’s sensing with input g, and p, for outer-loop
control. The on-board sensing of the rotorcraft uses sensor fusion of a 3-axis gyroscope,
3-axis accelerometer, vertical camera, and pressure sensor. The motion-capture
cameras use marker data to sense the position ¢; and yaw angle 1; of each rotorcraft.
The velocity estimator uses the current position ¢;(k) and previous position ¢;(k — 1)
to compute the velocity estimate p;(k).

Figure provides a data-flow diagram for the experiments. Figure [4.6] shows that
there are 4 types of hardware used in the experimental demonstrations.
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Rotorcraft
e Stabilize vehicle
e Apply control input

A

Infrared light Infrared reflections

OptiTrack: Prime 13 Camera (6X)
e Emits infrared light
e Senses markers from infrared reflections
e Sends marker data to desktop computer

Marker data

Y
Desktop Computer
e Receive marker data from cameras
e Compute 3D positions of markers
e Compute rigid-body positions and orientations
e Estimates rotorcraft velocity
e Computes discrete-time flocking control w;
e Transforms u; into body-fixed control v;

(%1 V2 U3

U2 Y Y Y
Android Device (3X)
e Receives v; via WiFi

e Sends v; via Bluetooth

Figure 4.6: Setup of discrete-time flocking control demonstration for n = 3 rotorcraft.
The boxes represent pieces of hardware, and the arrows denote what is sent from one
piece of hardware to the next. The cameras emit infrared light that is reflected by the
rotorcraft. The cameras send the marker data to the desktop computer. The computer
transforms the marker data into rigid bodies and computes the velocity estimate p;
and discrete-time flocking control in the body-fixed frame v; for each rotorcraft. The
Android devices receive the respective controls and send the control to the rotorcraft,
which closes the loop.

4.5 Results and Discussion

In this section, we present results from experiments using n = 3 rotorcraft, where
the discrete-time flocking algorithm and is implemented in a multi-loop
control architecture as described in the previous section. We use T; = 0.055 s for all
demonstrations. Unless stated otherwise, the parameters for the discrete-time flocking
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control are oy = 0.001, ap = 0.024, 5 = 0.032, v; = 0.080, v, = 0.056, v3 = 0.140,
v4 = 0.076, 6. = 200 mm, d = 550 mm, and r. = 5000 mm. We use the estimate
Gi(k) = qi(k) + Tipi(k).

We developed a series of calibration experiments to determine values for the param-
eters ay, aso, B, V1, V2, V3, V4, d, and r.. First, we determined a safe distance between
rotorcraft so that, outside that distance, the rotorcraft do not experience interaction
forces from each other’s propeller thrust. In order to avoid multiple mid-flight colli-
sions that could damage the rotorcraft, we conducted a grounded experiment with
2 rotorcraft and determined that 200 mm apart is a safe minimum distance. Thus,
we let 0, = 200 mm. We set r. = 5000 mm so that the rotorcraft detect one another
in the test-flight volume. To determine d, ay, as, 3, V1,72, 73, and 4, we initialized
the values to arbitrarily small or large numbers depending on what makes the control
gains small and the rotorcraft less like to crash. Specifically, we started with large
values of d, 3, 72, and 74, and small values of ay, s, 71, and 3. After initializing
the values, we analyzed the performance of the discrete-time flocking control on the
rotorcraft. If the rotorcraft crashed, we decreased aq, as, and v, and increased f3,
o, and 4. If the rotorcraft slowly flocked and followed a leader, we increased aw, 71,
and ~s. If the rotorcraft saturated the control, then we decreased parameters. If the
rotorcraft flocked well, then we decreased d. The listed set of parameters represents a
balance of fast convergence rate to a flocking configuration, fast convergence rate to
the leader, small d, and no collisions.

We implement the discrete-time flocking control and with p;(k) = pi(k).
Note that for all k € N, q.;(kTs) = ¢;(k). Thus, we plot sampled-data positions and
estimated velocities at times ¢t = kT;, where k € N.

In the following demonstrations, the rotorcraft start in grounded positions distributed
around the motion-capture volume. When the rotorcraft take off, we set u;(k) = 0 for
approximately 3 seconds. The space between rotorcraft is chosen so that there are no
collisions when the rotorcraft takeoff. Once the rotorcraft take off and are hovering in
place, Matlab begins recording the positions and velocities of rotorcraft and computes
and sends the control signals. Unless otherwise specified, all positions are measured in
millimeters, and all velocities are measured in millimeters per second.

Demonstration 1: Rotorcraft Flock Without a Leader

Let 71 = 79 = 73 = 74 = 0, which implies that the rotorcraft do not try to follow the
leader’s position or match the leader’s velocity. Thus, the rotorcraft do not attempt
to go to the same altitude. Figure [4.7| shows the trajectory of the n = 3 rotorcraft.
Figure 4.7 demonstrates that by ¢t = 3.5 s, the rotorcraft are flocking and maintain their
configuration for the remainder of the experiment, which lasts for ¢ = 20 s. Figure
shows that the distance between each pair of rotorcraft tends to approximately d,
which agrees with parts and of Theorem @ In addition, Figure shows that
the velocity difference between each pair of rotorcraft is stays close to 0 in steady
state, whereas part of Theorem @ implies that the velocity difference between each
pair of rotorcraft tends to 0.

We examine the last 10 seconds of the experiment to quantify the steady-state
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results. Over all pairs of rotorcraft and over the last 10 seconds of the experiment, the
average distance between each pair of rotorcraft is 557 mm with standard deviation
52.8 mm, and the average norm of the velocity difference is 185 mm/s with standard
deviation 100 mm/s. The standard deviation of the steady-state norm of the velocity
difference is approximately double that of the of distance, which we suspect is because
the velocity estimate uses 2 sampled positions.

Figure [4.9| shows that the rotorcraft-averaged velocity is approximately constant,
which agrees with part of Theorem |§| Because the rotorcraft-averaged velocity is
approximately constant, the rotorcraft tend to drift approximately in the direction of
the rotorcraft-averaged initial velocity. The standard deviation of the average velocity
over all sampled points is [68.3 62.0 60.7] mm/s.

1250 2500
e1¢; (mm)

Figure 4.7: The trajectory of n = 3 rotorcraft that flock without a leader. The
rotorcraft start from random positions in a hover maneuver with approximately 0
velocity. By t = 3.5 s, the rotorcraft are flocking and keep their configuration for the
remainder of the experiment, which lasts for ¢ = 20 s.

Demonstration 2: Rotorcraft Flock and Approach a Stationary Leader

This experiment shows that for a stationary leader, the rotorcraft move into a
flocking configuration around the leader. The initial conditions of the leader are

200 0 0
0(0) = | —1000 |, pg(0)= |0, wugk)=1]0
1000 0 0

Since pg(0) = 0 and ug(k) = 0, it follows from (4.5) and (4.6) that ¢.(k) = ¢.(0).
Figure [4.10| shows an abbreviated trajectory of the rotorcraft and leader from t = 2.4 s
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Figure 4.8: The distance and norm of the velocity difference between each pair of
rotorcraft. The distance between each pair of rotorcraft tends to approximately d,
and the norm of the velocity difference between each pair of rotorcraft stays close to 0
in steady state.

to t = 20 s. The first 2.4 s are omitted for clarity of the plot. Figure [4.11| shows that
the distance between each pair of rotorcraft tends to approximately d, which agrees
with parts and of Theorem @ Figure shows that the rotorcraft-averaged
position and velocity tend approximately to the leader’s position and velocity, which
agrees with parts and of Theorem @

We examine the last 10 seconds of the experiment to quantify the steady-state
results. Over all pairs of rotorcraft and over the last 10 seconds of the experiment,
the average distance between each pair of rotorcraft is 544 mm the average norm of
the velocity difference is 191 mm/s, the average norm of the difference between the
rotorcraft-averaged position and the leader’s position is 40.0 mm, and the average norm
of the difference between the rotorcraft-averaged velocity and the leader’s velocity
is 75.2 mm/s. The standard deviation of the norm of the difference between the
rotorcraft-averaged position and the leader’s position is 25.4 mm, and the standard
deviation of the norm of the difference between the rotorcraft-averaged velocity and
the leader’s velocity is 32.0 mm/s.
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Figure 4.9: The rotorcraft-averaged velocity is approximately constant.
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Figure 4.10: The trajectory of n = 3 rotorcraft that flock and follow a stationary
leader. The plot of the trajectory starts at t = 2.4 s (k = 40) and shows that the
rotorcraft flock around the leader. The time step k. € N is the last measured step in
the experiment.

Demonstration 3: Rotorcraft Follow a Leader With a Helical Trajectory

This experiment examines rotorcraft following a leader with a helical trajectory.
The initial conditions of the leader are

790 0
¢.(0) = | =500 |, pg(0)= | 475
800 20

Define

172
Alé[é ?S]ERQXQ, Blé{#}}ERZ,

and note that (A, B;) is controllable. Therefore, [95, Theorem 2.17] implies that the
eigenvalues of A, + B1 K, where K; € R'*2 can be arbitrarily assigned. Let exp be
the exponential function and 7 = v/—1. Let ky,--- , ks € R be such that A, + By [k k2]
has eigenvalues + exp 7/30 and A; + Bj [ ks k4| has eigenvalues + exp 7/100. Let
kv 0 0 kK O O
K210 k 0 0 k 0 |¢cR¥> (4.15)
0 0 ks O 0 ky

and consider the external forcing signal

Ug(qg, pg) = K { zi 1 : (4.16)

Then, it follows from (4.5)), (4.6), and (4.16) that ¢, and p, satisfy the closed-loop

dynamics
iD=l ] 17
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Figure 4.11: The distance and norm of the velocity difference between pairs of
rotorcraft. The distance between each pair of rotorcraft tends to approximately d,
and the norm of the velocity difference between each pair of rotorcraft is bounded.

where )
A2 AL+ (Bi®1,)K. (4.18)

The closed-loop leader dynamics (4.17) and (4.18)) are linear and time invariant.
Moreover, A is similar to

diag{Ay + By [k k2], Ay + By [k k2], Ay + By [ks ka |}

Thus, all the eigenvalues of A have magnitude 1, and the repeated eigenvalues are
semisimple. Therefore, (¢q(k),pg(k)) = (0,0) is a Lyapunov stable equilibrium of
. Moreover, the free response of to nonzero initial conditions is sinusoidal.

Figure shows the trajectory of the rotorcraft and leader. In particular, the top
plot displays snapshots of the trajectory from ¢ = 0 s to ¢ = 15 s and corresponds to the
leader ascending the helix. The bottom plot displays snapshots of the trajectory from
t =18 s to t = 45 s and corresponds to the leader descending the helix. Figure [4.14
shows that the distance between each pair of rotorcraft tends to approximately d,
which is the expected result based on parts and of Theorem @ Figure m
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Figure 4.12: The rotorcraft-averaged position and velocity approximately follow the

leader’s position and velocity.
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shows that the rotorcraft-averaged position and velocity approximately follow the
leader’s position and velocity.

To quantify the steady-state results, we examine the last 10 seconds of the experiment.
Over all pairs of rotorcraft and over the last 10 seconds of the experiment, the average
distance between each pair of rotorcraft is 549 mm, the average norm of the velocity
difference is 103 mm/s, the average norm of the difference between the rotorcraft-
averaged position and the leader’s position is 116 mm, and the average norm of
the difference between the rotorcraft-averaged velocity and the leader’s velocity is
88.5 mm/s.

In these experiments, the rotorcraft-averaged position and leader follow the leader
with delay. We quantify this delay using a least-squares approach. Let k. € N be
the last sample time. Note that there are 182 samples in the last 10 seconds of the
experiment (because Ty = 0.055 s/sample and 10/T; ~ 182 samples). The delay during
the last 10 seconds of the experiment is estimated as

[ —qg(k — k.) + % Ziez qi(k) ]
—pg(k — k) + % > icz Di(k)

ke 2

, (4.19)

A .
kq = arg min
b {0, ke—181} 1 q

which yields kq = 2 time steps, or equivalently 0.11 s.

Demonstration 4: Rotorcraft Follow a Mouse-Driven Leader

This experiment examines rotorcraft following a leader whose position and velocity
are determined by moving a computer mouse. The initial conditions of the leader are

486 0
g(0) = | 2745 |, pg(0) = | =173
1000 0

The leader’s position corresponds to the mouse’s position, but there is no mea-
surement of velocity. Instead, for all £ € N, we estimate the leader’s velocity as

pe(h) = 7l () — gk = 1) (4.20

Since we move the mouse to determine the leader’s position and velocity, we do not
directly design the external signal u,.

Figure [4.16] shows the trajectory of the rotorcraft and leader. Figure [4.17 shows that
the distance between each pair of rotorcraft tends to approximately d, which agrees
with parts and of Theorem |§| Figure shows that the rotorcraft-averaged
position and velocity approximately follow the leader’s position and velocity.

To quantify the steady-state results, we examine the last 10 seconds of the experiment.
Over all pairs of rotorcraft and over the last 10 seconds of the experiment, the average
distance between each pair of rotorcraft is 543 mm, the average norm of the velocity
difference is 113 mm/s, the average norm of the difference between the rotorcraft-
averaged position and the leader’s position is 164 mm, and the average norm of the
difference between the rotorcraft-averaged velocity and the leader’s velocity is 306 mm.
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Figure 4.13: The trajectory of n = 3 rotorcraft that flock and follow a leader with
a helical trajectory. For all times after ¢ = 3.8 s, the rotorcraft are in a flocking
configuration. The top plot displays snapshots of the trajectory from ¢t = 0 s to
t = 15 s and corresponds to the leader ascending the helix. The bottom plot displays
snapshots of the trajectory from ¢ = 18 s to ¢t = 45 s and corresponds to the leader
descending the helix. The dashed line denotes the leader’s trajectory.
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Figure 4.14: The distance and norm of the velocity difference between pairs of
rotorcraft. The distance between each pair of rotorcraft tends to approximately d,
and the norm of the velocity difference between each pair of rotorcraft is bounded.

In these experiments, the rotorcraft-averaged position and leader follow the leader
with delay. Using (4.19)), the delay is estimated as kq = 10 time steps, or equivalently
0.55 s.

Summary of Results and Discussion

Table 1 shows that in every demonstration the average inter-rotorcraft distance
tends to approximately d. The average inter-rotorcraft speed in every demonstration
is greater than 100 mm/s, whereas we expect 0 mm/s based on part of Theorem @
We suspect that the error in velocity is primarily due to the approximation. To improve
inter-rotorcraft velocity matching, we could improve the estimate of the velocity. For
example, we could implement a discrete-time low-pass filter into the velocity estimates.
In addition, Motive:Tracker samples the rotorcraft’s position at a higher rate than
we send control signals. In this case, we could use the extra position measurements,
which we ignore in the current implementation, to improve the velocity estimate.

In Demonstration 2, the steady-state rotorcraft-averaged position and velocity
relative the leader’s position and velocity are 40.0 mm and 75.2 mm/s, whereas we
expect 0 mm and 0 mm/s based on parts and of Theorem |§| The standard
deviation of the rotorcraft-averaged position relative to the leader is 25.4 mm, which
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Figure 4.15: The rotorcraft-averaged position and velocity approximately follow the
leader’s position and velocity.
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Figure 4.16: The trajectory of n = 3 rotorcraft that flock and follow a leader that
follows a mouse’s position. The rotorcraft tend to a flocking configuration and follow
the leader. The dashed line denotes the leader’s trajectory.

2800

1400

ll¢; — @i|| (mm)

1600
Z

g

E

— 800
IS8

|

B

— 0

Figure 4.17: The distance and norm of the velocity difference between each pair of
rotorcraft. The distance between each pair of rotorcraft tends to approximately d,
and the norm of the velocity difference between each pair of rotorcraft is bounded.
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Figure 4.18: The rotorcraft-averaged position and velocity approximately follow the
leader’s position and velocity.
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Table 4.1: Summary of the steady-state results from Demonstrations 1-4 compared
to the theoretical results in Chapter [3] The results show that the rotorcraft tend
to approximately the same average inter-rotorcraft distance as predicted.

Demo1 Demo 2 Demo 3 Demo 4 | Theory?®
Ayerage inter-rotorcraft 557 44 549 543 550
distance (mm)
Average inter-rotorcraft
relative speed” (mm/s) 185 191 103 113 0
Rotorcraft-averaged .
distance to leader (mm) N 400 116 164 0
Rotorcraft-averaged speed .
relative to leader® (mm/s) N 7.2 88.5 306 0
Delay (time steps) — — 2 10 —

& Chapter [3| with the following assumptions that differ from the experiments:
73 =71 =0 and ¢;(k) = q:(k + 1)

b That is, the average of the norm of the velocity difference

¢ The value 0 additionally assumes u,(k) = 0 in Chapter [3| and thus, only
applies to Demonstration 2, where the leader has constant velocity.

implies that the average is within 2 standard deviations from 0. The standard deviation
of the rotorcraft-averaged velocity relative to the leader is 32.0 mm/s, which implies
that the average is greater than 2 standard deviations from 0. Thus, just as the
distance between rotorcraft tends to converge to d better than the inter-rotorcraft
velocity tends to 0, the rotorcraft-averaged position tends to converge to the leader’s
position better than the rotorcraft-averaged velocity converges to the leader’s velocity.

The discrete-time flocking control uses the position and velocity of the leader
but does not include a feedforward term that predicts where the leader will be. Thus, if
the leader has non-constant velocity as in Demonstrations 3 and 4, then the rotorcraft
follow the leader with delay. In Demonstration 4, the leader uses more aggressive
maneuvers and thus, has higher delay than Demonstration 3.

In these demonstrations, we use the estimate ¢; = ¢; + Tip;. However, the results
in Theorem |§] rely on the estimate ¢; = ¢; + Tip; + (T2/2)u;. The control with the
estimate ¢; = ¢;+Typ;+ (T2 /2)u; has provable stability properties and is implementable;
however, it is more difficult to implement because u; is implicitly defined in this case.

4.6 Conclusion

In this chapter, we implemented the discrete-time flocking control on three rotorcraft
and used a motion-capture system to determine rotorcraft positions and attitude. We
presented four experimental demonstrations of the discrete-time flocking control. The
demonstrations showed that the discrete-time flocking control caused the rotorcraft
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to go to a flocking configuration, where the rotorcraft are approximately a desired
distance apart from one another, which matches the theoretical results. Moreover,
this configuration is independent of the leader’s dynamics. We also demonstrated that
if a leader is present, then the rotorcraft-averaged position and velocity approximately
follow the leader’s position and velocity.
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Chapter 5 Conclusions and Future Work

We presented multi-agent control methods that address flocking in continuous-time
and discrete-time settings. The multi-agent control methods are decentralized and
cause agents to work together to accomplish goals that may be difficult or impossible for
a single agent to achieve. All the algorithms developed in this dissertation implement a
distance-formation method for cohesion that induces configurations based on a desired
distance. Distance-formation methods cause an agent to be repelled from all other
agents that are too close and thus, prevent collisions. In addition, the configurations
induced by distance-formation methods are not labeled, that is, the exact configuration
is not specified a priori, and can be used for a small or large number of agents.

In the continuous-time setting we presented a flocking-and-destination-seeking
algorithm, where each agent has a potentially unique destination that it wants to
reach. If the an agent is far from its destination, then it attempts to flock with nearby
agents; otherwise, it approaches its destination. We provide analysis that demonstrates
if an agent is far from its destination, then it flocks with nearby agents; and if it is close
to its destination, then it exits the flock and approaches its destination. The algorithm
and analysis techniques in this chapter can be expanded to address the point-to-point
passenger and mail transport problems. The techniques developed in this chapter can
also be extended to address a broader class of multi-agent, multi-objective problems
such as building complex building structures.

In the discrete-time setting we presented a discrete-time flocking control that induces
flocking configurations. We demonstrated with analysis and examples that agents
implementing the discrete-time flocking control converge to flocking configurations
and can follow a leader. The discrete-time flocking algorithm in this dissertation
is particularly useful in settings where sampled-data effects are significant. For
example, many space applications use slow update rates so the sampled-data effects
are significant. In addition, unmanned vehicles with vision-based systems may require
computationally heavy image analysis to track objects, which may be computationally
intensive. Thus, these vehicles can use the discrete-time flocking algorithm to update
the vehicle at a lower sampling rate.

The multi-agent control methods in this dissertation can be extended to address
open questions in cooperative control. Some applications of multi-agent control require
multiple types of vehicles, such as unmanned aerial vehicles interacting with unmanned
ground vehicles. For example, trucks that deliver the mail may drive to a certain
location and release unmanned aerial vehicles to deliver mail to the surrounding area.
In this case, the multi-agent control method would require agents that have different
sets of dynamics. Other applications of multi-agent control require human interaction.
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For example, robotic assistants could grab and carry heavy objects for a person. In
this case, agents would need to interact with humans to understand what they want as
well as interact with objects. Multi-agent control is also useful for distributed sensing.
For example, multiple unmanned vehicles can be deployed in the atmosphere to study
and predict weather patterns. As humans prepare to colonize Mars, we will likely
need multi-vehicle systems to survey terrain and find optimal habitable locations.

Multi-agent systems have numerous applications beyond controlling vehicles. For
example, multiple power plants generate electricity and distribute it to multiple
locations. These applications require power plants to coordinate with another in
order to deliver the optimal amount of power to each location. Mass production of
consumable goods such as soft drinks requires large distribution networks to deliver the
goods to consumers. By understanding these applications and others as multi-agent
systems, we can devise new solutions to improve the world around us.
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