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Chapter 1
Introduction

ONSIDER the task of moving a large rectangular table from an initial position
C A to a final position B. If one person is asked to execute this task, perhaps he
will position himself halfway along one side of the table and lift it in order to not
damage the floor. He might fail to do so since the table could be too heavy; hence
he himself is not able to execute the task successfully. If two people are asked to
execute this task, perhaps each of them will stand at opposite sides of the table
facing each other. While carrying the table, they might adjust their walking speed
by verbal communication or as a consequence of the weight of the table on their
arms. Asking four people to move the same table, each of them will most likely start
at one corner of the table and adjust their individual speed by communicating
to each other or by observing the “pull-and-push’ effect of the table during the
transition. In this way, a common pace can be attained making it easier for them
to accomplish the task.

The described scenario of attaining a common pace for the group of two or
four people when moving the table is an example of collective behavior. Other
examples of collective behavior are audience applauding after a performance,
fireflies flashing in unison, bird migration, the stop and start traffic jams, and even
the bureaucracy of the European Union [46, 51], among others. Quoting Tamas
Vicsek [51],

“The main features of collective behaviour are that an individual
unit’s action is dominated by the influence of its neighbours - the unit
behaves differently from the way it would behave on its own; and
that such systems show interesting ordering phenomena as the units
simultaneously change their behaviour to a common pattern.”

In our table example, each person adapts his walking speed, i.e., he walks faster
or slower, depending on the other members. In doing so, they collectively reach
a common pace; the team has reached a consensus on their walking speed. In
addition, walking with a common pace preserves the relative distance between
each pair of members. This collective behavior, which is particularly displayed
in nature by a flock of birds or a school of fish, is classified as a formation type
behavior [5]. According to the Merriam-Webster dictionary,
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a formation is an arrangement of a body or group of persons or
things in some prescribed manner or for a particular purpose.

In this thesis, we will consider the problem of reaching a formation, not by a flock
of birds or a group of humans, but by a team of mobile robots. Recalling the
example of moving the table, for the four people case, each member will initially
position himself at one corner of the table. When the group members are replaced
by mobile robots, what would be the strategy that each of them autonomously
should follow in order to also position themselves at each corner of the table?
This is the main question we will investigate in this thesis. A follow-up question
after this positioning is how to maneuver the team to reach the final destination
B. Before addressing these questions, we briefly review multi-agent formation
control in the next section.

1.1 Review of Multi-Agent Formation Control

Formation control studies the problem of controlling the spatial deployment of
teams of agents! in order to achieve a specific geometrical shape. By maintaining
a certain geometrical shape, the teams can subsequently be deployed to perform
complex missions. In the past two decades, formation control has been an active
research topic within the coordination control of multi-agent systems. Recent
advances in this field focus on the design of distributed algorithms such that the
formation control problem can be solved by exploiting only local information; for
an overview, see [1, 6, 21, 38, 41].

Deploying a formation can be beneficial; for example, in the presence of limited
sensing range, certain complex tasks, such as covering a region of interest, can
be executed within a smaller amount of time by letting a team of robots move in
formation than when it is carried out by a single robot. In addition, each robot
within the formation can be equipped with different sensors and therefore, more
(local) information can be gathered [6]. Moreover, the use of small mobile robots
may lead to lower costs compared to deploying a single robot. Another benefit of
deploying a formation is the probability of success when carrying out a mission.

Associated with formation control, there are two problems: formation stabiliza-
tion and formation tracking. In the former, the goal is to design control laws for
each robot with the aim to steer the team to display a desired geometrical shape in
a collective manner. The latter problem has the additional requirement that the
whole formation needs to follow a given reference trajectory. In Chapters 3 to 5,
we will consider the former problem while the latter will be the focus of Chapter 6.

Prior to designing control laws for the mobile robots, we need a way to describe
the desired geometrical shape. In the existing literature, this desired shape can

IThroughout this thesis, the term ‘agent’ refers to mobile robot.
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be given by a set of fixed positions [38], relative positions [42], distances [28,
48], bearings2 [54], or angles [16]. Each specification leads to several sensing
requirements for the team of mobile robots. For example, when the desired shape
is provided in terms of fixed positions in the plane, then each robot needs to have
knowledge of where the common base is and be able to obtain the absolute position
measurements with respect to this common base, i.e., it requires a common global
coordinate system. After obtaining these measurements, each robot individually
moves in a manner such that the error between their current position and their
desired position is reduced. Notice that in this setup, the mobile robots do not
necessarily have to interact with the other team members, except when they risk
colliding with each other during the transition to their desired positions. However,
interactions between the robots have been reported to enhance the performance of
formation control [38].

When a set of distance constraints is used for describing the desired geometrical
shape, then interactions among the team members is crucial. In this setup, the
trajectory of one robot is influenced by the movements of the neighboring robots
maintaining individual distance requirements. The robots do not necessarily
require knowledge of a common base and common direction, i.e., each robot can
take measurements relative to a local coordinate system. This local measurement
may be a relative position measurement (encoding the distance and orientation
between the robots) or a pure distance measurement. The goal for each member of
the team is to move such that the difference between the current and the desired
distance is reduced. In distance-based formation control, the desired shape is
required to be rigid. Roughly speaking, this means that during a motion, the shape
should not be able to change its form while satisfying the given set of distance
constraints. Rigidity theory has also been developed for shapes described by a set
of bearing [55] or angle [16] constraints.

Fig. 1.1 shows the control action (red and blue) of two robots. In Fig. 1.1(a), we
see that each robot will move toward its desired absolute position in the plane. In
case the robots are required to maintain a relative position, their control directions
will be to minimize the error deviation in the relative position, see Fig. 1.1(b).
Robots will move toward or from each other when maintaining a desired distance.
In Fig. 1.1(c), the motion is toward each other since their current distance (\/TO)
is larger than the desired distance (\/5) The control action of each robot in Fig.
1.1(d) has orientation perpendicular to their relative positioning. This chosen
direction can lead the robots to obtain the desired bearing relative to each other.

Recently, approaches to realize a desired geometrical shape using a mixed set
of constraints have also been considered. In [31], distance and angle constraints
have been employed; the paper in [10] has considered the combination of distance

2 A bearing is a unit vector indicating the direction of one member with respect to another member
in the team.
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Figure 1.1: Illustration of the control action for two robots; O denotes desired configuration
and[is the current configuration. The control action is influenced by the (relative) quantity
that the robots need to satisfy.

and bearing constraints, while the work in [29] has used distance, bearing, and
angle constraints to provide a description of the desired shape. Furthermore, a
series of works [3, 15, 44, 45] has focused on the combination of distance and
signed area constraints. By adding signed area constraints, the authors tackle the
flip and flex ambiguity problem present in distance-based formation control. A
signed area constraint will also be introduced in Chapter 4 to avoid the occurrence
of undesired moving geometrical shapes.
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In addition, several works dealt with practical aspects when implementing
the proposed control strategies in real-world settings. Among others, [34] has
considered robust distance-based formation control with prescribed performance,
taking into account collision avoidance and connectivity maintenance between
neighboring robots while they are subjected to unknown external disturbances;
[24] has considered the bearing-only formation control problem with limited
visual sensing, while [18] has introduced estimators for controlling distance rigid
formations under inconsistent measurements.

1.2 Contributions

The contributions of this thesis are found in Chapters 3 to 6. In Chapters 3 to
5, we focus on the formation stabilization problem (also known as formation
shape control) where we propose controllers for the mobile robots within the
team based on the available local sensing information they have acquired from
their neighboring members. We then analyze the proposed controllers since we
are interested in the shapes that the team as a collective can display. Chapter 6
provides details on the problem of steering a team of mobile robots as a collective
to a predefined final destination while avoiding obstacles during the transition.

1.2.1 Formation shape control with heterogeneous sensing

In Chapter 3, we study the formation shape control problem in which the team
consists of two types of mobile robots, namely distance robots and bearing robots.
Each type of robots is required to maintain on the individual level some con-
straints relative to members of the other type, i.e., a distance (or bearing) robot is
tasked to maintain distance (or bearing) constraints relative to some bearing (or
distance) robots within the team. In performing these individual tasks, existing
gradient-based control laws in literature [48, 53] are implemented. Curious to
what collective formation the team may display, we analyze the team consisting of
two and three members. During the analysis, we discover that next to the desired
geometrical shape (for two members, a line and for three members, a triangle), the
team may also display incorrect shape(s) (in this case, a line (or a triangle) with
incorrect distance(s) and orientation(s)). The team may move as a whole with
a common nonzero velocity when displaying the incorrect shape. For the team
consisting of one distance robot and two bearing robots (1D2B), we show that
one of the incorrect moving shapes is locally attractive. For the other setups, the
incorrect moving shapes are found to be unstable.

Chapter 4 is closely related to Chapter 3; in particular, we devote our attention
to the (1D2B) robot setup that is introduced in Chapter 3. In this chapter, we
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include an additional control term for the distance robot with the aim to prevent
the occurrence of incorrect moving shapes. Introducing this additional control
term for the distance robot can be done naturally and does not require additional
sensing. We identify a sufficient condition on the gain ratio Ragq between the
signed area and the distance control terms such that the desired shape, an isosceles
triangle, is always obtained.

1.2.2 Formation shape control for circular robots

Contrary to Chapters 3 and 4 where the team consists of two types of robots,
each carrying different sensing mechanisms, we assume that the mobile robots in
Chapter 5 can only obtain bearing measurements from their neighbors. Further-
more, the constraints between the robots are maintained by both robots, and as a
result of modeling the robots as a circular disk instead of a point mass, the robots
obtain not one, but two bearing measurements from its neighbors. These are the
two outer points on the neighbors” disk. Using these bearing measurements, the
enclosed internal angle relative to the neighbor is obtained. We define a desired
formation in terms of a set of enclosed internal angles that has a close relationship
to the desired formation in terms of a set of distances. We succeed in deriving
a gradient-based control law that utilizes only the available local bearing mea-
surements. The corresponding error system has a local exponential convergence
property. This implies that, when the mobile robots display a geometrical shape
that is close to the desired one, then by applying the proposed control law, the
team will eventually display the desired shape. One other feature of the proposed
control law is that it ensures collision avoidance between the pairs of robots which
actively maintain the internal angle constraints.

1.2.3 Formation-motion control with obstacle avoidance

Besides displaying the desired geometrical shape, the robots will be required to
carry out different tasks, such as moving as a collective to a pre-defined final
position. In fact, formation control is considered an enabler for more complex
missions for the teams of robots [55]; recall the example of moving a table from
position A to position B at the start of this chapter.

With this in mind, we study in Chapter 6 the multi-objective control problem in
which the mobile robots collectively have to display a desired geometrical shape
and reach a final position while avoiding fixed obstacles during the transition. We
consider a modular approach where we design for each of the objectives a specific
control law and afterward combine them together. Our main contribution here is
the design of a distributed obstacle-avoidance control law which ensures that the
robots avoid the obstacles while they transition to their final destination.
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1.2.4 Related publications
Conference contributions

e N.PK. Chan, B. Jayawardhana, and ].M.A. Scherpen. Distributed Obstacle
Avoidance-Formation Control of Mobile Robotic Network with Coordinated
Group Stabilization. In Proceedings of the 23rd International Symposium on
Mathematical Theory of Networks and Systems (MTNS), 722-725, 2018.

e N.PK. Chan, B. Jayawardhana, and J.M.A. Scherpen. Distributed Formation
with Diffusive Obstacle Avoidance Control in Coordinated Mobile Robots.
In Proceedings of the 57th IEEE Conference on Decision and Control (CDC), 4571-
4576, 2018.

Journal contributions

e N.PK. Chan, B. Jayawardhana, and H.G. de Marina. Angle-Constrained
Formation Control for Circular Mobile Robots. IEEE Control Systems Letters,
5(1):109-114, Jan 2021.

e N.PK. Chan, B. Jayawardhana, and H.G. de Marina. Stability Analysis of
Gradient-Based Distributed Formation Control with Heterogeneous Sensing
Mechanism: Two and Three Robot Case. Submitted, 2020.

e N.PK. Chan, B. Jayawardhana, and H.G. de Marina. Securing Isosceles
Triangular Formations under Heterogeneous Sensing and Mixed Constraints.
Submitted, 2020.

1.3 Outline of the Thesis

The outline of the remainder of this thesis is as follows.

First, in Chapter 2, we provide notations that is used throughout the thesis.
In addition to that, the necessary concepts and definitions on graph theory and
frameworks and the positive roots to specific cubic equations are mentioned.

Chapter 3 starts with the problem setup of teams of n mobile robots partitioned
in distance robots and bearing robots. We then focus on n = {2, 3} robots. We
identify the shapes the team can display and study the stability of these shapes.

Chapter 4 extends the analysis on the (1D2B) robot setup considered in Chapter
3. We introduce an additional signed area control term for the distance robot within
the team. A comprehensive analysis is performed on the closed-loop formation
system when the desired formation shape is an isosceles triangle.

In Chapter 5, we represent the mobile robots as circular disks in the plane. First,
we present the relationship between the enclosed angle obtained from the bearing
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measurements and the distance between two neighboring robots. We proceed
with designing gradient control laws that only utilize the locally available bearing
measurements and present local stability analysis.

Chapter 6 starts with the multi-objective formation-motion control problem
in which the mobile robots are required to maintain more than one objective. We
proceed with presenting a modular framework, hereby designing a specific control
law for each of the objectives. Hereafter, we unify these specific controllers and
perform stability analysis on the unified controller. In the numerical simulations,
we compare our control law with another obstacle-avoidance control law.

The main findings of this thesis are combined in Chapter 7 where we also
present some ideas for future work.



Chapter 2
Preliminaries

This chapter begins with the notation that is used throughout this thesis. We
continue in Section 2.2 with recalling the necessary notions from graph theory and
frameworks. Hereafter, the roots of cubic equations are provided in Section 2.3.

2.1 Notation

ET R denote the set of real numbers, R™ be the set of n-dimensional real vectors
L and R™*™ define the set of m x n real matrices. The sets R~ and R~ are
subsets of R that contain only non-negative and positive real numbers, respectively.
The cardinality of a given set S is denoted by card (S).

For a vector x € R", z; denotes its i-th entry, | is the transpose and |z| =
vz Tz is the usual Euclidean norm. The vector 1,, (or 0,,) denotes a column vector
with entries being all 1s (or 0s). The set of all combinations of linearly independent
vectors vy, ..., vy is denoted by span {vy, ..., v;}. In the plane R?, the symbol
Zwvy denotes the counter-clockwise angle from the z-axis of a coordinate frame
¥ to the vector vy € R%. The matrix J = [ °; §] is the rotation matrix with angle
—90°. We denote x+ as the perpendicular vector obtained by rotating = with a
counter-clockwise angle of +90°; we have 21 = —Jzand 2 T2+ =0 = (:ch)T .

For a complex number z = a + bi, the numbers a, b € R are the real and
imaginary part of z and i = —1. The complex conjugate of z is given by z =
a — bi. In polar form, we write z = r,Z¢,, where r, = v/2Z = Va2 + b2 is the
modulus and ¢. = tan~! (2) is the argument corresponding to z. Furthermore,
a = 1,080, b=rysing,, and Z = r,£(—y,). Lety = r,Zp,; we have the
multiplication yz = (r,7.) £ (¢, + ¢.) and the division £ = (%) L (py — ¢2).

For a rectangular matrix A € R™*™, [A],; is the i-th row and j-th column
entry of A. Furthermore, Null (4) = R", Col (4) = R™, rank (A), trace (A), and
det (A) denote the null space, column space, rank, trace, and determinant of A4,
respectively. For a symmetric matrix P € R"*”, P > 0 (or P > 0) denotes a
positive-definite (or positive semi-definite) matrix. The n x n identity matrix is
denoted by I,, while diag (v) (or blkdiag (4, ..., A)) is the diagonal (or block
diagonal) matrix with entries of vector v (or matrices 4y, ..., A;) on the main
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diagonal (or block). Finally, given matrices A € R™*" and B € RP*9, AQ B ¢
R™P*"4 is the Kronecker product of A and B and we denote A = A® I; € Rmdxnd,

2.2 Graphs & Frameworks

A directed graph (in short, digraph) G is a pair (V, £), where V = {1, 2, ..., n} is the
finite set of vertices and £ < V x V is the edge set representing the relationships
between the n vertices. For i, j € V, the ordered pair (i, j) represents an edge
pointing from i to j. The set of vertices j having an edge pointing from i is denoted
by N; = {j € V| (4, j) € £}. We assume G does not have self-loops, i.e., (i, i) ¢ €
foralli € Vand card () = m. Associated to the digraph G, we define the incidence
matrix H € {0, £1}""*" with rows encoding the m edges and columns encoding
the n vertices. The entries of H take value [H],, = —1 if vertex i is the tail of
edge k, [H],, = 1ifitis the head, and [H],, = 0 otherwise. Due to its structure,
we have span {1,,} < Null (H). The digraph G is bipartite if the vertex set V can
be partitioned into two subsets V; and V, with V; n V, = ¢J and the edge set
S (V1 x Vo)u (Vs x Vp). We assume card (V;) = ny and card (V2) = n—ny = no.
For a complete bipartite digraph, the edge setis &€ = (Vi1 x Va) u (V2 x V1) and
card (£) = 2nino. Fig. 2.1 depicts complete bipartite digraphs for n = 2 and 3
vertices and a bipartite digraph for n = 4 vertices.

o e
"

Figure 2.1: Examples of complete bipartite digraphs for n = 2 and 3 vertices and a bipartite
digraph for n = 4 vertices. Without loss of generality, © represents an element of V1 while
O is a vertex belonging to V». Correspondingly, the blue arrows are edges belonging to
V1 x Vo while the red arrows are elements of the edge set Vo x V1.

If for every pair (i, j) € £ we have (j, i) € £, then the graph is undirected. In
this case, we have £ := {{i, j} |, j € V} is the set of unordered pairs {i, j} of the
vertices. The vertices i and j are neighbors of each other and N; consists of all the
neighbors of vertex i. Now, by assigning an arbitrary orientation to each edge of G,
we obtain an oriented graph Gorient. TO Gorient, We can associate an incidence matrix
H with the already provided rules. For a connected and undirected graph, we have
Null (H) = span {1,,} and rank (H) = n — 1. Each edge of the undirected graph
can have a weight wy; j; € R-o corresponding to it. After indexing all the edges of
G, we can construct a diagonal matrix W = diag (w1, ..., wy,,) with w;, being the
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weight of edge k in the ordered edge index set £ = {1, 2,..., m}. The Laplacian
matrix related to G is the matrix product L = H TWH e R™™™, Itis positive
semi-definite, i.e., L > 0 and has a simple zero eigenvalue with corresponding
null space Null (L) = span {1,,} when the graph is connected. The other n — 1
eigenvalues of L are positive and real and can be ordered as Ay < A3 < -+ < Ay,

Lemma 2.1. Let Q = 21,17 be the matrix of all ones scaled by a factor L and define
K = L+ Q where L is the Laplacian matrix related to an undirected and connected graph
G. Then the matrix K is a positive definite matrix, i.e., X > 0.

Proof. Since G is undirected and connected, we know that matrix L is positive
semi-definite. Also, matrix () is a positive semi-definite matrix. Hence the sum
K = L + @ is at least a positive semi-definite matrix. Matrix K is positive definite
if and only if the null spaces of both matrices are disjoint, i.e.,

Null (L) (|Null (Q) = {0,,}. (2.1)

Since the graph G is connected, we have the null space of L contains only span {1,,}.
Due to L being symmetric, the range space of L is the orthogonal complement of
span {1,},i.e.!, Col (L) L Null (L). Since all columns of the matrix () are the same,
it has n — 1 zero eigenvalues and only 1 non-zero eigenvalue with corresponding
eigenvector 1,, i.e.,, Col (Q) = span{l,}. Since Q is also symmetric, we have
Null (@) L Col(Q). With Null (L) = Col (Q), it follows Null (@) L Null (L).
Hence the intersection of the null spaces contains only the zero element. This
completes the proof. O

2.2.1 Frameworks

In this thesis, we consider formation control setups in the plane, i.e., the 2-
dimensional Euclidean space R?. Here we provide some basic definitions and
defer the details for the forthcoming chapters.

Let p; = [z; yi]T € R? be a point and a collection of n points, called a

configuration, be given by the stacked vector p = [p] - p,TL]T € R?". We can
embed the (directed) graph G (V, £) into the plane by assigning to each vertex
i €V, apoint p; € R?; the pair F,, := (G, p) denotes a framework (or in the current
context, a formation) in the 2-dimensional ambient space. We assume p; # p; if
i # j,i.e.,, no two vertices are mapped to the same position. Furthermore, for two
points p; and p;, we define the relative position vector as z;; = p; — p; € R2, the
distance as d;; = [z;;| € R=o and the relative bearing vector, when d;; # 0, as
Gij = 27; € R?, all relative to a global coordinate frame X8. It follows zj; = —z;;,
dji = d7] and 95i = —Gij-

Here the symbol L denotes orthogonality between two subspaces.
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2.3 Cubic Equations
Consider a reduced® cubic equation
v’ +ey+d=0, (2.2)
where ¢, d € R. The discriminant of (2.2) is A = —4c¢® — 27d%. Using A, we
determine the following properties regarding the roots:
e A > 0; we have three distinct real roots;

o A = 0; we have at least two equal real roots;

e A < 0; we have a single real root and two complex roots forming a conjugate
pair.

The roots of (2.2) are [22]

y=A+B, y=wA+wB, y3=w?A+wB, (2.3)
where
s/ d 3 d
A= —§+\/§, B= —5—\/?,
c c\3 d\? -1
AB = —- R= (- =) =—=A (24)
3 (3) +(2) 108
—1++/3i , —1—1+/3i
R R R

Note that w and w? form a complex conjugate pair, i.e., @ = w?. In polar form, we
obtain w = 1£120° and w? = 1/ (—120°).

We focus on the case when the coefficients of (2.2) take values ¢ < 0 and d % 0.
Applying Descartes’ rule of signs [22], we obtain that when the coefficient d < 0,
the reduced cubic equation (2.2) always has a positive real root while for d > 0, it
always contains a negative real root. The remaining roots for the case when d is
positive depend on the discriminant A; when A > 0, we have two positive real
roots, and otherwise, we have two complex roots. The following lemma provides
the characterization of the positive real roots when d > 0.

Lemma 2.2. Given a reduced cubic equation (2.2) with coefficients ¢ < 0 and d > 0.
Assume the discriminant is A > 0. Then two positive real roots exist with values

1
Yp, = 231y cOS (390,, — 120°> € (0, 1] ¥/rs,
(2.5)

1
Yp, = 23/ry cos (3@1)) € I:la \/g) \:;/Ea

%In some texts, the term ‘depressed’ is used.
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where r, = 7/ — (5)3 and ¢, = tan™? (*721/1%—8) € (90°, 180°]. When A = 0, the two
positive real roots are equal and have value y, =y, = Y1y = {/g.

Proof. First, we define v = —% + +/R. Since A > 0 holds and R = _w%Af it
follows R < 0. Hence we rewrite v as the complex number v = —4% + \/=Ri.
In polar form, we obtain v = r, Zp, with modulus r, = 4/ — (%)3 and argument
¢, = tan~! (=24/=R). With d > 0, we know the real part of v is negative

while the imaginary part is non-negative. Hence the argument ¢, is in the range
vy € (90°, 180°] with ¢, = 180° holds when R = 0. Furthermore, the complex
conjugate of vis ¥ = —% — v/=Ri = r,Z (—¢,). Substituting in (2.4), we obtain
A= v = r,/ (3p,) and B = /v = A. Recalling w? = @, the cubic roots (2.3)
are

1 1
Y1 = 28/, cos (3<p,u> . Ya,3 = 21y, cos (3%, + 120°> ) (2.6)

Corresponding to the range ¢, € (90°, 180°], we have %, € (30°, 60°]. The
positive roots are then found to be

1 1
y1 = 28/r, cos (3%1) ;Y3 = 2¢r, cos (Sapv — 120°> ) (2.7)

With £¢, € (30°, 60°], we obtain for the range of the positive roots y1 € [1, v/3) ¢/r,
and y3 € (0, 1] ¢/r,. The inequality y; > ys follows and equality holds when
A =0 < R =0. From (24), R = 0 is equivalent to — (%)3 = (g)Q; therefore,
r, = 4. This completes the proof. O






Chapter 3
Stability Analysis of Gradient-Based
Distributed Formation Control with

Heterogeneous Sensing Mechanism: Two
and Three Robot Case

In this chapter, we characterize the formation shapes that a team of mobile robots
may display when each robot is tasked with maintaining either distances or
bearings relative to its neighbors. For the team consisting of two or three robots,
we will show that besides the desired formation shape (a line or a triangle), also
incorrect shapes (a line with an erroneous distance or triangle with incorrect
distances and or orientation) can be obtained when employing gradient-based
control laws for reaching the individual robot objectives. Hereafter, we study the
stability of the different formation shapes based on the linearization technique.

This chapter starts with an introduction. We recall the existing gradient-based
control laws in Section 3.2 and formulate the problem in Section 3.3. We start our
exposition of the problem by analyzing the simple two robot case in Section 3.4
and extend the analysis to the three robot case in Sections 3.5 and 3.6. Numerical
simulations are presented in Section 3.7 for illustrating the various final formation
shapes in the three robot case. In Section 3.8, we provide the detailed stability
analysis for the robot setup considered in Section 3.5. Finally, Section 3.9 contains
our conclusions.

3.1 Introduction

VER the years, a rich body of work has been developed on the problem of
O realizing a formation shape by a team of mobile robots. When the formation
shape is specified by inter-robot relative positions [41], then the consensus-based
formation control approaches, which are linear, can be used directly. For realizing
a formation shape using only distance [23, 28], bearing [53], or angle constraints
[16], the notion of rigidity [6, 16, 55] for the underlying interconnection topol-
ogy is required. The condition of rigidity describes the motions for the whole
formation which preserve the formation shape. Gradient-based control laws are
a popular approach for realizing the formation shape specified by distance [48]
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or bearing constraints [53]. A formation shape can also be realized by a set of
mixed constraints; see, among others, [9, 29, 31]. In distance-constrained and also
distance-and-angle-constrained formation control, flip and flex ambiguities occur.
To resolve this problem, signed constraints [4, 30, 44] have been introduced.

In most of the aforementioned references, the underlying interconnection
topology is that of an undirected graph. This implies that the geometrical constraint
between a robot pair, represented by an edge on the graph, is actively maintained
by both robots. While the use and active maintenance of a common type of
constraints (distance, bearing, or angle) between two neighboring robots have
been proven to guarantee the stability of the desired formation shape, it may not
be desirable in practice. Firstly, the sole use of one type of constraints on all edges
implies that all robots must use the same sensing mechanism. This restriction
prevents the integration of other robots carrying different sensor loads into the
formation. Secondly, when multiple types of constraints need to be actively
maintained by certain robots, these robots have to be equipped with multiple
different sensing mechanisms corresponding to the different constraints defined
on the edges connected to them. This implies that these robots have to carry
extra sensor loads that can be costly and consume additional space, weight and
computational load. On the other hand, it might be desirable for robots to control
only distances or bearings depending on their current situation. For instance, the
bearing measurement becomes less sensitive when the robots move in a large
shaped formation, or the robots carrying multiple distance and bearing sensors
can control the most relevant constraint depending on the accuracy or reliability of
the equipped sensor for a given situation (e.g., far versus near, wide-angle versus
small-angle, etc.). Lastly, if a partial sensor failure in a robot occurs, maintaining
the same constraint with its neighbors may no longer be possible. For instance,
in the case of a partial failure of a LIDAR sensor, which can normally provide
relative position information, we may still measure bearing information with
non-accurate distance information. Distance-based/bearing-based controllers
are tolerant to non-accurate bearing/distance measurements [9, 55]. In this case,
while it is possible to define heterogeneous constraints on the same edge that still
define the same shape (e.g., one robot controls relative position while the other one
controls bearing), it remains an open problem whether the application of standard
local gradient-based control law based on the information available to each robot
can still maintain the formation. Intuitively, the gradient-based control law will
direct each robot to the direction that minimizes the local potential function and
reaches the desired constraints. However, as different types of potential function
may be defined for the same edge due to the heterogeneous sensing mechanisms
between the two robots, the direction that is taken by each robot may not coincide
anymore with the minimization of the combined potential functions.

In this chapter, we consider the formation stabilization problem in which
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the desired formation shape is specified by a mixed set of distance and bearing
constraints. Different from [9], we consider the setup where each constraint
is actively maintained by only one robot, i.e., the underlying interconnection
topology is a directed graph. Each robot within the team has the individual task of
maintaining a subset of either the distance or bearing constraints. As a starting
point, we focus on teams consisting of two and three robots in different setups.
Using standard gradient-based control laws specific to the constraints each robot
has to maintain, we analyze the stability, particularly, the local asymptotic stability
of the desired formation shape. It is of interest to study the applicability of these
control laws without modifying their local potential functions to incorporate the
different constraints on the edges since it allows us to design distributed control
laws for each robot that is completely dependent on the available local information
to the robot and is independent of the eventual deployment of the robot in the
formation (provided the desired admissible constraints are available to the robot).

3.2 Formations and Gradient-Based Control Laws

We consider a team consisting of n mobile robots in which R1 is the label assigned
to robot i. The robots are moving in the plane according to the single integrator
dynamics, i.e.,

pi =u;, i€{l,...,n}, (3.1)

where p; € R? (a point in the plane) and u; € R? represent the position of and
the control input for Ri, respectively. For convenience, all spatial variables are
given relative to a global coordinate frame 8. The group dynamics is obtained

. . T .
as p = u with the stacked vectors p = [p] -+ pl] € R?" representing the
. . T . . .
team configuration and u = [u{ -+ w)] €R*" being the collective input. The

interactions among the robots is described by a fixed graph G (V, £) with V being
the team of robots and £ containing the neighboring relationships. The pair
F, = (G, p) denotes a framework (or equivalently a formation) in R?.

3.2.1 Distance-based formation control

In distance-based formation control, a desired formation is characterized by a set of
inter-robot distance constraints. Assume the desired distance between a robot pair
(4, j) of the formation is d;; and let d;; () be the current distance at time ¢. Let
us define the distance error signal as e;;q (t) = d; (t) — (d;‘j)Q. A distance-based
potential function used for deriving the gradient-based control law for the robot
pair (i, j) takes the form V;;q (e;54) = iefjd [23, 28]. It has a minimum at the

desired edge distance d;}; i.e., Vjjq (€ij4) = 0and Vjjq (ejja) =0 < di; = dj;. In
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this case, the corresponding gradient-based control law for maintaining a desired
inter-robot distance for the robot pair (7, j) is

-

Uiid = ((}Wjd) = €;:id%

ijd = — = €ijd%ij,
opi

where z;; is the measurement that Ri obtains from its neighbor j € N;. Thus, the
distanced-based formation control law for robot Ri in (3.1) is given by

Uid = Z eijdzij. (32)
JEN;

It is well-studied in literature that the above control law guarantees the local
exponential stability of the desired formation shape when the desired shape is
infinitesimally distance rigid. We refer interested readers to [48] for the exposition
of standard distance-based formation control and its local exponential stability

property.

3.2.2 Bearing-only formation control

In bearing-only formation control, the desired formation is characterized by a set of
inter-robot bearing constraints. Consider the i-th robot (with label R1) in this setup.
Robot Ri is able to obtain the bearing measurement g;; (¢) to its neighbors j € ;
and its goal is to achieve desired bearings g;;s with all neighbors j € ;. In this case,
the bearing error signal for a robot pair (7, j) can be defined by e, (t) = gi; (t) — g5
As before, the corresponding potential function that can be used to design the
gradient-based control law is V;j1, (i) = %d,;j HEiijQ- Note that V;jp, (e;5) = 0
and it is only zero when d;; = O or ¢;5, = 02 < g;; = gj;. (In forthcoming
analysis, we will show that d;; = 0, where robots Ri and Rj are at the same
position, is not a viable option.). It can be verified that

_ (Vi)' _
Uijb = — ops = €ijb

is the gradient-based control law derived from V;j;, (e;;1,) for the robot pair (4, 7).
The bearing-only formation control law for robot Ri in (3.1) is then given by

Uip = 2 eijb. (33)

JEN;

In [53], it has been shown that the above control law ensures the global asymp-
totic stability of the desired formation shape provided the formation shape is
infinitesimally bearing rigid.
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3.3 Problem Formulation

As discussed in the Introduction section of this chapter, we study the setup in
which the robots possess heterogeneous sensing, and each robot, depending on
its own local information, maintains the prescribed distance or bearing with its
neighbors using the aforementioned distance-based or bearing-only formation
control law. Thus, in the current setup, each robot fulfills either a distance task or
a bearing task. As before, consider a pair of robots with labels Ri and Rj. In case
Ri is assigned a distance task, its goal is to maintain a desired distance dj; € R~
with Rj. The robot Ri possesses an independent local coordinate frame 3' which
is not necessarily aligned with that of Rj or the global coordinate frame ¥8. Within
its local coordinate frame X!, Ri is able to measure the relative position vector
25 € R? relative to Rj. On the other hand, when R is assigned a bearing task, its
goal is to maintain a desired bearing g5, € R? with Ri. The robot R is able to
obtain the relative bearing measurement g;; of Ri in its local coordinate frame ¥
which is aligned with ¥8. Since robot Ri is assigned the distance task, we term
it a distance robot. Correspondingly, R is a bearing robot. For the interconnection
topology, we assume each robot has only neighbors of the opposing category, i.e.,
a distance robot can only have edges with bearing robot(s) and vice versa. As
a result, the team of n robots can be partitioned into two sets, namely the set of
distance robots D and bearing robots B with D # (¥ and B # J. The edge set is
givenby £ < (D x B) u (B x D); the underlying structure is a bipartite digraph.

For the moment, we focus on the cases in which the team of n € {2, 3} robots
has a complete bipartite digraph topology, i.e., the edge setis € = (D x B) u (B x D).
For the two robot case, we only have one feasible setup, namely the setup con-
sisting of one distance and one bearing (1D1B) robot, while for the three robot case
we have two feasible robot setups, namely the one distance and two bearing (1D2B)
and the one bearing and two distance (1B2D) setup; see Fig. 3.1 for an illustration of
these setups.

Figure 3.1: Setups for the two and three robot case; @) represents a distance robot and @)
represents a bearing robot. Correspondingly, blue arrows are sensing carried out by the
distance robots @ while red arrows represents the edges from the bearing robots ©. From
left to right, we have the (1D1B), (1D2B), and (1B2D) setup.

We are interested in studying the stability of the formation when the distance-
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based formation control law (3.2) for the distance robot(s) and the bearing-only
formation control law (3.3) for the bearing robot(s) are used. In this case, we
do not modify the standard gradient-based control law for the different tasks.
Consequently, we analyze whether i). the equilibrium set contains undesired
shape and/or group motion; ii). the desired shape is (exponentially) stable; and iii).
the undesired shape and/or group motion (if any) is attractive. The first and last
questions are motivated by the robustness issues of the distance- and displacement-
based controllers as studied in [8, 17, 35, 47] where a disagreement between
neighboring robots about desired values or measurements can lead to an undesired
group motion and deformation of the formation shape. Since we are considering
heterogeneous sensing mechanisms with corresponding heterogeneous potential
functions, it is of interest whether such undesired behavior can co-exist. Such
knowledge on the effect of heterogeneity in the control law can potentially be
useful to design simultaneous formation and motion controller as pursued recently
in [19].

3.4 The (1D1B) Robot Setup

We first focus on the case of two robots in the (1D1B) setup as depicted in Fig. 3.1.
The analysis of this seemingly simple setup serves as a prelude for the setups with
three robots. Without loss of generality, robot R1 takes the role of the distance
robot and R2 is the bearing robot. Considering gradient-based control laws for the
robot-specific tasks, the closed-loop dynamics is given by

[131] _ [Kd€12d312]’ (3.4)

D2 Kyeanp

where K4 > 0 and Kj > 0 are control gains for robots R1 and R2, respec-
tively, the bearing error satisfies es;p = —ej9p in X8, and the error vector is
e = [erad elTQb]T e R3. It is of interest to note that when physical dimension
is taken into account with [L] as the unit of length and [T] the unit of time, the
control gain K4 has dimension [L] ™ [T]~" while K, is expressed in [L] [T] "

In the remainder of this section, we provide the analysis of the closed-loop
formation system (3.4), hereby focusing on the three questions raised in Section
3.3. First, we have the following result on the equilibrium configurations.

Proposition 3.1 ((1D1B) Equilibrium Configurations). The equilibrium configura-
tions for the closed-loop formation system (3.4) belong to the set

S, ={peR*|e=0s}. (3.5)



3.4. The (1D1B) Robot Setup 21

Proof. Solving for p; = 02 and p, = 02, we obtain Kgejaq212 = 02 <= €129 =0V
z12 = 02 and —Kpejop = 02 <= g12 = g7y, respectively. With g15 = g7, implying
dy2 # 0, it follows the option z12 = 05 is not feasible. Hence, p = 04 <= e = 03.
This completes the proof. O

Following e = 03, the inter-robot relative position z12 equals the desired
relative position 27, = d},g}, when both the robots attain their individual task.
Furthermore, note the set S, is invariant under translations in the plane; therefore,
such a set is non-compact.

We proceed the analysis by determining the stability of the equilibrium config-
urations (3.5). To this end, we take as Lyapunov function candidate V' (e) of the
form

1 1
V (e) = Viaq (€124) + Varp (€211) = ZKd€§2d + §Kbd21 leaw | - (3.6)

Observe that V (e) is the sum of the task-specific potential functions. Since
Viad (e124) = 0 and Vayp, (e21p) = 0, it follows that V' (e) = 0. Moreover, V (e) =
0 < Vizd(e124) = 0 A Vaip (e21p) = 0. When considered separately, we know
Vigd (e124) = 0 <= di2 = djy and Vaip (€21p) = 0 <= da1 = 0 v ea1p = 0.
Combining both potential functions, we conclude that da; = 0 is not a feasible op-
tion since then Va4 (€124) > 0. Therefore, the minimum value of V' (e) is attained
inS,,ie,V(e) =0 < peS,. The derivative of (3.6) evaluates to

V(e) = — (V124 (€124) + Varb (€210) )

0 0 pl 0 0 pl
— [ Viea A Vid] [p2]+[6;1vmb amvzlb][.]

P2 (3.7)
T [P T 1 [P1
=|- o+ — .
(=51 p] [pz] (53 —p3] [m]
= —|42)* <0,
T A A F}
where we use p; = _(£%jo) = —p/ = 75, Vije and 3 Vise = =35 Vije for

i, j € {1,2} and e € {b, d}. From (3.7), we have V (¢) is negative semi-definite
and V (e) = 0 < p; = pa. The following are invariant sets corresponding to
V (e) = 0:

1. p1 = pa = Oy; these are the previously obtained equilibrium configurations
pE S,

2. p1 = p2 = w # 0y; in this scenario, the robots move with a (yet to be
determined) constant velocity w € R%.
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Let the set of configurations p € R* yielding robots to move with the (yet to be
determined) constant velocity w be given as

To={peR"|p1 =p2 = w, w# 05}. (3.8)

Note the set 7, is also non-compact, since if p € 7, then p + ¢ (1, ® w) € T, with
¢ € R. As both the equilibrium set S, and the moving set 7, are non-compact and
the expression for the Lyapunov derivative (3.7) is expressed in the dynamics of
the link z12, we continue the analysis by exploring the link dynamics z,2, obtained
as

z12 = — (Kpeiop + Kaei2d212) , (3.9)

instead of the robot dynamics p. Mapping the sets of interest S, and 7,, to the link
space yields S, = {z12 € R?|z120 = 2}, } and T. = {212 € R?| 212 = 215, }, where
z12y = d12,, 912, 1S the inter-robot relative position vector as they move with the
(yet unknown) velocity w in the plane. The set S, contains only a single point, and
therefore it is compact.

3.4.1 Characterization of the moving set 7,

In this part, we make the effort to characterize the moving set 7, (and implicitly
T,)- To this end, we provide the following proposition:

Proposition 3.2 ((1D1B) Moving Configurations). The closed-loop formation system
(3.4) moves with a constant velocity w = 2K, g7, when the error vector e is of the form

[61211] _
€120

Proof. Solving for Z12 = 0 results in the expression (Kgejoqdi2 + Kp) g12 = Kpgia-
We distinguish two cases. The case g2 = g7, and Kgei2qdi2 + Kp = K, <=
Kge12qdi2 = 0 corresponds to the equilibrium configurations p € S,. On the
other hand, we have g12 = —g7, and Kgejaqdia + Kp = —K, <= ejaqd12 +
2Rpq = 0, where Rpq = % is the ratio of the control gains. Substituting in the
robot dynamics (3.4) yields p1 = p2 = 2Kpg],, i.e., robots are moving with a
common velocity w = 2Ky,g7,. Therefore, moving formations occur at the relative
orientation g12 = —gj,. By definition, we obtain e, = —2¢], and the distance
error eoqdio + 2Rpg = 0 <= e19q = —%Rbd. This completes the proof. O

2
75 L

R . (3.10)
2975

Proposition 3.2 provides a characterization of the moving set 7. in terms
of the error vector e. We also obtain that the inter-robot bearing for moving
formations to occur is g12,, = —gj,. For a complete characterization of 7, in terms
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of the vector z;,,, it remains to obtain the distance d2,, by solving the expression
e1add12 + 2Rpq = 0. Expanding it, we obtain the following cubic equation in d;5:

diy — (d75)*d12 + 2Rea = 0. (3.11)

Compared with (2.2), the coefficients are ¢ = —(d},)> < 0 and d = 2Rpgq > 0. We
infer the solution set to (3.11) contains positive real roots given by Lemma 2.2
when the corresponding discriminant is non-negative. This is equivalent to the
constraint d}, > d with d = v/3{/Rpq.

Remark 3.3. When the desired distance dj, < d, the moving set 7, = J since a
feasible distance between robots such that they move with the common velocity w
does not exist . This implies V (¢) = 0 <« pe S,. With V (¢) < 0when p ¢ S,,
we conclude that for all initial configurations p (0) € R* satisfying p; (0) # p2 (0),
we have global asymptotic convergence to the desired equilibrium set S,.

Remark 3.4. The threshold value d is proportional to the gain ratio {/Rpg; increasing
Rypq leads to a larger value for d. Therefore, increasing the value of Rpq “delays”
the occurrence of the moving set 7, since there exists a larger range of values for
d}, satisfying di, < d.

Assume the desired distance satisfies dj, > d. Lemma 2.2 provides us the
positive roots, and thus the feasible distances d;5 satisfying (3. 11) For the spe-

cific values ¢ = —(df,)* and d = 2Rpq, we obtain r, = 4/ (d ° and Yy =
tan~! (=R, v/—R). Substituting in (2.5) yields

1 2 1
\fdw cos ( oy — 120° > Yp, = g\/gdb cos <3g01,> . (3.12)

When d}, = d, the positive root (with multiplicity 2) corresponding to the cubic
equation (3.11) is di2 = %\/gd = +/Rpa. The characterization of the moving set 7
for d}, > dis

T. = {z12 € R®| 212 = —ygi,, y satisfies (3.12)} . (3.13)

3.4.2 Local stability of the moving set 7

After characterizing the set 7 for dj, > d, we continue with determining the local
stability of 7.. First, we obtain the Jacobian of the right hand side (RHS) of the link
dynamics (3.9) as the matrix

A= — (KpAiz + KqAi24) , (3.14)

where Aqg, = (I 912912) and Ajoq = e1aql + 2212212
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Lemma 3.5. The closed-loop formation system (3.4) at any feasible point Zi5 in the
moving set T is unstable.

Proof. From Proposition 3.2, we know that all feasible points z15 € 7, satisfies
€124 = —2ﬁRbd < 0 and g12 = —gi,- Let the inter-robot bearing be given

T . . .
as g12 = [a b] with the norm constraint |g12| = va? +b?> = 1; we obtain
gr2gT, = [ZZ gg] — g%,%;] . Substituting in (3.14) yields

_ :E+(x7y)a2 (‘f*y)ab
A[ (x —y)ab x4 (x—y) b2’ (3.15)

where we define z = Kbﬁ and y = 2K4d3,, both being positive. For a 2 x 2
matrix A, the characteristic polynomial x (1)) is given by

X (A) = A\? — trace (A) \ + det (A), (3.16)

where trace (A) is the trace and det (A) is the determinant of matrix A. With A in
(3.15), we obtain trace (4) = 3z — y and det (A) = x (22 — y). It follows the roots
of x(\) are \y = z and \y = 22 — y. Since \; = = > 0, we conclude matrix A
has at least one positive eigenvalue for all feasible points Z15 € 7.. Therefore, the
closed-loop formation system (3.4) is unstable at these points. This completes the
proof. O

The following theorem states the main result for the (1D1B) setup when the
desired distance satisfies dj, > d.

Theorem 3.6 (Almost global convergence). Consider two robots R1 and R2 possessing
heterogeneous sensing mechanisms. Let the closed-loop dynamics be given by (3.4) and
the desired inter-robot distance satisfies dj, = d. If p1 (0) # p2 (0) and p (0) ¢ T, then
the trajectories of the robots asymptotically converge to a point p € S,.

Proof. In (3.7), we obtain the Lyapunov derivative V (¢) < 0. In fact, V (¢) < 0
when p (t) ¢ S, U T,. From Lemma 3.5, we obtain that the set 7. and implicitly 7,
is unstable. Hence, if p (0) ¢ 7,, it follows p (t) - 7T,. This implies that V (e) = 0if
and only if the trajectories reaches a point p € S,. In this scenario, V (¢) = 0 and
p1 = p2 = 02. This completes the proof. O

Previously, Remark 3.3 encapsulates the stability result when d}, < d holds for
the desired distance. In combination with Theorem 3.6, we have provided the full
stability analysis for the (1D1B) setup with closed-loop dynamics given by (3.4).

We can now provide answers to the three questions raised in Section 3.3. For
the the (1D1B) setup, we have shown that equilibrium configurations consist of
only the correct inter-robot relative positions 2}, and we have (almost) global
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convergence towards z7,. Also, moving configurations z;2,, exist. However, these
are locally not attractive. Moreover, as mentioned in Remark 3.4, the occurrence of
moving configurations can be postponed when the gain ratio Rpq is increased.

3.5 The (1D2B) Robot Setup

In the previous section, we have analyzed the case of two robots in the (1D1B)
setup. One observation which stands out is the fact that robots may move with a
constant velocity w when they are initialized at specific points in the plane.

We consider now three robots with the specific partition D = {1} and B =
{2, 3}; the (1D2B) setup depicted in Fig. 3.1. The neighbor sets are found to be
M = {2, 3} and N> = N3 = {1}. Utilizing gradient-based control laws for each
distance or bearing task, we obtain the following closed-loop dynamics

D1 Kgeioqz12 + Kgei3q213
P2 | = Kpeanp ) (3'17)
D3 Kypes,

where we assume the distance robot R1 has the control gain K4 > 0 and the
bearing robots R2 and R3 the common control gain K3, > 0. In the (1D1B) setup,
we observe the link dynamics is also of interest. Therefore, in the current setup,
we define the relative position vector z = 2], 21T3]T € R%. The link dynamics #
evaluates to

(3.18)

Kpeisp + Kgeiaqz12 + Kqei3az13

[2'?12] _ [Kbeub + K4e12daz12 + Kaei3azis
Z13

For a triangle, it holds that z;2 + 223 — 213 = 02. Hence, the dynamics related to
link 253 evaluates to Zo3 = — K}, (€13p — €19p)-

In the following subsections, we analyze the closed-loop formation system
(3.17), following similar steps as we have done for the (1D1B) setup.

3.5.1 Equilibrium configurations

The following result on the equilibrium configurations is obtained.

Proposition 3.7 ((1D2B) Equilibrium Configurations). The equilibrium configura-
tions corresponding to the closed-loop formation system (3.17) belong to the set

S, ={peR%e=0q}, (3.19)

-
_ T T 6
where e = [e124 e130 efy, ely] €RC
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Proof. Setting the left hand side (LHS) of each equation in (3.17) to the zero
vector, we immediately obtain that at the equilibrium configurations, the bear-
ing constraints for robots R2 and R3 are satisfied since ez = —e12p = 02 and
es1b = —€13b = O2. Thisimplies that dy; = di2 # 0and d3; = diz # 0. It remains to
solve for p; = 02. With the gathered insights, we obtain e124d12975 = —€13ad139]3-
Since g7, # t¢i3 (the robots are colinear when g2 = £g3), the only way to satisfy
the expression is when ej9qdi2 = 0 and ej3qd13 = 0. Because dj2 # 0 and also
dy3 # 0, we require e15q = 0 and e;34 = 0 to hold. This completes the proof. O

3.5.2 Moving configurations

During the analysis of the (1D1B) setup, we observed that robots may move with
a common velocity w while the predefined constraints are not met. For the (1D2B)
setup, we explore whether conditions exist such that the formation may move
with a common velocity w.

Proposition 3.8 ((1D2B) Moving Configurations). The closed-loop formation system
(3.17) moves with a constant velocity w = K} (g7, + g73) when the error vector e satisfies

1
e124 a5 Bva
1
isd | _ | apled | (3.20)
e12p 912 + 913
€13b 912 + 913

Proof. First, we solve for z = 04. Since 212 = 0z = 213, it follows Ze3 = 0. This
expression evaluates to gi2 — g13 = g7 — gi3. Define bgir = g12 — ¢13 and let
Zg12 = a be the angle enclosed by g2 and the positive z-axis of ¥8. Similarly, let
Zg13 = 3. We can rewrite bg;s as

_ cos ( &t8x
baiit = cosa| cos f3 9 cos a— Br 5 )
2

21
sin a sin sin &2&) ) (3.21)

where 8; = 8+ 7 (mod 2r). The expression Z»3 = 02 can be transformed to the
following set of constraints on the angles, namely

{a—i—,&r =a* 4+ f; — {a =a* (3.22)

a—fr=a" =3
and

{(a”":o‘**ﬂ; @{O‘:ﬁ*” (3.23)

o —fr) =a" = f;



3.5. The (1D2B) Robot Setup 27

From (3.22), we obtain g1 = g}, and gi3 = g¢i3, corresponding to the equi-
librium configurations in S, while the solution in (3.23) corresponds to gi2 =
—g7s and g13 = —g},. Subsequently, we obtain eja, = ez = — (975 + 973)-
Hence it is sufficient to consider one of the equations in (3.18). This leads to
(—Kqe1zadis) gis + (—Kaei2adi2) 915 = Kpgis + Kpgis. For it to hold, we require
—Kgeizadiz = Kp <= e130 = — 7 Roa and —Kgeipadia = Ky <= e1pq =
—ind with the gain ratio Rpq = % Collecting the error constraints, we obtain
(3.20). By an immediate substitution, we obtain for the dynamics of the bearing
robot R2, pa = Ky (975 + 913) =t w. This completes the proof. O

Remark 3.9. The signed area for a triangle, introduced as a constraint for resolving
flip and flex ambiguities in [6, 33], can be obtained using the expression Sy =
215 [ %1 §] 213. The signed area of the desired formation shape evaluates to S} =
diodis9iy" | % §] gts. The signed area of the moving formation shape is Sa,, =
diadizgls | % 5] gta = —diadizg s [ % 6] gt = _355%2 Sx. Since the distance
error signals in (3.20) are negative, it follows d;; < d;;. Hence [Say| < [Sa| and
the cyclic ordering of the robots is opposite to that of the desired formation shape.

Following Proposition 3.8, a characterization of the moving set 7, in terms of
the error vector e is
T» = {p € R®| e satisfies (3.20)} . (3.24)

An equivalent characterization of 7, can be provided in terms of the inter-robot
relative position vectors z1,, and z13,, where subscript y refers to “moving”. In
fact, the inter-robot bearing vectors gi2,, between R1 and R2 and ¢;3,, between
robots R1 and R3 is known from the proof of Proposition 3.8. It remains to obtain
feasible values for the inter-robot distances dj2,, and dy3,,. To this end, we find
the roots satisfying the expressions for the distance error signals e;3q and e;34 in
(3.20). Expanding the expressions leads to the following cubic equation

& — (d2;)* dij + Roa =0, ij € {12, 13}, (3.25)

similar to the (1D1B) setup. Compared with (2.2), we now have ¢ = — (d’ﬁ)2 <0
and d = Rpq > 0. In the (1D1B) setup, we had d = 2R}4q. Following the same
steps as was done for (3.11), we obtain that the discriminant corresponding to
(3.25)is A =4 (al;*j)6 — 27R}, and the threshold value for the desired distance d;

such that positive roots exist is d=+/3 {’/@ ~ 1.3747 ¥/Rpq. Similar to the (1D1B)
setup, we conclude that if one of (or both) the desired distances d7, or (and) di4
has (have) a value less than ci, then no feasible value for d;5 or (and) d;3 satisfies
eraddiz = —Rpq or (and) ej3qdis = —Rpq, implying the in-feasibility of moving
formations. We conclude the set S, containing equilibrium configurations with
either one of (or both) d¥, < d or d*; < d is globally asymptotically stable.
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When the desired distance d;; satisfies d}; > d, we obtain feasible distances

(4,)°

d;j to (3.25) are given by Lemma 2.2 with the values r, = |/t~ and ¢, =

tan~! (—2R;{v/—R). Since we have two desired distances d}, and dj; and we
have either one or two feasible value(s) d;; to the cubic equation (3.25), it follows
that different feasible combinations (dys,,, d13,,) exist. In Table 3.1, we summarize
the number of feasible combinations for the different scenarios. We conclude the
set 7, # J when the additional constraints dj, > d and dis = d are satisfied.

Table 3.1: Number of feasible combinations (d2,,, di3,,) depending on desired distances
di, and dji4

3>a? d{3:c?
dty>d 4
Ay, =d 2 1

Recall the common velocity w = Ky, (g7, + ¢73) for the robots in Proposition
3.8. Define bgym = g12 + g13. We want to write bgymy, in the form bgym = dsum Jsum
with dsum being the magnitude and gsum the orientation of bs,m relative to ¥8. By
the sum-to-product identities for cosine and sine, we obtain

a+p
bsum = |:Cf)S Oé] + [C?S 6:| = 2cos <Ol—ﬂ> o _J%B) . (326)

sin ov sin 2 sin aT)

Depending on the value of the angle difference |ao — 3|, we have different ex-
pressions for dsym and gsym. When |a — 8| < 7, we set dsym = 2cos (@)

and Zgsum = CHB while for | — 3| > 7, we set dgym = 2cos (ﬂ _ \a;ﬁl) and

/ Gsum = # + 7 (mod 27). Note that dsym € (0, 2) for the cases |a — 3] 2 7.
If | — | = 0° then g12 = g13 and bsum = 2¢12, and finally, |a — 5| = 7 implies
g12 = —¢13, and hence bg,m = 02. Since g7, # *g75, the last two mentioned cases
do not occur; therefore, the magnitude of wis 0 < |w| < 2Kj.

3.5.3 Local stability of equilibrium and moving configurations

Assume that the desired distances satisfy dj, > dand dis = d. In this case, both
the equilibrium configurations in (3.19) and moving configurations in (3.24) satisfy
z = 04 and are feasible. We are interested in determining the local stability around
these formations. To this end, we consider the linearization of the z-dynamics
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(3.18); this results in the Jacobian matrix 4 € R*** as

L [KbAlgb + KgAiad KaAiza ] , (3.27)

KqAiaq Ky Ayzp + KqAisq
where A4 = ejjalz + 2252 and Ajj, = = (Ia — gi59,"), 17 € {12, 13}.
ijd ijd 42 ij%ij ijb a 2 = Y9ij9;5), 4] y

ij

We first consider the stability analysis around the equilibrium configurations.

Theorem 3.10. Consider a team of three robots arranged in the (1D2B) setup with
closed-loop dynamics given by (3.17). Assume the desired distances satisfy di, > d and
dis = dwith d = /3 % and the bearing vectors satisfy g7, # *gi5. Given an initial
configuration p (0) that is close to the desired formation shape, then the robot trajectories
asymptotically converge to a point p € S,.

Proof. Evaluating the Jacobian matrix (3.27) at the equilibrium configurations
yields

Ag = —diag ([x* ¥ p* p*]) —

(y* _ x*) CL2 (y* _ IE*) ab q*CQ q*Cd
(y* —x*)ab (y* —z*)b? q*cd q*d? (3.28)
y*a? y*ab (¢" —p ) (¢ —p*)ed |’
y*ab yb? (¢" —p*)ed (¢" —p")d?
where we define the variables
1 2 1 2
T = Kdeg’ y =2Kqdi,, p= Kdeg,7 q = 2Kqdy;. (3.29)
and the matrices
. a®> ab . Z
912912‘r = [ab b2:|a 913913T = [cd dz] . (3.30)

The starred version for z, p, y, and ¢ is used here since we have d;» = dj, and
dy3 = djs. The characteristic polynomial xg (\) corresponding to matrix Ag is
obtained as

Xe(A) = (A +2) (A +p") (M + @ +¢) A +y ¢ sin®0%), (3.31)
where sinf = g, [ % §] g13. The roots of (3.31) are

)\1 = 71'*; )\2 = 7p*a

(3.32)

1 * * 1 .
A3,4 = D) (y"+q¢ )+t 5\/(34* + q’*)2 — 4y*q* sin® 0.
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It can be verified that 0 < 4y*¢* sin? 6* < (y* + q*)2 ; therefore all roots are real.

Moreover, — (y* + ¢*) + \/(y* +¢*)% — 4y*q* sin? 0* < 0 and we conclude all s
are negative; matrix Ag is Hurwitz. This implies that the link trajectories asymp-
totically converge to the desired relative positions, i.e., z (t) — z* as t — oo. It also
means that the robots reach their individual tasks since 27; = d};g;;, sop (t) — S,
when p (0) is close to the desired formation shape. This completes the proof. [

We continue with determining the stability of the moving formations in the
set 7. Again, the Lyapunov’s indirect method is used for this task. As a first
step, the characteristic polynomial corresponding to the Jacobian matrix of the
moving formations is derived. Based on the characterization in (3.20), we obtain
the sub-matrices Ajsq = —Rpg %12]2 +2d259159%5 , A13d = —Rba (11731“2 +2d259%59%5
Arop = 77 (T2 = 913915 ), and Aiz, = 2= (12 — 97297, ). Substituting these sub-
matrices in (3.27) yields the matrix

(y—2)c? (y—x)ed —p+qa® qab

(y—a)ed (y—x)d>  qab —p + qb*

—z + yc yed  (g—p)a® (¢—p)ab
yed  —x+yd® (¢—p)ab (¢—p)b®

Am = — , (3.33)

where the variables are previously defined in (3.29) and (3.30). The character-
istic polynomial xm (M) corresponding to matrix Ay is obtained as the quartic
polynomial

A = A+ A3 e\ s+ ey (3.34)
with the coefficients
a=@W-—z)+(q—p), c2=qysin®0* —pz,
cs=x(y—z)(gsin® 0" —p) +p(qg—p) (ysin®0* —z), (3.35)

ca = pr(y— =) (g —p)sin®0*.

Recall from Table 3.1 that depending on the value of the desired distances d7,
and dj;, we can obtain more than one feasible combination (di2,,, di3,,) for the
moving configurations. Under certain conditions, we have the following result on
the eigenvalues of the matrix Ay.

Lemma 3.11. Assume the desired distances satisfy dj, > d and dis > d and the desired
bearing vectors are not perpendicular, i.e. gi, &£ gi5. Consider the feasible combination in
which the distances are of the form dia,, = yp, (dis) and di3,, = yp, (d}3) in Lemma 2.2.
Then all eigenvalues of the matrix Ay have a negative real part if the inequality

mn (mq — ny)* +m?n? (m + n) (z + p)

2 Nk
cos” 0* <
(m2q + n2y) (mqzx + nyp)

(3.36)
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holds, where the variables x, y, p, and q are as defined in (3.29), and we define m = y — x
andn =q —p.

Proof. Assuming the bearing vectors are not perpendicular, we obtain that 0 <
sin? 0* < 1. Also, since dyja,, = ¥p, (d},) and dy3,, = y,, (d}3) and d}, > d and
iy > d, we can verify that m > 0 and n > 0 by applying Proposition 3.19. We
employ the Routh-Hurwitz stability criterion to justify the claim provided (3.36)
holds. To this end, the Routh-Hurwitz table is formed. The first column of the
Routh-Hurwitz table, which is the column of interest, contains the following
values

[1 o G- (c1e2—cs)es—cies 04]. (3.37)

c1 (c1ca—c3)
For all roots A to have negative real parts, all values in (3.37) need to be positive.
With m > 0 and n > 0, the coefficients ¢; and ¢, are positive. It remains to show
the third and fourth entry in (3.37) is positive. In fact, it is sufficient to show the
numerators are both positive. The numerator ¢;cy — c3 evaluates to

ciea — ez = (m +n) (qysin® 0*) — maq sin? 0* — npy sin”® 9*

3.38
= sin? 6* (mzq + n2y) > 0, (3.38)
while (cica — ¢3) e3 — cieq evaluates to
(c1co — c3) c3 — ey
= sin® 6* (mzq + nzy) (mx (q sin’ 0* — p) +np (y sin? 0* — x))
— (m+n)* (zmpnsin® 0*) (3.39)

= sin® 9*( ((mq —ny)® +mn (m+n) (z + p)) mn

- (mzq + n2y) (maq + npy) cos? 0*).

Provided (3.36) holds, it follows the numerator (cic2 — c3) c3 — cicq > 0. Since the
entries in (3.37) are all positive, we conclude all eigenvalues of the matrix Ay have
negative real parts. This completes the proof. O

Remark 3.12. The implication of Lemma 3.11 is that under certain conditions
on the distance and bearing constraints, a subset of the moving set 7,, is locally
asymptotically stable. Hence, initializing the robots close to the conditions for the
moving formation is not desirable. An illustration of this behavior is provided in
Fig. 3.3(b).

Lemma 3.11 also holds when the desired bearing vectors are perpendicular,
ie. gty L gf; == sin”0* = 1. In this case, the coefficients in (3.35) and also all
entries in (3.37) are positive; therefore, the matrix Ay will only have eigenvalues
with negative real parts.
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A full characterization of the remaining cases can be found in Section 3.8. In
almost all cases, the matrix Ay contains at least a root with positive real part and
hence it is not Hurwitz.

3.6 The (1B2D) Robot Setup

Here we focus on the formation setup with one bearing and two distance robots
(1B2D) is considered. Without loss of generality, we assume robot R1 is the
bearing robot while robots R2 and R3 are the distance robots. The rightmost
graph in Fig. 3.1 depicts the interconnection structure for this setup. Based on the
interconnection structure, the closed-loop dynamics is obtained as

D1 Kyeqop + Kpersp
P2 | = Kgez1q291 . (3.40)
D3 Kgesiazs1

The corresponding link dynamics evaluates to

[2'12] _ [Kdeudzm + Kpeiop + Kb€13b] (3.41)
213 Kgei3qz13 + Kpeiap + Kpeiap
Also, the dynamics of the link z93 is found to be 223 = —Kq4 (€13d4213 — €124212)- In

the following, we follow similar steps as in Sections 3.4 and 3.5 for the analysis of
the closed-loop formation system (3.40) focusing on equilibrium configurations,
possible moving formations, and their (local) stability analysis.

3.6.1 Equilibrium configurations

When we consider the equilibrium conditions with p = 0g, we have the following
result.

Proposition 3.13 ((1B2D) Equilibrium Configurations:). The equilibrium configura-
tions corresponding to the closed-loop formation system (3.40) belong to S U 8§,

where
S;orrect _ {p c R6 | e = 06}’

, T (3.42)
ngr’ped _ {p e RG |€ _ [0 0 _b;i—r bd:]:'jr] } ,

-
. 6
withe = [e121 ewa ey, ely] €RCand by = g7, — gis.

Proof. Setting the LHS of each equation of the closed-loop dynamics (3.40) to the
zero vector, we obtain for robot R2 that —Kgej94212 = 00 == €129 = 0V 212 = 09
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and similarly, we have —Kg4e34213 = 02 <= e139 = 0 v 213 = 03 for R3. The
expression for R1 evaluates to g12+¢13 = g72+915- Defining Zg12 = o, Lg13 = B as
before, and recalling the RHS of (3.26), we can write the following set of constraints
on the angles, namely

{a+6=a*+ﬁ* . {a:a* 549
a-p=a"— g g=p
and
{ atf=a+f {O‘_B (3.44)
—(a=B)=a"-p* B=a

Equation (3.43) translates to g12 = g}, and g13 = g} implying robot R1 satisfies its
bearing tasks while (3.44) translates to the flipped formation shape with bearings
satisfying gi2 = g5 and g13 = gi,. It follows the bearing error signals are 3, =
—ei3p = —bjy- With both g12 and g3 defined, we obtain dy2 # 0 and dy3 # 0
and hence 215 = 05 and z13 = 05 are both not feasible. Robots R2 and R3 will
stop moving when ej54 = 0 and e13q = 0 holds, respectively, i.e., when they
accomplished their individual distance task irrespective of R1. This completes the
proof. O

It can be verified that the signed area of the flipped formation satisfies Sa, =
—Si.

3.6.2 Moving configurations

For the moving formations, we set the link dynamics to the zero vector and obtain
the following result.

Proposition 3.14 ((1B2D) Moving Formations). The moving formations for the (1B2D)
setup occur when the robots are colinear, i.e., g12 = +g13 and oriented in the direction of

b;um = 91(2 + 91(3'

Proof. The expression for the link z;2 and z;3 in (3.41) evaluates to

(Kgei2adiz + Ky) g12 + K913 = Kpbiym

: (3.45)
Kpgi2 + (Kaeizadis + Kp) 913 = Kpblym-

Solving for 293 = 0y, we obtain ejaqdi2g12 = €134di3913. Two vectors are equal
when they have the same magnitude and direction or opposite signs in both the
magnitude and direction. Hence we distinguish the case gi2 = gi13 A €124d12 =
e13qdiz and gio = —g13 A e12qd12 = —ey3qdi3. Since g12 = £g13, we conclude the
robots are colinear. Substituting in (3.45) yields expressions of the form h g12 =
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Kypdym9eum Where b = Kgejoqdio + 2K, when g12 = g13 and h = Kgeja9di2 when
g12 = —gi3. From this, we infer g12 = +g¢%,,, implying the orientation of the
formation is in the direction of b,,. This completes the proof. O

In light of Proposition 3.14, we obtain four different ordering of the robots, as
depicted in Fig. 3.2.

. o”./o./
&  ® ®

Figure 3.2: Different robot ordering for the moving configurations in the (1B2D) setup;
the black arrow is the bearing vector g3,,. From left to right, we have the ordering I to IV.
Despite the different colors, both R2 and R3 are distance robots.

To provide a full characterization of the moving configurations, it remains
to obtain the inter-robot distances for the different ordering. We first derive
expressions for the distance error signals corresponding to the different ordering
from the general expression h g12 = Kpdm9dum- Define €124 = 7~ Rpq and €139 =
dt?Rbd. Table 3.2 provides the values for s and ¢ corresponding to the different
robot orderings depicted in Fig. 3.2.

Table 3.2: Values for variables s and t corresponding to the robot orderings in Fig. 3.2

Ordering  Direction s t

L gi2 = 913 = g;um -2+ d;um -2+ d;um
II: g12 = g13 = _g;um d;um d;um
I g12 = —gi13 = g;um d;um d;um

Iv: 912 = —g13 = _g;um d;um d;um

When expanded, we obtain an instance of the cubic expression (2.2) with the
coefficient ¢ = —dj, and d = —s Rpq when solving for feasible distance d;» while
coefficient ¢ = —d}, and d = —t Rpq when we are considering distance d;3. Since
d%.m € {0, 2}, it follows the value for s and ¢ can be positive or negative and hence
also the coefficient d of the cubic equation. In turn, this may impose a condition
on the desired distances dj, and d7; for obtaining positive values for d;» and d;3
as discussed in Section 2.3. In particular, we can verify that coefficient d has range
d € (—2, 4) Rpq. Taking d = 4Rp4, we obtain that all four robot orderings in Fig.

3.2 can occur when the desired distances satisfy d; > v/3{/2Rpq.
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In the next part, we will show that the colinear moving formations are unstable.

3.6.3 Local stability of equilibrium and moving configurations

We have characterized the equilibrium configurations and the moving config-
urations. It is of interest to study the local stability property of these different
sets. Similar to the stability analysis for the (1D2B) setup, we will use Lyapunov’s
indirect method. The Jacobian matrix corresponding to the z-dynamics (3.41) is

Ao [KbAlgb + K4Ai9q KpAizp ] , (3.46)

Ky A KpAigp + KqAisq
where, as before, A;jq = €;jalz2 + 22i;2; and Ay, = t (12 — 9ij94;), 15 € {12, 13}.
We obtain the following result for the equilibrium configurations in (3.42).

Lemma 3.15. The Jacobian matrix Ar at the equilibrium configurations in S LS, 7!

is Hurwitz.

Proof. For the correct and desired equilibrium configurations in S, the Jaco-
bian matrix (3.46) evaluates to

A%orrect _ —diag ([JC* T* p* p*]) _

(y* _ ,’E*) a2 (y* _ l‘*) ab p*d2 _p*cd

(y* —a*)ab (y* —2*)b? —p*ed p*c? (3.47)
:E*b2 —x*ab (q**p*)CZ (qiip*)cd ’
—z*ab z*a® (" —p*)ed (¢8 —p*)d?

where z, y, p, ¢ and the bearing matrices are previously defined in (3.29) and
(3.30). Also, for the flipped equilibrium configurations in Sp*P*, we obtain

Agipped — 7diag ([.’IJ* * p* p*]) _

(y* _ CC*) 62 (y* _ 17*) cd p*b2 —p*ab

(y* —a*)ed (y* —2*) d42 —p*ab p*a2 (3.48)
x*dQ —x*ed (q*_p*)a2 (q*—p*)ab '
—z*cd z*c? (¢ =p*)ab (¢* —p*)0?

The characteristic polynomial xg (\) corresponding to the Jacobian matrices Af™et
flipped .
and Ap is the same, namely

XE(N) = A+ ) (A +9") (A + (@ +2*) A+ p*z*sin®0%) . (3.49)
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The roots of (3.49) are

*

>\1 = 7q*a )\2 ==Y,

1 * * 1 * *\2 ok i 2 Ny (350)
>\3,4=*§(p +x)i§\/(p +a*)" — 4p*x* sin” 0

We can verify that 0 < 4p*z* sin? 0* < (p* + 2*)°. This implies that all \s are real.

Also, — (p* +2*) + \/(p* + 2*)? — 4p*z* sin? 0* < 0, and hence we conclude that
all roots are negative real. This completes the proof. O

This leads to the following main result:

Theorem 3.16. Consider a team of three robots arranged in the (1B2D) setup with closed-
loop dynamics given by (3.40). Given an initial configuration p (0) that is close to the
desired formation shape, then the robot trajectories asymptotically converge to a point
Z’)\ c Scorrect

e,

Proof. Following Lemma 3.15, we obtain that link trajectories locally asymptoti-
cally converge to the desired relative positions z* when they are initialized in the
neighborhood of it. With z}; = d; g7;, it follows that also the robots converge to a
point p € Sy, This completes the proof. O

Employing Lyapunov’s indirect method to the moving colinear formations
yields the following statement.

Theorem 3.17. Let p € RS be a configuration yielding a colinear formation satisfying
conditions in Table 3.2. Then the configuration p is unstable.

Proof. We first obtain the matrix Ay and the corresponding characteristic polyno-
mial xy (A). The sub-matrices for the Jacobian matrix (3.46) are Ajoq = Rbdﬁ[g +
2d%29;umg;u-rrn/ AlSd = RbdﬁIQ + 2d%3g;umg;u-|r;\/ A12b = ﬁ ([2 - g;umgs*u;)/ and

Argp = 7= (I2 — glum8%um) With the bearing matrix g2, gium = [’;j M ] The val-

ues for s and ¢ depend on the considered ordering in Table 3.2. Hence, Ay takes
the form

Av = — (diag ([(s + Dz (t+1)p])® L) —

(y—ax)k* (y—ax)kl pl? —pkl
(y—a2)kl (y—x)I? —pkl pk? (3.51)
al? —xkl  (¢—p)k* (¢—p)kl|’
—akl ak®  (g-p)kl (¢—p)

where the variables z, y, p, and ¢ are defined in (3.29). The characteristic polyno-
mial xm (A) corresponding to matrix Ay is found to be

w(A)=A+pt+q)(A+as+y) (N +Br+C), (3.52)
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where B=p(t+1)+az(s+1)and C = pz((t+1)(s+ 1) —1). We explore the
nature of the roots, hereby focusing on the coefficients of the quadratic polynomial.
Table 3.3 presents the values for B and C corresponding to the different robot
ordering; the sign of the coefficient is also provided when it can be determined.

Table 3.3: Values for coefficients B and C corresponding to the robot orderings in Fig. 3.2

Ordering B C

I (p+z) (=1 +d2y) pr((—1+d,)>—1) <0
1I: (p+z) (—1 —dlyy) <0 pz((—1—di,)" —1

I1: (p+z)+ (x—p)diym  —(diym)’ pr <0

% (p+2) = (@—p)dim  — (dtum)’ pr <0

By Lemma 3.18, we infer that the quadratic polynomial in (3.52) contains at
least a root with positive real part since for each ordering, either coefficient B or C
is negative. This implies the matrix Ay is not Hurwitz; the colinear formations are
unstable. This completes the proof. O

3.7 Numerical Example

We consider two triangular formation shapes with the same distances dj, and
di5 but different value for the internal angle §* (Note: 6* = cos™! (g{, ¢13)). In
particular, shape T has bearing vectors such that the internal angle is 6., = 15°
while for shape T2, we take 073, = 45°. We set the gain ratio Ryq to a value 4.
Taking the different setups into consideration, the threshold distance such that
moving formations (stable or unstable) exist is d = 2¢/3 ~ 3.4641. We set the
desired distances to dj, = dj; = 4 and assume Zgj, = 0°. Thus, shape T and T2
has the following desired constraints:

Tyi:diy =diy=4; Lgi, = 0", Lgi3 = 157 (353)
Ty : diy =dis=4; Lgi, =07, Lgis = 45"
For shape T;, the moving formation for the (1D2B) setup is unstable, since
cos? (15°) = 0.9330 > 0.9321. Hence the constraint in (3.36) is violated. For
shape T4, we obtain cos? (45°) = 0.5 < 0.9321 satisfying constraint (3.36).

We remark that when desired distance constraints are provided, we can also
modify the control gains Ky for the distance robot(s) and Kj, for the bearing
robot(s) such that the desired distances satisfy d}; < d. This prevents the occur-
rence of (stable or unstable) moving configurations. In the current example, we
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intentionally set the gain ratio Rpq first and then obtain desired distances d;;s in or-
der to show the existence and local asymptotic stability of the moving formations
in the (1D2B) setup.

3.7.1 (1D2B) Simulation results

For the three robots in the (1D2B) setup, we focus on the formation shape Ts. The
Jacobian matrix Ay for the moving formation with distances d12 = di3 ~ 3.8686 is
checked to be Hurwitz. Indeed, all values of the first column in the Routh-Hurwitz
table (3.37) evaluates to a positive value. Therefore, employing the closed-loop
dynamics (3.17) can, depending on the initial configuration p (0), lead to robot
trajectories moving with a constant velocity. In Fig. 3.3(b), we show such an
outcome for a specific initial configuration p (0). Fig. 3.3(a) depicts an initial
configuration p (0) leading to convergence to the correct shape.

3.7.2 (1B2D) Simulation results

For the three robots in the (1B2D) setup, we focus on the formation shape T;.
Recall that for the (1B2D) robot setup, there are two equilibrium formations,
namely the correct and desired formation and the flipped formation satisfying only
the distance constraints but not the bearing constraints. Fig. 3.4(a) depicts an initial
configuration p (0) which converges to this flipped formation. Notice that the
signed area corresponding to p (0) is positive (counter-clockwise cyclic ordering of
the robots) while the flipped formation has a negative signed area (clockwise cyclic
ordering of the robots). Fig. 3.4(b) depicts an initial colinear configuration p (0)
leading to robots to move with a constant velocity when employing the closed-
loop dynamics (3.40). If the colinear configuration is perturbed, it will converge
either to the correct or the flipped formation shape.

3.8 Full Characterization of the Local Stability of Mov-
ing Configurations for the (1D2B) Robot Setup

In Lemma 3.11, we considered only one of four possible combinations (dys,,, di3,,)
for the scenario dj, > d and dis > d. Referring to Table 3.1, we can have in
total nine’ possible combinations (di2,,, d13,) when all the different scenarios are
considered. Here, we provide the local stability analysis of the moving formations
for the (1D2B) setup for all the remaining combinations and scenarios.

1In Lemma 3.11, we define the variables m and n. Since they can take values m % 0Oand n % 0, we
arrive also to the number nine.
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(b) Moving Formation

Figure 3.3: Robot trajectories for the (1D2B) setup; o represents the initial position and x is
the final position of the robot. On the top panel, we have an initial configuration (connected
by dashed lines) where robots converge to the correct formation shape (connected by solid
lines) while the bottom panel illustrates an initial configuration where robots converge to
the moving configuration with velocity w = Kpbsum.

To this end, we first give the following auxiliary result that connects the sign
of the coefficients of a polynomial of degree n to its roots.

Lemma 3.18. Consider a polynomial of degree n
fF@ =y +ey" '+ +en (3.54)

Suppose the (distinct) roots of the equation f (y) = 0 are cvj, @ = 1,---, n. Then the
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(a) Flipped Formation
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(b) Moving Formation

Figure 3.4: Robot trajectories for the (1B2D) setup; o represents the initial position and x is
the final position of the robot. On the top panel, we have an initial configuration (connected
by dashed lines) where robots move and converge to the flipped formation shape while the
bottom panel illustrates the evolution of the robots when the initial configuration satisfy
conditions for ordering III in Table 3.3. The robots move with velocity w = —Kpbsum. If the
robots have slightly different initial positions, we will have convergence to an equilibrium
configuration since these colinear moving configurations are unstable.

factored form of f (y) is

fW=Wy—a)ly—a) - (y—an), (3.55)
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and the sum and product of the roots s are related to the coefficients ¢y and c,, as
St =—crand [[]_, a; = (—1)" ¢, respectively. Furthermore, there exists at least
a positive real root or a pair of complex roots with positive real part when the coefficient
c1 is negative while an odd number of positive real roots exists when the coefficient c,, is
negative.

The proof of Lemma 3.18 is straightforward and therefore omitted.

Proposition 3.19. Consider the desired distance satisfies dj; > dwith d = /35 %
and let d;; be a feasible solution to the cubic equation (3.25). Define the variable h (d;;) =
2Kdd12j — Kbi Then,

e h(dij) = 0 when d;; = d;
o h(di;) Z 0when d;; > d A dij = yp, (di;) in Lemma 2.2.
o N(dij) > Owhend; > d A di; =y, (dZ;) in Lemma 2.2;

Proof. The expression h (d;;) % 0 is equivalent to d;; % §f B = %\/33 When

di; = d, we obtain that dij = %\/gc?, resulting in the term / (d;;) = 0. For d}; > d,
Lemma 2.2 provides two feasible distances satisfying the cubic equation (3.25). The
ranges of the two feasible distances are y, € (0, $1/3) d; and yp, € (5v/3, 1) dJ;.
Since dj; > d, we obtain Yp, > %\/gd{j > %x/gcf, and therefore h (ypz) > O; For
the feasible distance y, , we have y, < $+/3d};. It also satisfies y, = 11/3d and

3
consequently, h (yp ) = 0. This completes the proof. O

Following Proposition 3.19, we define the variables m := h (d12) = y — x and
n := h(dy3) = ¢ — p in the characteristic polynomial xu (A) (3.34). The case m > 0
and n > 0 has already been considered in Lemma 3.11.

We are ready to consider the remaining combinations of m and n. First, we
assume the bearing vectors ¢}, and g7; are not perpendicular. This is equivalent
to 0 < sin? @* < 1. Table 3.4 provides the sign of the coefficients of xu (\) in (3.35).

Applying Lemma 3.18, we obtain that yy (A) contains at least a root with
positive real part for each combination of m and n in Table 3.4. This in turn implies
the Jacobian matrix Ay in (3.33) is not Hurwitz, and hence the moving formations
are unstable.

We proceed with the case in which sin® 6* = 1, i.e., the bearing vectors satisfy
g7s L g73. Again, we determine the sign of the coefficients for each combination of
m and n; see Table 3.5.

Applying Lemma 3.18, we obtain that xu (A) contains at least a root with
positive real part for all combination of m and n in Table 3.5, except for the
cases (m, n) = {(0, 0), (> 0, 0), (0, > 0)}. Further investigation reveals that for
the case (m, n) = (0, 0), we obtain the root A = 0 with multiplicity 4 while
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Table 3.4: Sign of the coefficients corresponding to the characteristic polynomial x () in
(3.35) for 0 < sin? 0* < 1; The ; symbol means that the sign is indeterminate.

C1 C2 C3 Cq

m<0Aan<0 <0 <0 >0 >0

m<0Aan=0 <0 <0 >0 =0
m<0An>0 b b ¢ <0
m=0An<0 <0 <0 >0 =0
m=0An=0 =0 <0 =0 =0
m=0An>0 >0 b3 <0 =0
m>0An<0 b b3 b <0
m>0An=0 >0 b <0 =0

Table 3.5: Sign of the coefficients corresponding to the characteristic polynomial xn () in
(3.35) forsin® 0* = 1; The ; symbol means that the sign is indeterminate.

C1 C2 C3 Cq

m<0Aan<0 <0 <0 >0 >0

m<0An=0 <0 <0 =0 =0
m<0An>0 ¢ ¢ <0 <0
m=0An<0 <0 <0 = =0
m=0An=0 =0 =0 =0 =0
m=0An>0 >0 >0 =0 =0
m>0An<0 ¢ <0 <0
m>0An=0 >0 >0 = =0

for (m, n) = {(>0,0), (0, > 0)}, the roots to xm (A) are A\1,2 = 0 and A3 4 =

i (—cl +4/c2 — 402). Since both ¢; > 0 and ¢y > 0, we obtain y/c? — 4ca < ¢1,
and hence A3 4 are negative real roots or are roots containing a negative real
part. For these specific cases, the Jacobian matrix Ay in (3.33) cannot provide
any conclusion on the local stability while for the cases containing a root with
positive real part, we conclude those moving formations are unstable. It should
be remarked that the case (m, n) = (0, 0) corresponds to the scenario when
diy = djs = d, (m,n) = (>0, 0) corresponds to dj, > d and diy = d, and
(m, n) = (0, > 0) corresponds to dj, = dand dis > d. In particular, the scenario
of dj, = dj5 = dis very specific.

3.9 Conclusions

We have considered the formation shape problem for teams of two and three
robots partitioned into two categories, namely distance and bearing robots. Our
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aim is to employ gradient-based control laws in a heterogeneous setting and
provide a systematic study on the stability of the possible formation shapes that
arise as a result. We have shown that under certain conditions on the distance
and bearing error signals, we obtain distorted formation shapes moving with a
constant velocity w. For the (1D1B) and the (1B2D) robot setup, these undesired
formation shapes are unstable while for the (1D2B) robot setup, we derive con-
ditions such that the distorted moving formation shape is locally asymptotically
stable. Furthermore, by increasing the value for the gain ratio Rpq = %, the
occurrence of distorted moving formation shapes can be postponed. This may
lead to global asymptotic stability of the desired formation shape, depending
on the setup considered. We note that the moving configurations in the (1D2B)
setup and the flipped equilibrium configuration in the (1B2D) setup both have a
signed area that has an opposite sign compared to the signed area of the desired
formation shape.

In the next chapter, we will focus exclusively on the (1D2B) setup and introduce
an additional signed area constraint for the distance robot. This is done as an
attempt to avoid the occurrence of moving formations.






Chapter 4
Securing Isosceles Triangular Formations

under Heterogeneous Sensing and Mixed
Constraints

In the previous chapter, we obtained that for the (1D2B) setup, the incorrect
moving formation shape is locally attractive. By including an additional control
term that accounts for the signed area, we aim to prevent the occurrence of the
incorrect moving formation shapes.

We start this chapter with an introduction and provide some background
material in Section 4.2. The (1D2B) setup with the added signed area constraint is
considered in Section 4.3. We provide preliminary analysis for the specific case of
isosceles triangles in Section 4.4. The details for acute isosceles triangles and right
and obtuse isosceles triangles are found in Sections 4.5 and 4.6, respectively. The
theoretical claims are supported by numerical results in Section 4.7 and we end
with the conclusion in Section 4.8.

4.1 Introduction

N formation control, triangular formations consisting of three autonomous
agents serve as a class of benchmarks that can be used to test and compare
the performances of different controllers. This apparently simple setup allows
detailed rigorous analysis for novel techniques and methodologies as we aim at in
this chapter (see [5, 13, 14, 20, 32, 36]), and therefore, it provides a starting point in
order to achieve more general formations.

Previously, in Chapter 3, we dealt with the formation control problem in which
the team of mobile robots were partitioned in two categories, namely distance
robots carrying out distance tasks and bearing robots fulfilling bearing constraints.
For the particular case of one distance and two bearing robots, the (1D2B) setup,
we showed the existence of moving configurations which are locally attractive
under certain conditions. One observation on the moving configurations is that
the signed area of the corresponding shape has an opposite sign when compared
with the desired formation shape; the robots converge to an incorrect shape.

In the current chapter, we aim to avoid the occurrence of moving configurations
by adding a signed area constraint to the distance robot. We remark that this does



46 4. Securing Isosceles Triangular Formations

not increase the sensing load on the robot. For the current analysis, we consider
isosceles triangles as the desired formation shape. Our main contribution is the
identification of bounds on the gain ratio Raq between the signed area and the
distance control term which yields the team of robots to always evolve to the
correct isosceles triangular shape.

4.2 Robot Configurations & Signed Area

We briefly consider different configurations of three mobile robots and introduce
the signed area of a triangle.

4.2.1 Robot configurations

We consider a team of three robots with Ri as the label for robot . The robots are
moving in the plane R? according to the single integrator dynamics, i.e.,

].)i (t) = U; (t) s xS {1, 2, 3} s (41)

where p; € R? (a point in the plane) and u; € R? represent the position of and the
: - - T T T cR6

control input for Ri, respectively. The vector p = [p] pJ pd]| € RS represents

the team configuration. We define pys as the reference configuration where the three

positions describe a particular triangle T" of interest up to translation. Therefore,

the set of desired configurations can be formally written from pys as

Sp:: {p€R6|p:pref+(13®U)aUER2}a (42)

where v is a translation vector and ® denotes the Kronecker product. Note that
the desired configurations can also be described in terms of relative positions (or
links) z;;s with z;; = p; — p; € R%. In particular, it is the singleton S, whose one
element is

—1 1 0
Zref = (H® IQ)prefa H=|-1 0 1 (43)
0o -1 1

where I is the identity matrix.

Consider the link vector z (t) := (H ® I2) p (t) converging to a point Z € R®
and p (t) — (13 ® w) as time progresses, where w € R? denotes a constant velocity
vector. Let p € R® denotes a configuration yielding Z. Then, the team trajectory
converges to puaj (t) = (13 ®co) + P + (13 ® w) t, where ¢y € R? is an arbitrary
offset given by the initial condition p (0). We have an equilibrium configuration
when w = 0y, and otherwise, the configuration is moving. In the latter case,
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Piraj (1) — o0 as t — 0. Depending on whether Z € S. or not, we classify the
obtained configuration p as desired or incorrect.

4.2.2 Signed area of a triangle

For a triangle 7" with points p;, p2, and ps in R?, the signed area A is given by

A=1det<[1 ! 1]) (4.4)
2 P11 P2 P3

where det (o) denotes the determinant of a matrix. Alternative expressions for A
are A = 12[,Jz13 0r A = 1sinfa3diadis with sinfais = g{,Jg13 and 6213 being
the signed angle enclosed by the bearing vectors g;2 and g3 at point p;. Assuming
Zgi2 = a and Zgi3 = [ with respect to a coordinate frame ¥, it follows that
sinfs13 = sin (8 — «). Hence for a counter-clockwise (or clockwise) ordering of
points p1, p2, and p3, we obtain f2;3 > 0 and A > 0 (or 6213 < 0 and A < 0).

4.3 The (1D2B) Robot Setup with a Signed Area Con-
straint

Recall the closed-loop dynamics corresponding to the (1D2B) setup from Chapter
3is

D1 Kguq2q + Kqug3q
P2 | = Kypuaip ) (4-5)
D3 Kypusip

where K4 > 0 and K}, > 0 are the gains for the distance and bearing control
terms. The distance control terms are of the form wu;;q = e;;q42;; with the distance
error signal e;jq = d3; — (dlfj)Q. These are gradient-based control laws obtained
from the distance potential function V4 (e;;q) = iefjd. Similarly, the bearing control
terms are gradient-based control laws obtained from the bearing potential function
Vijb (€ib) = %dij HeiijQ and are of the form u,;, = e,;, with the bearing error signal
eijp = gij — g;;- The following findings are reported in the previous chapter on the
stability analysis of the closed-loop system (4.5):

1. The equilibrium configurations are the desired configurations in which the
error vector is zero; furthermore, they are locally asymptotically stable.

2. The moving configurations occur when the desired distances satisfy dj, > d

and dj; > dwith d = v/33 % and gain ratio Rpgq = % The error vector is
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of the form

[e12d4 e13d €1p e1sp] = — [ﬁRbd ngbd 92+ 915 gi2+ 9?3] ;
(4.6)
and the steady-state translation velocity is w = Kypg7, + gi5. It is remarked
that these moving configurations have a signed area which is opposite in
sign to that of the correct shape. When a condition on cos 0* is satisfied, we
obtain that the linearization matrix has eigenvalues with negative real parts
and hence the moving configurations are locally asymptotically stable.

4.3.1 Adding asigned area constraint to R1

In the works [3, 15, 44, 45], it has been shown that the inclusion of a signed area
constraint with a proper gain for the resulting control term avoids the occurence
of flipped formations. Since the moving configurations have a signed area which
is opposite to that of the correct formation shape, it can be classified as a flipped
formation. Hence in the current work, we require R1 to additionally fulfill a signed
area constraint A* involving R2 and R3. This serves as a strategy to avoid flipped
formations, and therefore also the moving configurations.

Recall the expression for the signed area is A = 1z,Jz13 with J being a
rotation matrix. R1 is able to compute this quantity with the available local
information. For obtaining the control law, we define the signed area error signal as
ea = A — A*. The signed area potential function is taken as Vj (ea) = e3. Since R1
will be responsible for the signed area constraint, taking the derivative of V5 with

2

respect to p; yields EVA =ea (213 — le)T J. The gradient-based control law for

the signed area task is then ua = eaJ (213 — 212).

4.3.2 The (1D2B) robot setup with signed area control term

Adding the control term ua to R1 in (4.5) results in

D1 Kyuiag + Kquizg + Kaua
D2 | = Kpua1p . (4-7)
P3 Kyusp

The control gain for the area task is K, > 0 and has dimension L] 1]
Relative to the global coordinate system %8, we have ujop, = —ug1p and ujsp =
—ug1p. The link dynamics corresponding to (4.7) is obtained as

Z12 Kypuiop + Kquiaq + Kquizq + Kaua
Z13 | = — | Kpuisp + Kquiag + Kquisg + Kaua | - (4.8)
Zo3 Ky (u13p — u12b)
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In the remainder of this chapter, we investigate the effect of adding the signed
area control term u, to the closed-loop system (4.5). In particular,

1. we aim to preclude moving configurations by including ua and a proper
tuning of the associated gain K in relation to other gains, and

2. as including ua may introduce other undesired (moving) configurations,
we also aim to provide conditions which prevent these possible undesired
configurations to occur.

We note that the configurations p yielding the collective error variable e =

[e124 €130 e ely engb]T € R7 to be the zero vector are in the set S, i.e.,
another characterization of the set of desired configurations in terms of the error
vector eis S, = {p e R®| e = 07}.

To provide answers to the above determined goals, we are required to solve
the following vector equation for the distance pair (di2, d13).

Proposition 4.1. Consider a team of three robots moving according to (4.7). Define the

gain ratios Ryy = % > 0and Ryy = % > 0. Then for the equilibrium and moving

configurations, the feasible distance pairs (d12, d13) are solutions to the vector equation
agiy + bgis = cgis" + dgi', (4.9)

where the coefficients a, b, ¢, and d are

a = eqo4di2, b = ey34dy3,
124012 134013 (4.10)
¢ = —Rageadia, d = Rageadss
for equilibrium configurations and
a = e134d13 + Rpg, b= ejo4dia + Rpg,
134013 bd 124012 bd (411)

¢ = Rageadss, d = —Rageadis
when considering moving configurations.

Proof. First, we consider equilibrium configurations for which p = 0g. From the
dynamics for the bearing robots R2 and R3, we immediately obtain e;5, = 05 and
e1sb = Oo; the bearing constraints are attained. In addition, we have d;» # 0 and
dy3 # 0. Substituting the correct bearing vectors g12 = ¢7, and g13 = ¢ in the
dynamics of R1 and rearranging the terms result in (4.9) with coefficients in (4.10).
Next, we consider moving configurations. For this, we focus on the equilibrium
points of the link dynamics (4.8) since p; = p; = w = Z%;; = 05. We have already
considered the case w = 03, so our focus will be on w # 0,. Setting Z23 = 02 leads
to g12 — g13 = 975 — 913 The possible solutions are found to be the combinations
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(912, 913) = (912, 913) and (912, 913) = (—9gi3, —gi2)- The former corresponds to
equilibrium configurations, so w = 0,. The latter results in the bearing error
signal ej9p = €13, = — (g}, + gi3)- Substituting the obtained bearing error signal
in (4.8) and rearranging terms, we obtain (4.9) with coefficients provided in (4.11).
Since the bearing vectors are already known, provided Raq and Rpq are given, the
coefficients {a, b, ¢, d} in (4.10) and (4.11) depend solely on the distances d;2 and
dy3. This completes the proof. O

Note that pre-multiplying (4.9) by a rotation matrix ¢ with angle ¢ has no
effect on the coefficients {a, b, ¢, d}. Hence without loss of generality, we take

« |1 « _ |cosf* «1L |0 vl |—sing”
g1z = [0] » 913 = [sin@*] r 1z = [1] 913 = [ cos 0* ] ' (4.12)

This corresponds to Zg}, = 0°, Zgis = 0%, Zgis- = 90°, and Zgis- = 90° + 0*,
where 6 is the desired inner angle enclosed by the bearing vectors gi, and g7s.
When Zgj, = o # 0°, we can pre-multiply (4.9) by @Q (—«) to obtain the bearing
vectors in (4.12). Substituting (4.12) in (4.9) yields the set of equations

a+ bcosf* = —dsin6*
) (4.13)
bsin0* = ¢+ dcos 0*.
Equivalently, we obtain
asin@* = —ccos0* —d
(4.14)
bsin0* = ¢+ dcos0*.

In the forthcoming analysis, we aim to find feasible distance pairs (di2, d13) in
Proposition 4.1 by solving (4.14). We assume 6* is in the region 6* € (0°,180°); the
robots are ordered in a counter-clockwise setting and hence the desired signed area
A* is positive.

4.4 Analysis on Isosceles Triangles

As a first endeavor, we focus on solving the set of equations (4.14) for the class
of isosceles triangles. An isosceles triangle has two equal sides of length ¢ > 0
and two equal angles with value y € (0°, 90°). The equal sides are called legs and
the third side is the base. The equal angles are called base angles and the angle
included by the legs is the vertex angle.

In the current setup, we assume the distance constraints dj, and dj5 are equal,
ie., diy = di; = ( are the legs of the triangle and the desired inner angle 6* is
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the vertex angle and satisfies 0* = 180° — 2. The isosceles triangle is acute when
0* € (0°, 90°), right when 6* = 90°, and obtuse when 6* € (90°, 180°).

We first obtain the set of equations (4.14) for the equilibrium and moving con-
figurations corresponding to this class of triangles. To this end, we parameterize
the actual distances d;2 and d;3 by

d12 = xﬁ, d13 = yf with T,y > 0. (415)

The value z = 1 means robot R1 satisfies the distance constraint relative to R2. A
similar result concerning R3 holds when y = 1.

4.4.1 Equilibrium configurations

For equilibrium configurations, we recall that according to Proposition 4.1, the
bearing robots R2 and R3 attain its individual bearing task, i.e. gi2 = g7, and
913 = ¢73. It follows then that sin § = sin #*. With the parameterization in (4.15),
the distance and signed area error signals evaluate to e12q = (ac2 — 1) 02, e139 =
(y* — 1) %, and ep = §sin6* (zy — 1) (2. Substituting these relations into (4.14)
with coefficients {a, b, ¢, d} defined in (4.10) yields

(2 —1)z = %RAd (xy — 1) (xcosO* —y)
, . * (4.16)
(y — 1) Y= §RAd (xy — 1) (ycosO* — x).

We find out whether solutions of the form = = y and = # 1 are feasible. In this
case, expression (4.16) reduces to (1 + $Raq (1 — cos6*)) z = 0. For it to hold, we
require Raq = —ﬁ < —lorz = 0. Since Raq > 0 and = > 0, it follows both
conditions cannot be met. By De Morgan’s laws, solutions to (4.16) are either of
the form = # y or x = 1. When z # y, subtracting the equations in (4.16) results in

1
2y tay—1= 5 Raa (1 +cos6") (zy —1). (4.17)

In (4.16), we see the presence of cos §* terms. For acute isosceles triangles, cos 6* €
(0, 1) while for right and obtuse isosceles triangles, cos 0* € (—1, 0]. In the forth-
coming sections, we will divide the analysis in these two sub-regions. We state the
following result which holds for both sub-regions of cos 6*:

Proposition 4.2. For robot R1, satisfying one of its assigned tasks is equivalent to
satisfying all its assigned tasks. In particular, with the parameterization of the distances
in (4.15), we have

lLz=1 < y=1Aay=1;
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22y=1 <<= =1 Arzy=1;
ay=1 <<= z=1Ary=1.

Proof. The necessity part ( < ) is immediately observed for all the three state-
ments, so we focus only on the sufficient part ( = ).

lLz=1= y=1nrzy=1;
Substituting = = 1 in (4.16) yields

1 N
0=5Rad (y = 1) (cos 0™ —y)

1
(y*—1)y= 5 Raa(y—1) (ycos 6™ —1).

(4.18)

The first equation in (4.18) is satisfied when y = 1 or y = cosf*. The
option y = 1 holds for the second equation. In addition, zy = 1. Since
we know y > 0, it follows that option y = cos8* is feasible only when
cos0* > 0. Substituting y = cos * in the second equation yields cos §* =
—3Raq (1 — cos 6*). The left-hand side (LHS) is positive while the right-hand
side (RHS) is negative since Raq > 0. We infer that y = cos 8* does not satisfy
the second equation and hence it is not a solution to (4.18).

22y=1 = z=1Ar2y=1,
Substituting y = 1 in (4.16) yields

(2 — 1)z = %RAd (x —1)(zrcosf* —1)
1
0= §RAd (x—1)(cos* —x).

(4.19)

The second equation in (4.19) is satisfied when z = 1 or # = cos6*. The
option 2 = 1 holds for the first equation. In addition, zy = 1. Since we know
x > 0, it follows that o = cos 6* is feasible only when cos §* > 0. Substituting
& = cos 0* in the first equation yields cos 0* = — 1 Raq (1 — cos6*). The LHS
is positive while the RHS is negative since Ragq > 0. We infer that z = cos 6*
does not satisfy the first equation and hence it is not a solution to (4.19).

.ay=1 = x=1ry=1;
Substituting zy = 1 in (4.16) yields

(xQ—l)x= r=+1 (4.20)
)y y = +1. '

Since x > 0 and y > 0 holds, the only possible combinationisz =1 A y = 1.
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This completes the proof. O

In Proposition 4.2, at least one of the tasks assigned to R1 is attained. It remains
to investigate the case when none of the assigned tasks is achieved, i.e., the case
xz#1,y# 1,2y #1,and « # y by De Morgan’s laws for the sub-regions of cos 6*.
We will deal with this in the forthcoming sections.

4.4.2 Moving configurations

Previously, in Proposition 4.1, we have obtained that the bearing vectors corre-
sponding to moving formations are ¢g12 = —g7; and g13 = —gj,. It follows that
sin @ = — sin *; the formation is flipped and rotated. With the parameterization
of the distances di;5 = af and dy3 = yf in (4.15), we obtain that distance error
signals are the same as before while the signed area error signal evaluates to
ea = 3sinf* (—ay — 1) £* for moving configurations. The set of equations (4.14)
with coefficients {a, b, ¢, d} in (4.11) is found to be

(2% — 1) 2® + Rpg = %RAd (zy + 1) (xcos 0% —y) £3
(4.21)

1 .
(y* —1) yf? + Rpq = §RAd (zy + 1) (ycos 0* — x) £3.

Again, we find out whether solutions of the form = = y are feasible. With z = y,
(4.21) reduces to

(x2 — 1) 0 + Rpg = —%RAd (1 —cos0™) (mQ + 1) xl3. (4.22)

Observe that the RHS of (4.22) is negative; for the LHS to be negative, z < 1
is required. The exact range for x is provided in Corollary 4.4. The difference
equation for (4.21) is with = # y,

1
2yt tay—1= 5 Raa (1+cost™) (zy +1). (4.23)

Similar to the equilibrium configurations, we will divide the forthcoming analysis
on moving configurations in two sub-regions, namely acute isosceles triangles
with cos #* > 0 and right and obtuse isosceles triangles having cos #* < 0. Before
getting into these analyses, we state the following result for the LHS of (4.21):

Proposition 4.3. Given a cubic equation of the form

f(2) =23 — 0?2 + Ry, (4.24)

where z = r{ denotes a general variable for the distance and r € {x, y}. Let d=/3%/ %.
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Then for z > 0, the cubic equation in (4.24) takes values

>0 ifl< d
f@)={=0 ift=d (4.25)
20 ifl>d.
Proof. By comparison with (2.2), we obtain the coefficients ¢ = —?and d = Rpq

for (4.24). The discriminant evaluates to A = 4(5 — 27R2,. Since ¢ < 0 and d > 0,
applying Lemma 2.2 yields for A > 0 <= { > d the positive roots

2 1 1
Zp = g\/gcos (3(,0 — 1200) { € (0, 3\/3] 14

5 1 ) (4.26)

Zpo = 3 3 cos (3(,0) 14 € [3\/3, 1) L,
where ¢ = tan™! (—2Rb_d1\/%) € (90°, 180°]. Notice that ¢ depends on both
the desired length ¢ and the gain ratio Ry,q. Before considering the different sub-
regions for ¢, we also compute the derivative of (4.24), yielding f’ (z) = 3z* — (2.
The roots are f'(z) = 0 <= z = +1+/3(. From the first derivative test, the
maximum and minimum are found to be fmax = f (—3V3¢) = 2v/30% + Ryq > 0
and fuin = f (3V30) = —2/303 + Rpg % 0. The sign of fu,in depends on the value
for ¢. In addition, f(0) = f(¢) = Rpq > 0. Now we are ready to consider the
different sub-regions of ¢ for z > 0:

1. ¢ < d; We only have one local minimum for f (z) in the positive range.
With ¢ < d, it follows (3 < 2+/3Rpq. Correspondingly, we have fu, =
—2.4/30% + Ryq > 0 implying that f (z) > 0 forall z > 0.

2. 0 = c?, With A = 0, we obtain ¢ = 180°; the positive roots (4.26) are equal
and have value z;,; = Zpy = %\/gﬂ Also, the minimum of f (z) occurs at this
point, i.e., f (Zp1) = f (Zp2) = 0 = fmin. We thus have f (z) > 0 forall z > 0.

3. 0> (f, For ¢ > c?, we have two distinct positive roots in (4.26). Also, it follows
(3 > 3+/3Rpq. Correspondingly, we have fuin = —2v30% + Ryq < 0. We
note that z = £4/3 lies in the region (zp1, Zp2). The function f (z) thus takes
values

>0 ifze (0,2zp1) U (Zp2, 20)
f@2)=4=0 ifze{zp, zp2} (4.27)

<0 ifze (zp1, Zp2) .

This completes the proof. O
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Since z = r/, we obtain the following corollary:

Corollary 4.4. The cubic functzon f in (4.24) takes on values f (r) > 0 when { < d,
f(r)=0when ¢ = dundforé > d, we have

>0 ifre (0, ry) u(rg, o)
f(r)=<4=0 ifre{ry, rag} (4.28)
<0 ifre(ry, ra),

where r1 = 2+v/3cos (¢ — 120°) € (0, 3v/3), r2 = 2+/3cos (3¢) € (33, 1), and
¢ (¢, Ryg) = tan— ( 2R, 4/108) € (90°, 180°).

In the upcoming sections, we will study more in detail the set of equations
for the equilibrium and the moving configurations for acute, right, and obtuse
isosceles triangles.

4.5 Acute Isosceles Triangles

Herein, we focus on acute isosceles triangles in which the vertex angle 6* is in the
range 6* € (0, 90°) < cos8* € (0, 1).

4.5.1 Stability of equilibrium configurations

Previously, we have shown in Proposition 4.2 that when distance robot R1 attains
one of its assigned tasks, it is equivalent to attaining all its assigned tasks. We
investigate now whether there exist equilibrium configurations in which none of
the tasks assigned to R1 is attained. The following proposition provides necessary
conditions which the variables z, y, and the product zy are required to satisfy:

Proposition 4.5. Assume x # 1,y # 1, zy # 1, and x # y, where x and y are defined
in (4.15). Define A = x cos 0* — y and B = y cos §* — x. For the existence of equilibrium
configurations in (4.16) satisfying the given constraints, we require that xy — 1 > 0 in
combination with either 1). x > 1,y < 1,and A>0or2).z <1,y > 1,and B > 0.

Proof. By direct computation, the following two relations hold: 1). A > 0 —
B<0,and2).B>0 — A < 0. Dueto x # 1, we cannot have A = 0. Similarly,
with ¢y # 1, B = 0 does not hold. Also, the combination A < 0 and B < 0 cannot
hold since assuming zy — 1 > 0 on the RHS of (4.16) yields z < 1 and y < 1 on the
LHS. With < 1 and y < 1, we obtain 2y < 1 and this contradicts the assumption
2y — 1 > 0. Similar argument holds when zy — 1 < 0 is taken. The remaining
feasible combinations are then A >0 A B<0and A <0 A B> 0. It follows that
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on the LHS, we either have the combinationz <1 A y > lorxz > 1 A y < 1. This
depends on the sign of zy — 1 as follows:

1. 2y —1>0;

(@ A>0 AB<Oresultsinz>1 A y< 1.

(b) A<OAB>0resultsinz <1 A y> 1.
2. zy—1<0;

(@) A>0 AB<Oresultsinz <1 A y> 1.

(b) A<OAB>0resultsinz >1 A y < 1.

Consider now zy — 1 < 0 holds. Assuming A > 0 leads to y < z. However, we
have found 2 <1 A y > 1 on the LHS implying = < y and hence a contradiction.
With B > 0, we infer # < y while based on the signs of z and y on the LHS, we
have y < z and again a contradiction. For zy — 1 > 0, we can find feasible values
for z and y satisfying the listed constraints. This completes the proof. O

A proper choice for the gain ratio Raq can prevent the occurrence of equilib-
rium points satisfying the conditions in Proposition 4.5:

Lemma 4.6. Consider a team of three robots moving according to (4.7) with K; > 0,
Ky > 0, and K4 > 0. Define the gain ratio Ray = % Furthermore, let the desired
formation shape be an isosceles triangle with legs £ > 0 and vertex angle 6* € (0°, 90°).
Finally, parameterize the distances dy and dy3 as in (4.15). If Rag < HC%, then the
equilibrium configurations pe, € Sy, in which all the individual assigned tasks are attained.

Proof. We first consider (4.17). Rearranging the terms yields
2 +y* 4+ (1—d)(zy—1) =0, (4.29)

where d = 1Raq (1+cos¢*) > 0. Sincez > 0,y > 0, and zy — 1 > 0 from
Proposition 4.5, it follows that 1 —d > 0 <= d < 1 will yield the LHS to
be positive and hence no feasible combination (z, §) for (4.29). Adding and
subtracting 2xy to (4.29) yields

(z—y)’+@B—d)zy—(1—d)=0. (4.30)

Choosing d in the range (1, 3], we obtain that all terms on the LHS are non-negative
and at least one term is positive; their sum is then also positive and hence we
have no combination (z, 7) for (4.30). Notice thatd < 3 <= Raq < m%'
Since solutions to (4.16) should naturally satisfy (4.17), we infer that provided
Rad < 17—+, we do not have feasible combinations (z, ) with z # y satisfying
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(4.16). The only possible combination for z = y is the pair (z, y) = (1, 1) which
corresponds to robot R1 satisfying all its assigned tasks. As robots R2 and R3
also attain its individual task, we conclude that all robots in the team attain its
individual tasks; i.e., e = 07. This completes the proof. O

Since we are dealing with acute isosceles triangles, we obtain that the upper
bound for Ragq in Lemma 4.6 is in the range m% € (3, 6). This seems rather
limited. Moreover, in obtaining feasible ranges for Raq in Lemma 4.6, we only
made use of the condition that the product zy is larger than 1 while no specific
constraints on x and y in Proposition 4.5 were utilized. We could ask ourselves
1). whether we can expand the region of Raq by taking into account all the con-
ditions provided in Proposition 4.5. If there are still feasible combinations (z, )
solving (4.17) while at the same time satisfying all the conditions in Proposition
4.5 with d > 3, then a follow-up question would be 2). whether these particular
combinations (z, ) would solve the set of equations (4.16).

For now, we focus on the set of constraintsz > 1,y < 1,A>0,and 2y — 1 > 0
in Proposition 4.5. For a fixed value x = Z > 1, we obtain as solutions to (4.29)

= tes L@ D@ 9@ 4@, @31)

With d > 3, we have d%l > 1. The feasible value for y which could satisfy y < 1
istheny = az —bwitha=92and b =1,/((d+1)(d—3))z2—4(d — 1) since
the alternative y = az + b > z > 1 and thus violates the constraint. We observe
that for specific choices on the values # > 1 and d > 3, we have that § satisfies the
required constraints. Hence it is possible to find combinations (z, y) solving the
difference equation (4.29) while satisfying the required constraints. The second
question now is whether these feasible combinations (Z, 7) are also solutions to
the set of equations (4.16). Substituting and rearranging the terms yield

S (e, S g = -
1 + cos 6* (kgc +1z7 +mz + n) 0, (4.32)
where
K — %(d—2)(d+1)(d—(1+cos9*)), | = —bd(d— (1 +cos6)),
1 (4.33)
m=-2((3d-2cos¢")(d~1)+2), n=bd

With d > 3, we obtaink > 0,1 < 0, m < 0, and n > 0. Hence we can not provide
conclusions on the sign of the cubic term kz® + 1Z% + mz + n on the LHS of (4.32).
In Section 4.7, we will numerically evaluate this term. Considering the set of
constraintsy > 1, z < 1, B > 0, and zy — 1 > 0 in Proposition 4.5, we would have
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obtained the same result but with the roles for x and y reversed.

4.5.2 Stability of moving configurations

Consider the equations for the moving configurations and again, let A = z cos 0* —y
and B = ycos0* — z. WeobtainA >0 =— B <0andB >0 = A < 0. Since
x>0,y > 0,and Raq > 0, it follows that if one of the RHS is non-negative in (4.21),
then the RHS of the other equation needs to be negative. From Proposition 4.3, we
obtain that the LHS can be negative only when the legs of the isosceles triangle
satisfy £ > d. In particular, following Corollary 4.4, the cubic equation on the LHS
is negative in the range (ry, ry). When ¢ < J, we do not have feasible combinations
(%, ) for the set of equations (4.21) and hence moving configurations cannot occur.

Assume without loss of generality = € (ry, r2). For y < ry, we know the LHS
of the second equation in (4.21) is positive. On the RHS, we require B > 0 —
x <y = =z < ry. This contradicts our assumption that = € (ry, r2) and hence
we require y > r;. Following Corollary 4.4, we can divide y > r; in the three
regions y € (ry, rz), y = ry, and y > ry. Before getting into the analysis, we
provide the following result concerning the difference equation of (4.21):

Proposition 4.7. Let x € (ry, r2) < 1in (4.23)and d = $Raq (1 + cos6*). We have
the following statements:

1. Case:y < 1;
Ifd>1 < Ruy > ﬁ/ then there are no feasible combinations (z, ) that
satisfy (4.23).

2. Case: y > 1;
Ifd>3 < Ra 2 Tgsew then the combination (Z, i) where §j = aT + b
witha = L and b = 1./(d + 1) ((d — 3) 22 + 4) satisfies (4.23).

Proof. Rearranging the terms in (4.23) yields
P2y +(1—doy=1+d. (4.34)

1. Case:y < 1;
Choosing d > 1, we have (1 —d) < 0. The LHS of (4.34) has upper bound
2?2 +y? + (1 —d) 2y < 22 + y? < 2 while the RHS has a value (1 +d) > 2.

Weinferd > 1 <= Raq > 175+ yields no solution for (4.34).

2. Case:y > 1;
We consider a specific value for z = 7 in the given range. Note that 7 < 1.
Solving (4.34) for the unknown y, we obtain

d—1

y = fi%\/(d+1)((d—3)f2+4). (4.35)



4.5. Acute Isosceles Triangles 59

With d > 3, we have that the term under the square root is positive. Also,
4=1 > 1. Applying Descartes’ rule of signs, we infer that for d > 3, we
have one positive and one negative root. The positive root is then § =
Sz +L/d+1)((d-3)z% +4).

This completes the proof. O
For moving configurations, we state the following result:

Lemma 4.8. Consider a team of three robots moving according to (4.7) with specific gains

K3 > 0and K}, > 0. Define the gain ratios Ry; = % and Rag = % with K4 > 0, and

d=+/3§ %. Furthermore, let the desired formation shape be an isosceles triangle with

legs ¢ > d and vertex angle 6% € (0°, 90°). Finally, assume x € (ry, ¥) and y > Iy,

where x and y are defined in (4.15). If Ryy > max {HC%, —2
feasible combinations (z, y) satisfying the set of equations (4.21).

}, then there are no

Proof. The proof will be given for the three regions of y > r; obtained from
Corollary 4.4:

1. x € (rl, r2) andy € (rl, rg);
In this region, we can divide the analysis to the cases = y and = # y:

(a) Case: x = y;
Rearranging the terms in (4.22) yields

z0® ((c+1)2® + (c—1)) + Rpq = 0, (4.36)

where ¢ = 1 Raq (1 — cos#*). Choosing ¢ > 1, we have (¢ + 1) > 2 and
(¢ — 1) = 0. Therefore, all terms in (4.36) are non-negative and at least
one term is positive; then the sum on the LHS is also positive. The
equation (4.36) does not have roots forc > 1 <= Rpq > ﬁ

(b) Case: z # y;
Since both # < 1 and y < 1, it follows from Proposition 4.7 that the
difference equation (4.23) does not have a solution when the gain ratio
Ragq satisfies Rag = Hcﬁ, This implies that the set of equations (4.21)
also does not have a solution.

2

Combining both cases, we infer that Raq > —=5

combinations (Z, ) for (4.21).

will yield no feasible

2. x € (rl, rg) andy =Ty,
We have z < 1 and y = rz < 1. From Proposition 4.7, we infer that when
Raq = mﬁ' we have no feasible combinations (Z, 7) for (4.21).
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3. € (rl, rQ) andy > Iy,
We can divide the region for y in two sub-regions, namely r; < y < 1 and
y > 1.

(a) Case: y € (rq, 1];
Since © < 1 and y < 1, following Proposition 4.7, we infer Raq >

mﬁ is sufficient to obtain no feasible combinations (Z, ) for (4.21).

(b) Case: y > 1;
With the particular choice Ragq > 14—&:% <= d > 3 from Proposition

4.7, weobtainy = az+bwitha = 95t and b = 4+/(d + 1) ((d — 3) 22 + 4)
is the solution to (4.23) for a fixed z. Substituting the obtained pair
(%, y) back in (4.21) yields

R S Y S - 3 _
T (kz® +12° + mz +n) €2 + Rpq = 0, (4.37)
where
k=%(d—2)(d+1)(df(1+cos0*)), | = bd(d—(1+cos6*)),
m=%(d+1)(3d72(1+0050*)), n=nbd.
(4.38)

Withd > 3, weobtaink > 0,1 > 0,m > 0, and n > 0. Since the
individual terms are positive, it follows the sum is also positive; the
combination (Z, ) satisfying (4.23) is not a solution to (4.21). So so-
lutions to (4.21) are of the form (z, y) # (z, y). However, these will
not solve (4.23), and therefore we conclude that for Raq > m%/ the
solution set to (4.21) is empty for the mentioned region of z and y.

Combining the results of both parts, we obtain that Rag > is suffi-

cient to obtain no feasible combinations (z, y) for (4.21).

__ 6
1+cos 0%

Gathering the results for all the three considered regions for y, we conclude that

6 2
RAd = max { 1+cos6*’ 1—cos 6*

}. This completes the proof. O

From a design perspective, provided / is given, we can tune the gains Ky and
K, such that ¢/ < d is satisfied. In this scenario, any choice of K5 > 0 would
yield no solutions (z, y) to the set of equations (4.21). This is in agreement with
results in Chapter 3 in which moving configurations may occur only when dj, > d
and df; > d hold. We need Lemma 4.8 when tuning the gains K4 and K3, only is
not enough. It provides a lower bound on the gain K4 for a chosen Ky4. In the
region 0* € [60°, 90°), this lower bound is K > T?)Se*Kd while Kp > ﬁf(d
when the vertex angle is 0* € (0, 60) in Lemma 4.8. Furthermore, Proposition 4.7
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and Lemma 4.8 are results which hold for z € (ry, r2) and y > r;. For the case
y € (ry, re) and = > ry, we obtain the same result, albeit the roles of = and y are
reversed.

We conclude this section with the following main result:

Theorem 4.9. Consider a team of three robots moving according to (4.7) with K; > 0,

Ky > 0, and K4 > 0. Define the gain ratios Ry; = % and Ry = %, and also

d=+3 \3/@. Let the desired formation shape be an acute isosceles triangle with legs
¢ > 0 and vertex angle 6*. Finally, parameterize the distances dio and di3 as in (4.15).
Then starting from all feasible initial confiqurations, the robots converge to a desired
equilibrium configuration pe, € Sy in which all the individual tasks are attained if either
(K4, Ky, Kga) is chosen such that ¢ < d and Rpg < 1Jrcﬁfor 0* € (0°,90°) or if

(K4, Ky, K ) is chosen such that ¢ > d and Ry = T for 0% € [60°, 90°).

Proof. The proof follows directly from the results obtained in Lemmas 4.6 and 4.8.
This completes the proof. O

With the current constraints imposed on the gain ratio R4, we can not provide
convergence results for isosceles triangles with legs ¢ > d and vertex angle §* €
(0°, 60°). We will numerically evaluate this in Section 4.7.

4.6 Right and Obtuse Isosceles Triangles

We continue with right and obtuse isosceles triangles in which the vertex angle 6*
is in the range 6* € [90°, 180°) <= cos6* € (—1, 0].

4.6.1 Stability of equilibrium configurations

We state the following result on equilibrium configurations for right and obtuse
isosceles triangles:

Lemma 4.10. Consider a team of three robots moving according to (4.7) with gains
K3 >0, K, >0,and Ka > 0. Let the desired formation shape be an isosceles triangle
with legs ¢ > 0 and vertex angle 6* € [90°, 180°). In addition, parameterize the distances
dio and dy3 as in (4.15). Then all the equilibrium configurations pe, are in S,.

Proof. Given 6* € [90°, 180°), we obtain cos6* € (-1, 0]. Correspondingly, in
(4.16), A = xcosf* —y < —y < 0and B = ycos#* —x < —z < 0. Assuming
zy — 1 > 0 on the RHS leads to < 1 and y < 1 on the LHS; in turn, this results in
zy < 1, and therefore contradicting the assumption. Similar arguments hold for
xy — 1 < 0. Hence there are no feasible combinations (z, y) satisfying xy — 1 # 0.
In addition, it follows from Proposition 4.2 that xy — 1 = 0 is equivalent to the
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combination (z, y) = (1, 1); Robot R1 attains all its assigned tasks. With robots R2
and R3 also attaining its individual task, we conclude that all robots in the team
attain its individual tasks, i.e., e = 0. This completes the proof. O

In Lemma 4.10, we do not have to impose additional constraints on the gains
K4, Ky, and Ky other than that they should be positive.

4.6.2 Stability of moving configurations

For moving configurations, we observe that the sign on the RHS of (4.21) depends
only on the terms A = zcosf* —y and B = ycosé* — z. Since cos6* € (—1, 0],
it follows that A < 0 and B < 0 implying the RHS of (4.21) is negative. For the
LHS to be also negative, we require from Proposition 4.3 that the desired length
¢ should satisfy ¢ > d. In particular, the LHS is negative when = € (ry, ry) and
y € (r1, rg) with ry and rs given in Corollary 4.4. The following lemma states a
condition on Rugq for precluding moving configurations when ¢ > d:

Lemma 4.11. Consider a team of three robots moving according to (4.7) with specific
gains Kz > 0 and K, > 0. Define the gain ratios Rp; = % and Ry = % with

K4 > 0, and also d = A3 %. Furthermore, let the desired formation shape be an

isosceles triangle with legs £ > d and vertex angle 0* € [90°, 180°). Finally, parameterize
the distances dyo and dy3 as in (4.15). If Ray > m, then there are no feasible
combinations (&, §) satisfying the set of equations (4.21).

Proof. The proof is divided in two parts, namely considering = = y and x # y in
the feasible region (ry, ry)°.

1. Case: z = y;
Rearranging the terms in (4.22) yields

z0? ((c+1)2° + (¢ — 1)) + Rpq = 0, (4.39)

where ¢ = 1Raq (1 — cos6*). Choosing ¢ > 1, we have (c+1) > 2 and
(¢ — 1) = 0. Therefore, all terms in (4.39) are non-negative and at least one
term is positive; then, the sum on the LHS is also positive. The equation
(4.39) does not have roots for¢ > 1 <= Ragq > 17—
2. Case: x # y;
It follows from Proposition 4.7 that (4.23) does not have a solution for Raq >
Hcﬁ since # < 1 and y < 1. This in turn implies the set of equations (4.21)
does not have a solution.
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We have obtained two lower bounds on Ra4. Notice 15277 > === for cos 6" <
0; choosing Rag = wa will yield no feasible combinations (Z, ) satisfying the

set of equations (4.21). This completes the proof. O

Similar to acute isosceles triangles, provided / is given, we can first tune the
gains K4 and Kj, such that ¢ < d is satisfied. Then any choice of K, > 0 would
yield no solutions (z, y) to the set of equations (4.21). We need Lemma 4.11 when
tuning the gains K4 and K}, only is not enough. In that case, for a specific value
Kg4 > 0, we know from the lemma that the gain for the signed area control term
needs to satisfy K > HcﬁKd. When cos §* — —1, i.e.,, when the vertex angle
0* of the isosceles triangle is close to 180°, we obtain that Ky — 0.

Combining the analyses on the equilibrium and moving configurations, we
have the following result for the three-robot formation tasked with displaying a
right or obtuse isosceles triangle with legs ¢ > 0:

Theorem 4.12. Consider a team of three robots moving according to (4.7) with gains
K3 >0, K, >0,and K4 > 0. Define the gain ratios Ry; = % and Rpg = %‘, and also

d=+/3 {’/@ . Furthermore, let the desired formation shape be an isosceles triangle with
legs £ > 0 and vertex angle 8* € [90°, 180°). Finally, parameterize the distances d,2 and
dus as in (4.15). Then, starting from all feasible initial configurations, the robots converge
to a desired equilibrium configuration pe; € S, if (Ky, Ky) is chosen such that £ < d or if
(K4, Ky, Kga) is chosen such that £ > d and Rpg =

2
1+cos6**

Proof. The proof follows directly from the results obtained in Lemmas 4.10 and
4.11. This completes the proof. O

In Table 4.1, we summarize the results on the gain ratio Raq such that conver-
gence to the desired isosceles triangular formation is obtained.

4.7 Numerical Example

4.7.1 Numerical evaluation of (4.32)

Earlier, during the analysis of acute isosceles triangles in Section 4.5, we have
found that the difference equation (4.17) contains solutions satisfying Proposition
4.5 for d > 3. Substituting these solutions back to the set of equation (4.16) yields
the cubic equation (4.32) for which we could not determine its sign since positive
and negative coefficients are present. Hence we approach this in a numerical
manner. We first choose a value for d satisfying d > 3 (d = Raq cos§*). In the
current simulation, we letd € {3.1, 4, 6, 11, 16, 26, 51, 101, 501, 1001}. Next, we
let 2 be in the range « € (1, 30) and compute the corresponding value for y which
solves (4.17). By applying the constraints found in Proposition 4.5, we obtain
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Table 4.1: Conditions on the gain ratio Raq = ff(g in Theorems 4.9 and 4.12 for yielding

convergence to the desired isosceles triangular formation.

Acute isosceles triangle Right & obtuse isosceles triangle
t<d Raae(0.,,5, | Rad € (0,0)
(>d Raa= S for0" e [60°,90) Rage |, 2, «)

the feasible combinations (z, 7) for the corresponding value of d. Finally, these
combinations (z, y) are fed back in (4.16). We compute the value on the LHS and
on the RHS and take the difference between them. In Fig. 4.1, we have plotted the
results for 0* € {5°, 15°, 45°, 75°}.

10 10
10*
10° 102
10°
107, 5 10 15 20 25 30 10720 5 10 15 20 25 30
(a) 6* =5° (b) 6* = 15°
10° 10
10*
10%
10(7
10-20 5 10 15 20 25 30 1000 5 10 15 20 25 30
(c) 0* = 45° (d) 6* = 75°

Figure 4.1: Numerical results when evaluating (4.32) for different values of the vertex angle
6* and gain d

From Fig. 4.1, we observe that the difference between the LHS and the RHS
of (4.16) is positive for the different combinations of d and vertex angle 6*. This
difference increases for increasing value of z and also its minimum value increases
for increasing value of §*. For smaller values of d, we have a smaller set of z-values
in the chosen range which satisfy the constraints in Proposition 4.5. From the
results of this numerical evaluation, we can conclude that solutions (z, ) to the
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difference equation (4.17) do not satisfy the set of equations (4.16). This also means
that the solution set to (4.16) is empty when considering z # 1, y # 1, zy # 1, and
x # q. The upper bound for Rp4 in Lemma 4.6 can be extended to o, i.e, we do
not need to constrain the gain ratio Ra4. Given this, we can extend the results for
Theorem 4.9 as follows:

Corollary 4.13. Consider a team of three robots moving according to (4.7) with K; > 0,
Ky > 0, and Ko > 0. Define the gain ratios Ry; = % and Ry = %‘, and also

d=+/3 {’/@ . Furthermore, let the desired formation shape be an acute isosceles triangle
with legs ¢ > 0 and vertex angle 0* € (0°, 90°). Finally, parameterize the distances dq2
and dy3 as in (4.15). Then, starting from all feasible initial configurations, the robots
converge to a desired equilibrium configuration pe; € Sy, in which all the individual tasks
are attained if either (K, Ky) is chosen such that ¢ < d or if (K4, Ky, Ka) is chosen

7 6 2
such that ¢ > d and Rag = max{m, m}

4.7.2 Simulation setup

For illustrating the theoretical claims, we consider simulations of isosceles triangles
with different values for the legs ¢ and the vertex angle 6*. The gains are taken
as Kq = 3 and K}, = 48 yielding the threshold distance d = 2v/3 ~ 3.4641. We let
the legs ¢ and vertex angle 6* of the isosceles triangle take values ¢ € {3, 6, 10},
6* e {5°, 10°, 30°, 60°, 90°, 120°, 150°} while the gain ratio Raq can be chosen from

Rag € {0.05, 0.1, 0.3, 0.5, 0.7, 0.9, 1, 3, 6, 10, 20, 50, =277, 127 Hc?)se*}.

The initial positions of the robots are in the square [—100, 100]* and we consider
simulations from 5000 starting positions for the team of robots.

4.7.3 Simulation results

Here we present the results from the numerical set up. For the isosceles triangle
withlegs { = 3 < d, we obtain that starting from all the considered initial positions,
the robots converge to a desired equilibrium configuration in S,. For isosceles
triangles with legs ¢ = 6 and ¢ = 10, we observe that for values of Raq4 less than 1,
we have convergence to moving configurations. For / = 6, this is Ragq < 0.5 while
for ¢ = 10, we have Raq < 0.7. To be safe, we can infer from the current results that
starting from Rpagq = 1, we only have convergence to a desired equilibrium. This
value is smaller than the lower bound that we have obtained in Lemmas 4.8 and
4.11. To better illustrate the convergence observation, we plot the results of two
simulations in Fig. 4.2(a). The desired shape is an equilateral triangle with legs
¢ = 10. We start from the same initial position. In order to show the simulation
results clearly, we plot them side-by-side by shifting the trajectories horizontally.
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For Rpq = 0.5, we observe that the robots converge to a moving configuration
while choosing Ragq = 1 results in convergence to the desired formation shape.

In order to observe whether for larger values of ¢ we also have this result,
we consider taking 6* = 60°; this corresponds to an equilateral triangle. Now,
we let £ and Ragq take values ¢ € {3, 4, 6, 8, 10, 15, 20, 25, 50, 75, 100} and Raq €
{0.25, 0.5, 0.75, 1, 2, 4}. We observe that convergence to moving configurations
occur when Raq < 0.75 while starting from Raq = 1, all initial configurations
evolve to a desired configuration in the set S,,. From Lemma 4.8, we have that the
theoretical lower bound is Raq = 4 while numerically Rpagq = 1 suffices.

From these numerical results, we can say that the bounds for Rsq obtained
during the theoretical analyses are conservative and that a value Raq > 1 suffices
to prevent the occurrence of moving configurations for isosceles triangles.

4.7.4 Extension to general triangles

So far, we have obtained results for the analysis of the (1D2B) setup with a signed
area constraint when the desired formation shape is an isosceles triangle. To
demonstrate that the proposed closed-loop formation system (4.7) may also work
for general triangles, we have carried out some simulations. In Fig. 4.2(b), we plot
the result of two simulations.

The desired formation shape is a general triangle with lengths dj, = 10 and
di; = 15 and angle 6213 = 60°. The moving configuration is obtained when
Raq = 0.2 while we observe convergence to the desired shape when Raq = 1. This
illustrates that by a proper tuning of the gains, we could also have convergence
results to S, for general triangles. Furthermore, we notice that when one of the
desired lengths is less than d, we always have convergence to the desired formation
shape. This was also found in the previous chapter.

4.8 Conclusions

We have provided a comprehensive analysis for the formation shape control prob-
lem involving a team of three robots partitioned into one distance and two bearing
robots. We let the distance robot also maintained a signed area constraint next to
the existing distance constraints considered previously, and studied the effect of
this new constraint for the class of isosceles triangles. We have shown theoretically
and using numerical simulations that the existing equilibrium configurations are
maintained and no other undesired equilibrium configurations are introduced
by the addition of the signed area control term. Moreover, we have derived suf-
ficient conditions on the gain ratio Raq for preventing moving configurations to
occur when the leg ¢ of the triangle is larger than a threshold distance d. As a
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Figure 4.2: Robot trajectories for the (1D2B) setup; Top: Desired shape is an equilateral
triangle with leg ¢ = 10. For Raq = 0.5, the trajectories converge to an incorrect moving
configuration while for Raq = 1, the trajectories converge to the desired equilateral triangle.
Bottom: Desired shape is a general triangle with di, = 10, di3 = 15, and 6213 = 60°. The
incorrect moving configuration occurs when R4 = 0.2 while convergence to the desired
shape is obtained when R4 = 1.

result, convergence results to the desired set S, have been established for arbitrary
isosceles triangular formations. Numerical results indicated that a lower bound
of Raq = 1 suffices for preventing convergence to moving configurations while
the theoretical analyses resulted in a more restrictive value that depends on the
vertex angle 0*. Furthermore, simulations have shown that the proposed strategy
could also work for general triangles. The formal analysis of general triangles is
the subject of future work.






Chapter 5

Angle-Constrained Formation Control for
Circular Mobile Robots

In Chapters 3 and 4, we considered the formation shape control problem where
the robots have heterogeneous sensing mechanism. By contrast, in this chapter,
we assume all robots have the same sensing mechanism. Another difference is
that the robots are modeled as circular disks as opposed to regarding them as
kinematic point masses moving in the plane. As a consequence, each robot can
extract multiple features from its neighboring robots; these will be used for the
control design. In the current setup, we can construct formations using a set of
inner angle constraints that are closely related to constructing formations using a
set of distance constraints. We will show how to obtain a gradient-based control
law which only uses the available bearing measurements that the individual robot
extract from its neighbors. Consequently, we will provide local stability guarantees
using the proposed control law.

We begin the chapter with an introduction, followed by a brief exposition of
distance rigidity theory in Section 5.2. Next, in Section 5.3, we show how a desired
formation can be described in terms of a set of internal angle constraints; also,
the problem is formulated. The gradient-based control design and subsequent
analysis are detailed in Section 5.4. We give a numerical example in Section 5.5
and end this chapter with concluding remarks in Section 5.6.

5.1 Introduction

VER the years, different approaches for formation control have been studied,
O and these can be classified according to the sensing and control variables
that are related to a geometrical property of the desired deployment for the robots
[38]. One class of formation control strategies is the rigidity-based control strate-
gies. In this class, rigidity theory plays a key role in characterizing a (at least
locally) unique target deployment which can be achieved by a systematic design
of distributed control laws. Utilizing the distance [38, 48] (or bearing [54, 55]) rigidity
theory, we can define a specific deployment or target formation shape in terms of
a set of inter-robot distance (or bearing) constraints. The robots use available
relative position or distance (or relative bearing) measurements in the design and
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execution of the distributed control laws. Recently, new rigidity theories, such as
angle rigidity [16], ratio-of-distance-rigidity [11], and bearing-ratio-of-distance-rigidity
theory [12] have also been developed for characterizing a (at least locally) unique
target formation shape using a set of angle, ratio-of-distance, and bearing-ratio-
of-distance constraints, respectively. These theories focus on providing more
flexibility to the target deployment by allowing scaling or rotational motions.

One common aspect in the above-mentioned rigidity-based formation control
theories is that the mobile robots are assumed to be simple points. As each robot is
represented by a point in the plane, there can be only one relative position, distance,
or bearing measurement between a pair of neighboring mobile robots. Instead of
treating each robot as a point, in this chapter, we treat robots as objects with area so
that multiple features in the area can be measured by its neighbors. In particular,
we assume each mobile robot to have a circular shape and move with single-
integrator dynamics in the plane. Furthermore, each mobile robot can observe
two distinctive features from its designated neighboring robots. These are the
outermost points of the neighboring robots” disk that can be seen from its centroid.
In other words, we have the internal angle information of the neighboring robots.
The desired formation shape can then be described in terms of feasible internal
angle constraints which have a close relationship to the distance constraints that
are used in distance-based formation control. This approach enables us to make
the following novel contribution in the field of formation control:

We provide an angle-constrained formation control algorithm which resembles
distance-based formation control. The main feature of our algorithm is that it
requires only direction/bearing/unit vectors as measurements instead of a vector
(that requires range and direction). Furthermore, our algorithm provides collision
avoidance guarantees where the clearance distance (which is twice the radius)
between neighboring robots is not breached by design.

5.2 Distance Rigidity Theory

Recall from Section 2.2.1 that a framework 7, in the plane is an embedding of a
graph G through assigning a location p; to each vertex i of the graph. Related to
F,, we can define the distance rigidity function rqs : R*" — R as

1 2 T ..
Tdist (P) = 5[' - p; — il ] . Vi, j}eé, (5.1)
with each entry of the vector being half the squared distance between two points.
Given the distance rigidity function (5.1), we say a framework F,, is distance rigid,
if there exists a neighborhood U, of p such that, if ¢ € U, and 74ist (p) = 7aist (¢),
then F, is congruent to F,. Let z;; = p; — p; € R? be the relative position vec-
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tor associated to {i, j} € £, and 2z € R?" be the stacked vector of z;;s. Using
the incidence matrix H € R?™*?", we obtain z = Hp. Besides, let Z (z) =

blkdiag ({z,]} {i,j}eé‘) e R¥m>m_ Using these expressions, (5.1) can be written

in compact form as rgist (p) = %Z T (2) 2. By taking the Jacobian of (5.1), we obtain
the distance rigidity matrix Rgiet (p) as

aT is 7 mx2n
Raist (p) = Oraist (p) _ ZT (z) H e R™*2", (5.2)

ap

Let dp € R?" be an infinitesimal variation of p. A motion dp is said to be trivial
if Rgist (p) 6p = 0O, corresponds to a translation and or a rotation of the entire
framework. Trivial motions in the plane are a translation in the - and in the
y-direction, a rotation, and the combination thereof, all applied to the entire
framework. We say a framework F, is infinitesimally distance rigid if and only
if the set of infinitesimally distance motions consists of only the trivial motions.
This can be translated to the following condition on the distance rigidity matrix:
rank (Rgist (p)) = 2n— 3. Furthermore, an infinitesimally distance rigid framework
must have at least 2n — 3 edges. If the number of edges m is exactly 2n — 3, then
the framework is said to be minimally and infinitesimally distance rigid.

5.3 Problem Formulation

We consider a group of n mobile robots moving in the plane. Each robot has
a circular shape with center specified by p; € R? and radius by r; € R-. For
simplicity, we assume the radii of the robots have the same value and let r € R-¢
represent this common value. We assume the robots are moving with single-
integrator dynamics, i.e.,

pi (t) = U (t) ) Vie V7 (53)
where u; € R? is the controlled velocity to be designed. The group dynamics is
given by p (t) = u(t) with the stacked vectors p = [p] - p,TL]T € R? and

T T CR2
w=[u] - wu,| R

Each robot is equipped with a sensory system mounted at the center p; of the
robot. With the equipped sensory system, we assume the robots are able to detect
two points on the surface of each of its designated neighbors. To illustrate this,
let us consider without loss of generality a pair of robots labeled i and j within
the group of robots, see Fig. 5.1. We assume robot 7 has the role of ‘observer” and
robot j is the ‘observed’ robot. Since robot i is the observer, it is able to detect two
points on the surface of robot j. We denote the position of the detected points as
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pjr, and p;g, to indicate these are the positions of robot j as detected by robot
i. The measurements from robot j that are available to robot i are the relative
bearing measurements g;;;, = < and g;jr = i, with 2,5, = pjr, — p; and
oIy Tzigcl <77 9% [ERTY JL T Eak

ZijR = Djr, — pi being the relative position from the detected points to the center
of robot i. The two bearing vectors form an angle ¢;; centered at p;, as can be seen

in Fig. 5.1.

pj
k
PiL; PjiR; PjL; PiR; PjiL; h |PM ' PjR;
l
gijL 9ijR gij
L
305\ 955

Figure 5.1: Sensing setup with robot i being the ‘observer’ and robot j the ‘observed’ robot.
On the left panel, robot i detects the points p;r, and p;r, of robot j and the internal angle
0;; can be obtained from the bearing measurements g;;z. and g;;r. In the middle panel, we
use geometrical arguments to relate ;; to the inter-center distance d;; and the radius r. On
the right panel, we have a geometrical view supporting Proposition 5.4.

By the inner product rule, we obtain
cos 05 = g1 9ij - (5.4)

Remark 5.1. It should be noted the lines in the direction of the unit vectors g;;1,
and g;;r are both tangent lines from point p; to robot j. Hence these lines are
perpendicular to the radius of the circle, i.e, (p;z, — p;) L zi;z and (pjr, —p;) L
zijr. Furthermore, the triangle Ap;p;r,p; with vertices p;, p;, and p;r, and the
triangle Ap;p;r,p; with vertices p;, p;, and p;g, are reflections of each other with
the line connecting p; and p; as the line of reflection. Hence the angle Zp;.p;p; =
2pipipir, = 59ij-

By considering the geometry, we obtain an alternative expression for cos 6;;,
which is related to the radii of and the inter-center distance between the robots.

Proposition 5.2. The internal angle 0;; is related to the inter-center distance d;; between
the robots i and j and the radii r of the robots as

2
cost;; =1— 2(;) . (5.5)
ij

Proof. The desired result can be obtained by employing the cosine double-angle
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1

identity cosav = 1 — 2 sin? 5o and noting from Remark 5.1 that Ap;p;z,p; is a right
2

triangle with sin 16;; = a;- Fig. 5.1 provides the geometric illustration. This
completes the proof. ' O

Note that (5.4) and (5.5) are equivalent for obtaining the internal angle 0;;; the
former is based on available bearing measurements while the latter is based on
geometry.

Remark 5.3. As robots i and j have a circular shape, the feasible interval for the
inter-center distance d;; is dﬁ?as € (2r, c0). This also poses restrictions on the value
for 0;; and cos 0;;. From (5.5), it follows that d%* € (2r, o0) implies cos 0% € (3, 1)
and Gfgas € (0, 60°). Correspondingly, an increase in the value of d;; results in an
increase of cos 0;; and a decrease of 0;;.

We can rewrite (5.5) as d;; = /7—2—. By obtaining cos#;; from (5.4) and
ij
knowing r, we can infer the inter-center distance d;;. With this observation, we
define an internal angle rigidity function rynge : R*™ — RZ given by

Fangle (p) = [+ cos(0) --]', Vi, j}e€ (5.6)

for describing a framework F,, (G, p). By Remark 5.3, there is a one-to-one relation-
ship between the newly defined rigidity function (5.6) and the distance rigidity
function (5.1). The Jacobian of (5.6) is

OTangle (p) OTangle (p) oq
Rangle (p) = sp = gq aip -

D (d) Rdist» (57)

with d € R™ being the stacked vector of distances d;,;s, ¢ = (diag (d) d) € R™, and
D (d) = 4r’diag ({d;j4}{i7j}es) € R™*™_ The matrix D (d) is positive definite as
each d;; > 2r > 0; we have rank (Rangle) = rank (Rgis).

Now we can define the desired target formation shape by a framework 7+ (G, p*)
where the vector p* € R*" satisfies a set of desired internal angle constraints
Tangle (P*). One way to obtain the internal angle constraints is to employ (5.5)
when the desired distance constraints are given. Moreover, the formation F- is
minimally and infinitesimally rigid in the distance rigidity sense. The formation
control problem that is considered in this chapter can be formulated as follows:

Angle-constrained Formation Control Problem with Collision Avoidance:
Given a set of feasible internal angle constraints' {6, } i, jjee Obtained using (5.5)
from a minimally and infinitesimally rigid framework F,« and an initial config-

uration p (0) € R*" with |p; (0) — p; (0)| > 2r,V {i, j} € £. Design a control law

1We give a formal definition of such a set in Section 5.4.5.
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u; (), Vi € V utilizing only the neighboring measurements obtained as in (5.4)
such that V {7, j} € £, we have

e Collision avoidance: |p; (t) — p; (t)| > 2r, ¥Vt = 0;

e Convergence: 0;; (t) — 07; ast — 0.

5.4 Gradient-Based Control Design

In this section, we pursue a gradient-based control design approach utilizing
angle-based potential functions for solving the formation control problem. To each
edge {i, j} € £, we define the error signal e;; (t) = cos0;; (t) — cos 0;;. By Remark
5.3, we deduce the feasible region for the error signal is eilf?as € (—cij, fij) with
cij = cosb}; — 1and f;; =1 - cos 07;. Both ¢;; and f;; are strictly positive.

5.4.1 Proposed angle-based potential function

For a robot pair {i, j}, we take as potential function

;. — cos 0.\ 2 iy 2
Vi,(eij)zlr(w) :17«(%) | 58)

2 cosbij — 5 2\ + ¢y

The denominator term cos 6;;— 3 ensures collision avoidance between the neighbor-
ing robots i and j, i.e., |p; (t) — p; (t)| > 2r, V¢t > 0 given that |p; (0) — p; (0)|| > 2r.
The function V;; (e;;) is non-negative in efj’?‘s. Furthermore, V;; (e;;) = 0 if and
only if e;; = 0 and Vj; (e;;) — o if e;; approaches the lower bound —¢;; from
above, i.e., when the mobile robots are approaching each other. The first derivative
vij (€57) = 5= Vij (ei;) can be obtained as

€ijCij
vij (ei) = r——"""—.
(eij + cij)
The value of v;; (e;;) equals zero if and only if e;; = 0 and the sign of v;; depends
~2
on the sign of e;;. The second derivative k;; (e;;) == 5> Vi; (e;) is given as
i

Cij

% %

kij (eij) =7
kij (e;;) is positive when e;; < F¢;;. Recall eg‘;as € (—cij, fi;); therefore we need to
determine when 1c¢;; < f;;. By some algebraic computations, we obtain 4¢;; é fij
if and only if cos 0f; = 2. When cos 0}; < 2, we have the region for which k;; (;;)
is positive is a subset of egg.aS, whereas when cos 0}; > %, we have k;; (e;;) is positive
over the entire domain eﬁ‘;as.
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The properties of (5.8) will be used later for deriving the exponential conver-
gence of the error dynamics.

5.4.2 Gradient-based control law for each robot

The local potential function for each robot i is V; (e) = > .. Vij (i) with e € R™
being the stacked vector of error signals e;;s. The control input ; (¢) is then

0 T 3 0 T
u; (t) = <Vi (6)> = - <Vij (Gij)) . (5.9)
opi JEN; op;
Utilizing (5.5), the term %Vij (esj) can be evaluated as

0 472
5= a*inij (eij) = —vij (€5) cT;lJZ:J (5.10)

IS

Note that (5.10) requires relative state variables d;;, z;;, and the knowledge of r.
However, robot i has access to only the relative bearing measurements g;;7, and
gi;jr for each j € NV;. Nonetheless, we show that the gradient-control law (5.9) can
be implemented using these available measurements.

Proposition 5.4. The gradient-based control law (5.9) can be implemented by each robot

it € V using the set of available measurements {{gijL Yiew: - {9iiR}Y jen,

Proof. To implement (5.9), we need to rewrite (5.10) in terms of the available
measurements g;;;, and g;jrz. To this end, first, we seek expressions for the po-
sitions p;r, and p;r;. Let us consider again Fig. 5.1. Denote the intersection
between the lines connecting the center of the robots and the two intersection
points as pys (marked with the x-symbol in the right panel of Fig. 5.1). Let
lpir, —pum| = h, lpj —pmll = k, and |p; — pa| = [ satisfying k + 1 = d;;. 1
can also be written as a fraction of the inter-center distance d,;, i.e., | = sd;; with

€ (0,1). We can now express the positions p; 1, and p;r, as p;z, = p; —kgij +hgi;,
and pjr, = p; — kgij — hgfj Recall g;; is the unit vector between the cen-
ters of the robots. Subsequently, the relative position z;;;, and z;;r can be ob-
tained as zj;, = lgi; + hgjj, and zjjr = lgi; — hg;;, while their sum equals
Zij+ = ZijL + %Zijr = 25%;. Due to the reflection observation in Remark 5.1, we
have |z;;5| = ||zijr| = VI? + h? = a. Using the previous computations, we ob-
tain for the sum of the relative bearing measurements g;;; = gi;z + gijr = 22 2.

Ly iy PESS J » .
In addition, 2t = —aZi_ ZZ L= 45 9t Gince s = di, we can
lgij+| 4(2)"az, afgij+ll ij
s s _ r _ 1 1 _ _ _r
rewrite 2 as > = d = - sin 5 9,] COS = 9” = 5 sm@w by using sin 5 92] = 35
cos 30, = £ = and the sine double-angle identity sin 2a = 2sin a cos a.. Sub-
ij
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stituting the obtained expressions in (5.10) and utilizing (5.5) yield

wly = =20y (eij) (1 = cos i) sin i |gij | giji (5.11)
where 0;; (€;;) = 22 (:”) =% efcj)d Using (5.11), we can implement (5.9) without
knowledge of the range information and the radii of the robots. This completes
the proof. O

5.4.3 Gradient-based control law for the group of robots

The overall potential function V' (e) can be expressed as the sum of all the in-

dividual potential functions V;; (e;;), i.e, V () = >y; i1ce Vij (€s5). The control
T

law w; (t) in (5.9) is then u; (t) = — (Ofn 14 (e)) . Noting %V (e) = a‘g—ée)g—;g—g, we

obtain the following compact form for the closed-loop formation control system:

p(t) = 7Ra1TngleU (e), (5.12)
with the vector v (e) € R™ denoting the gradients of (5.8) for each robot pair
{i,jreé.

Lemma 5.5. The closed-loop formation control system (5.12) has the following properties:
T

1. The formation centroid peey = %In p is stationary, i.e., peent (t) = Peent (0) , Yt = 0;

2. Each mobile robot can have its own local coordinate system for obtaining the required
relative state measurements and implementing the desired control action.

Proof. The proof is similar to Lemma 4 in [49], and therefore not provided here. [

5.4.4 Internal angle error system

Using the definition of the error vector e, and expressions (5.5) and (5.12), we
obtain the error dynamics as

e (t) = é’ipp = _RangleR;gleU (6) =—Fv (6) . (513)
The matrix F = RangleRaTngle = D (d) RgistR ;i D (d) € R™*™ is symmetric and

at least positive semidefinite. Moreover, for any infinitesimally and minimally
distance rigid framework F,+, F' can be shown to be a function of the error vector
e around the origin by employing the law of cosines. By this observation, we
conclude the error dynamics given by (5.13) constitute an autonomous system.
The main result will be the local exponential stability of the error dynamics
(5.13). To this end, we first construct a compact and invariant sub-level set for the
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overall potential function V' (e). Previously, we have k;; (e;;) > 0 holds if and only
if €ij < bij = min{%cij, f”} for all {Z, _]} € £. Letb = min {blj}{z jle€ > 0. We
define the ‘hypercube’ as

Hy = {ecCF| |ex| <b, ke K}, (5.14)

with CF being the Cartesian product (—cy, f1)x---x(=cp, fm)and K = {1, --- , m}
being the ordered edge index set. Choose ¢ € (0, b) such that

By = {eeHy| lell < q} < Hp. (5.15)

Let a = minj.—, V (e). As ¢ # 0, we have V (¢) > 0 and also @ > 0. Choose
B € (0, «) and define
Qp={eeB,|V(e) <p}. (5.16)

By definition, the sub-level set €23 is closed and since Qg < B,, it is also bounded.
Thus, Q3 is a compact set. The time derivative of V' (e) is obtained as

V(e) = %V (e)é=—v' (e)F(e)v(e) <0. (5.17)
This implies V (e (t)) < V (e(0)). Whenever ¢ (0) € Q3, we have by (5.17) that
e(t) € Qpg; therefore, the set 3 is also positive invariant. As V (e) > 0 and
V (e) < 0, the overall potential function can serve as a candidate Lyapunov
function. We are ready to state and prove the main result.

Theorem 5.6. Consider a group of circular shaped robots modeled with single-integrator
dynamics (5.3) and having a graph topology G such that the desired formation is minimally
and infinitesimally rigid in the distance rigidity sense. Let e (0) be such that it is in the
compact and invariant set Qg (5.16). Then e = 0, is a locally exponential stable
equilibrium point of the error dynamics (5.13).

Proof. The proof can be divided into three main stages. First, we consider the
asymptotic stability of the origin e = 0,,,. The set {23 has the property of being
compact and positive invariant. In addition, the value for 3 can be chosen such
that for every vector e € 2, the formation is minimally and infinitesimally rigid in
the distance rigidity sense, and close to the target formation. Due to our choice of 3,
we have that Ry has full row rank. Since Rangle = D (d) Raise and D (d) positive
definite, also Rangle has full row rank. This in turn implies F' (e) = RangleRaTngle is
positive definite. Let A be the minimal eigenvalue of the matrix F'(e) in g, i.e.,
A = minecq, eig (F (e)) > 0. It follows from (5.17) that

Vie)=—v" () F(e)v(e) < =Alo(e)|” (5.18)
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holds. The value V (e) is negative definite for all e € Qg\ {0,,,}; therefore local
asymptotic stability of the origin is attained.
Next, we aim to show the following two inequalities as is done in [48]:

alel* <Vie) <elel®s v = plel” (5.19)

with ¢, ¢z, and p being positive constants that we need to determine. These
inequalities facilitate the proof to exponential stability of the origin. To this end,
recall the overall potential function V' (e)

Vi)=Y Vilew) = Y J " e (s) ds. (5.20)

kek kek YO

Within the set Q5, we can find a value for § such that
Hs ={e€Qp| |ex] <0, ke K}. (5.21)

By Lemma 3.2 in [26], we have the function vy, (ey) is Lipschitz continuous in H;.
In addition, the function ky, (ey) is positive within the set 25, and thus also in the
subset 5. The remainder of the proof for obtaining the positive constants ¢y, ca,
and p of (5.19) follows closely [48] and for this reason, it is omitted.

Finally, we can show exponential stability of the origin as a result of the previ-
ous two steps. Substituting (5.19) in (5.18), we obtain

Vie) < =Alu(e)|® < =Alel”. (5.22)

By Theorem 4.10 in [26], we conclude that the origin is exponentially stable in .
The error norm is bounded by an exponential decreasing function as

le (®)] < (Zj) le (0)] exp (—%t), (5.23)

with v = 22, This completes the proof. O

co

5.4.5 Equilibrium sets

Theorem 5.6 concerns the local exponential convergence of the formation control
system to the desired formation shape. In general, the set of equilibrium points

of the mobile robots can be given by W := {p e R?"| RaTnglev (e) = Ogn}. The set
of correct formation shapes is given by W, := {p € R*" | e = 0,,} while the set of

incorrect formation shapes is W; := W\W.,. Considering the target formation shape
is minimally and infinitesimally rigid, we conclude that the formation shapes in
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W; are not infinitesimally rigid, since the null space of RaTngh3 also consists of a

non-trivial vector v (e¢) # 0,,. Similar to distance-based control, the set WV; includes
configurations where all the robots’ center are colinear. Moreover, we can obtain
the following on the equilibrium set of the p-dynamics and the e-dynamics:

Lemma 5.7. The equilibrium sets of the error system (5.13) is the same as the equilibrium
sets of the closed-loop formation control system (5.12).

Proof. Since ¢ (t) = RangleP (t), obviously p(t) = 02, == ¢€(t) = Op. It re-
mains to show ¢(t) = 0,, = p(t) = 0g,. Assume Ip(¢t) # 02, such that
p(t) € Null (Rypge) holds. From (5.12), we also have p (¢) € Col (RaTngle). Since

Null (Rangie) L Col (RaTngle), we obtain Null (Range) (1) Col (R;ngle) = {02,},
contradicting the assumption p (¢) # 0a,,. This completes the proof. O

5.5 Numerical Example

5.5.1 Simulation setup

We apply the proposed control law to a team of 4 circular robots with radii r = 1.
The collective goal is to form a rectangular shape with the inter-center distances
given as dj, = d3, = 3, dj; = d3, = 4, and dj, = 5. Using (5.5), we obtain
cos i, = cosbi, = 0.7778, cos 075 = cos 3, = 0.8750, and cosf7, = 0.9200. The
initial configuration, depicted as dashed circles in Fig. 5.2(a), has center posi-
tions p1 (0) = [0, 0]", p2 (0) = [2.05,0]", ps (0) = [—2.05, 0.05] ", and p4 (0) =
[—1,1.85]". Using this initial configuration, we illustrate the collision avoidance
feature of the proposed control law and the convergence to the desired formation
shape, even though p (0) ¢ H;. We obtain b = 0.08, and set the gain K = 50 for
speeding up the convergence.

5.5.2 Simulation results

The trajectories of the robots are depicted in Fig. 5.2(a). In addition, the inter-center
distances and the internal angle errors between the robots are given in Figs. 5.2(b)
and 5.2(c), respectively.

Let us focus on robot 2, the green robot in Fig. 5.2(a). It has the neighboring
robots 1 (red robot) and 4 (magenta robot). From the figure, we observe that since
robots 2 and 1 are close to each other initially, robot 2 quickly moves away from
robot 1, and almost attains the desired constraint with robot 1. However, due to
this motion, its distance to the neighboring robot 4 has increased to about 4.9. This
can also be observed from Fig. 5.2(c), where we see an increase in the magenta
colored signal representing error |es4|. Since robot 2 is now sufficiently far from
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robot 1, it then tries to satisfy the internal angle constraint with robot 4 as can be
observed in both Figs. 5.2(b) and 5.2(c) . By zooming in on Fig. 5.2(c), we can
observe exponential convergence of the error signals starting around ¢ = 3s. All
the error signals are then well below the threshold value of b = 0.08.

5.6 Conclusions

We have solved the formation control problem for circular mobile robots subjected
to internal angle constraints. A gradient-descent control law requiring only relative
bearing measurements for implementation has been proposed. This control law
enjoys local exponential convergence for the error dynamics and ensures collision
avoidance between neighboring robots.

One possible direction for future work is to consider circular robots of different
sizes.
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Figure 5.2: Simulation of a team of 4 circular mobile robots having radiir = 1. On the top
panel, we have the robot trajectories; dashed circles represent initial configuration while
solid circles are final robot positions. The solid lines are the robot center trajectories. In
the center panel, the convergence of the distances d;; (dashed) to their desired values d;
(solid) is depicted. The black solid line represents dmin = 2 between the robots. The bottom
panel shows the convergence of the internal angle errors. The black solid line depicts the

value b = 0.08 for the hypercube Hy.






Chapter 6
Distributed Formation with Diffusive

Obstacle Avoidance Control in Coordinated
Mobile Robots

The previous chapters considered the problem of designing control laws for achiev-
ing the desired formation shape on the group level. In a practical scenario, achiev-
ing a desired formation is one of the tasks that we require the mobile robots to
accomplish. Besides this, we can require the mobile robots to move to a specific
location. During this transition, they can encounter obstacles. Avoiding these
obstacles should also be part of the requirements for the team. In this chapter, we
deal with the above-mentioned multi-objective problem where a group of mobile
robots has to move as a collective to a desired final position. We will consider a
modular approach for obtaining the sub-controllers. The resulting controller will
be obtained by a linear combination of these sub-controllers and we will show
that this combined controller solve our considered problem.

We start this chapter with an introduction. In Section 6.2, we formulate the
problem of steering a group of mobile robots towards a desired destination. The
different sub-controllers are given in Section 6.3. Furthermore, the detailed analysis
on the combined controller is provided. We compare our approach with another
controller in Section 6.4 and close the chapter with some conclusions.

6.1 Introduction

N recent decades, the field of networked multi-agent systems has attracted a
lot of research attention in various domains. Compared to a single robot, a
group of networked robots has the advantages of being flexible, redundant and
fault tolerant [7]; therefore, it can be employed to perform complex tasks [37] in
a centralized or in a distributed manner. In particular, sensing and controlling
the group of networked robots in a distributed manner is of interest and various
application area can be found, such as detection of events in wireless sensor
networks or execution of search and rescue operations in disasters.
Along this line, we consider the problem of steering a group of mobile robots
as a formation towards a final desired destination while avoiding obstacles along
the course of motion. A possible application can be found in smart manufacturing
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systems where the group as a collective is required to work together to transport
an object from position A to position B. In such smart manufacturing systems,
there may be barriers which the mobile robots individually and as a group should
avoid while carrying out the requested task.

In literature, numerous references are found for achieving each of the indi-
vidual tasks (formation control, group motion control, obstacle avoidance) or
combinations thereof. See, for example, the paper [38] for an overview of various
approaches for achieving the formation control task based on the interconnection
topology and sensing capability of the robots. In [7, 52], the weighted centroid
tracking problem has been considered in which the formation centroid was re-
quired to track an assigned task function. In [25], a decentralized controller has
been constructed based on the notion of navigation function. This controller guar-
antees the convergence of the multi-agent system to the desired formation while
maintaining network connectivity and avoiding obstacles. In [37], the multi-agent
collision avoidance problem was introduced and formulated as a nonlinear dif-
ferential game. Dynamic feedback strategies were constructed guaranteeing the
avoidance of collisions with obstacles or other agents while the individual agents
reached their target. In [40], Lyapunov-like barrier functions were introduced such
that the objective of avoiding obstacles could be composed together with other
control objectives of the multi-agent systems into a single function for every agent.

Furthermore, avoiding obstacles can be regarded as part of the requirements
for guaranteeing safety of a (non)linear system; other requirements being the
state and input constraints on the system. In [2, 43], the problem of synthesizing
controllers for safety critical systems has been considered. In both papers, the
control design was based on the unification of both Control Lyapunov functions
and Control Barrier functions for satisfying the performance/stability properties
and safety objectives, respectively.

In this chapter, we propose a new distributed control law for solving the obsta-
cle avoidance task that can be combined linearly with standard formation control
law and group motion control law. In our setting, each individual robot is assumed
to be able to measure the relative position with respect to the obstacle and the
robot is equipped with a potential-based distributed control law that is used to
compute local obstacle avoidance maneuver. Correspondingly, we introduce a
distributed dynamic controller that allows the diffusion of such obstacle avoidance
maneuver action to the neighbors and to the rest of the network. In comparison
to the approach proposed in [37], our obstacle avoidance approach is completely
decentralized and we prove rigorously that our approach can be combined linearly
with other distributed control laws for simultaneously solving the multitasking
problem. By contrast, in [37], the agents were not required to achieve a network
objective (such as, a desired formation or consensus) while moving to the individ-
ual target positions. As will be shown later in our simulation results, by diffusing
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the obstacle avoidance maneuver to the network through a dynamic controller,
we are able to minimize the deformation in the formation shape that is mainly
caused by the local obstacle avoidance movement. In contrast to the work in [25],
we consider also the movement of the formation as a whole towards a desired
destination in the plane. For the moment, the group motion control is achieved by
a centralized control law.

6.2 Problem Formulation

We consider a group of n identical agents! moving in the 2-dimensional plane.
Each robot is modeled as a single integrator, i.e.,

pi=u;, 1€Vi={1,...,n}, (6.1)

where p; € R? and u; € R? denote the position and controlled velocity of robot
i, respectively. In the following, we will introduced the three tasks that will be
handled simultaneously by our proposed controller.

Obstacle Avoidance Control Problem

Without loss of generality, we consider obstacles that can be encapsulated by
circles in the plane. The centroid and radii of each circle Oy, k =1, ..., K is given
by p> € R? and R9** € R., respectively. The boundary of the k-th obstacle is
defined by the set

00y, = {x‘ Ha: — s

- R}

For our later description of distributed obstacle avoidance control law, we associate
to each robot i a parameter R$¢ € R-, which defines the safe distance to the
boundary of any obstacle. Roughly speaking, when the robot’s distance to the
boundary of an obstacle is less than R$¢, then the distributed obstacle avoidance
control will set in for the i-th robot. In the current setup, we consider the case
Rfe = R for all i e V.

For the following definitions, let Py denote the set of initial conditions which
do not intersect Oy, for all k.

Definition 6.1 (local obstacle avoidance). The i-th robot is said to avoid collision with
obstacle Oy, if for almost all p; (0) € Py the trajectories p; (t) do not enter Oy for all
te R;(), i.e., Di (t) ¢ OkaV all t € R)().

Definition 6.2 (obstacle avoidance task). The group of n agents is said to achieve
obstacle avoidance if every i-th robot avoids collision with all obstacles Oy, k =1, ..., K.

1We use the term ‘agent’ and (mobile) robot interchangeably.
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Formation Control Problem

The interaction among the agents is represented by an undirected and connected
graph G (V, £). In the present study, we assume that the agents can obtain relative
position information from its neighbors, i.e., robot i has access to p; — p;, Vj € NV;.
The desired relative position among the agents is encoded in a vector p* € R*".
Note that p* has to satisfy geometric constraints that define the shape of the
formation; we assume p* is well-posed, i.e., the formation shape is geometrically
feasible. We refer to the exposition in [6, 19, 39] on the graph formalism of mobile
robots’” formation. For a given p*, the group of n-agents is said to be in the desired
formation if p; — p; = pj —p;, V (i, j) € €.

Definition 6.3 (formation task). For a given p*, the group of n-agents is said to achieve
formation w.r.t. p* if all agents’ trajectories asymptotically converge to the desired forma-

tion, i.e., thHolo (pj (t) —pi (t)) =p; —p;, ¥V (i, j) € €.

Group Stabilization Control Problem

In addition to the above distributed control tasks, we can add a group motion
task where the group’s centroid and orientation are controlled to achieve certain
control behavior, such as following a given reference trajectory or converging to a
desired point (e.g., group stabilization).

Definition 6.4 (group stabilization task). The group of n-agents is said to achieve
group stabilization if the centroid of the group peen == %Inp converges asymptotically to
the origin, i.e., peen (t) — 02 as t — 0.

In the following section, we present our control design framework which
accomplish all three different control tasks. Both the obstacle avoidance and
formation task are solved by distributed control laws while the group stabilization
task is solved by a coordinated control law.

Assumption 6.5. During the transition, the formation centroid pcen, is allowed to
cross the obstacles.

6.3 Distributed Obstacle Avoidance-Formation Con-
trol Design

The navigation function as used in [25] requires us to have prior information of all
tasks so that we can embed this information to the navigation function. In contrast
to this approach, we will pursue a control design that is modular where one can
add and remove the control law for a particular task directly without jeopardizing
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the completion of other tasks. Therefore, we assume that the control law for each
robot is a linear combination of control laws of different tasks, i.e.,

wp = ub +ub +ul, VieV, (6.2)

where ! is the local control law for solving formation task, u® is the local control
law for solving group stabilization task, and «{ is the local control law for solving
obstacle avoidance task of the i-th robot.

In the following sub-sections, we present a particular control law for each
of the aforementioned tasks that will be used in our unified control framework.
While our framework is not restricted to these control laws, we will focus mainly
on these laws in this chapter where we can demonstrate the applicability of our
approach.

6.3.1 Distributed formation control law

For achieving the formation task, we consider the following standard relative
position-based formation control law

ub = ¢ Z wij ((pj —pi) — (05 —p7)) 63
JEN;

where ¢ € R is the formation gain and w;; € R.( is the weight of the edge
(1, j) € €. In compact form, the above law can be written as

Ut = &L (p* —p) (6.4)

where U' is the stacked vector of ufs and I = L ® I,. The stability analysis of
closed-loop system using only this formation control law can be found, among
others, in [38].

6.3.2 Coordinated group stabilization control law

For stabilizing the group, we assume the existence of a central coordinator. The
role of the central coordinator is to calculate the formation centroid p.., based
on the position of the agents and use this information to compute the stabilizing
control law for the group.

The design of the control law for group stabilization is based on the assumption
that the desired formation has been reached and there is no obstacle. In this case,
using (6.1), (6.2), (6.3) and u$ = 0y, the dynamics of the centroid position is given
by

. 11,
Pcen = Elr—[p = u8, (6.5)
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where we assume that the control law u8 will be communicated to all the agents,
and therefore u§ = u§ = - -+ = u}, = u8.

We propose the following group motion control law:

(6.6)

ud = —CpPcen T CIY
Y = —DPeen;

where ¢p € R~ and ¢ € R~ are the group proportional and integral gain, respec-
tively. In compact form, we can write the group stabilization control law for the
whole group as

Us = In (_CPpcen + CI'V) ) (6.7)

where U# is the stacked vector of u$s.

If we do not need to solve for the obstacle avoidance task then the group
stabilization task can be solved simply by using a proportional controller. As it will
be clear later, the integral action is needed in our control law for compensating the
drift that is introduced by the distributed control law for the obstacle avoidance
given in the next subsection. We also remark that as each robot gets u8, the
formation control is not affected by the group motion control. Therefore, both
control laws are complementary to each other.

6.3.3 Distributed obstacle avoidance control law

While the agents are maintaining the formation shape and moving together to-
wards the desired destination, all agents should locally avoid any obstacle that
they encounter during the course of transition. Let us consider for the moment a
robot i and an obstacle 0. As defined before, the robot 7 avoids obstacle O, when
pi (t) ¢ Oy, for all t € R>g. Note that the distance from p; to Oy, is

di (p;) := min Iél(_}rgk [z — pi] - (6.8)

while the point in Oy, that is closest to p; is denoted by

xy (p;) == argmin lim [z — p;]. (6.9)
meé’(’)k

Using these notations, robot i avoids obstacle Oy, implies that dj, (p; (t)) > 0 for
all ¢ € R>¢. For constructing a local obstacle avoidance control law, we consider a
potential function which is a logarithmic barrier function given by

Wi (pi) = —cq log (d]’gg;)) : (6.10)
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It can be checked that as p; — 00y, Wy, (p;) — co. Using such potential function,
the following gradient-based control law for robot ¢ when it is within the vicinity
to the obstacle Oy has been used for mobile robots to avoid obstacles (see, for
instance, [27, 50]).

uf = o (pi), (6.11)

where of (p;) is given by

0, if dy (p;) > R
k

ol () = N (6.12)

— (aw?‘i;f’)) otherwise.
The constant ¢, € R~ in (6.10) defines the controller gain and it can be checked
that .

oWy (pi) _ . (2}, (pi) — pi)
op; dy (pi)

based on the use of potential function Wj, as in (6.10).

So when the relative distance between a robot i and the obstacle k is less than
the threshold R, robot i will activate the obstacle avoidance action. However, if
we apply this obstacle avoidance control law locally on robot i, then the rest of
the agents will only be driven by the formation and group stabilization control
laws (c.f. (6.2)). As a consequence, the unexpected obstacle avoidance maneuver
by robot i that is not communicated to the others will introduce undesirable defor-
mation to the formation shape. On the other hand, the real-time communication
of the obstacle avoidance control action to all agents should be prohibited as it
will unnecessarily consume the communication channel and is not scalable.

In order to “diffuse” the obstacle avoidance action to the other agents, we
introduce a dynamic obstacle avoidance controller whose state variable (; is com-
municated to its neighbors. More precisely, the local dynamic obstacle avoidance
controller is described by

(6.13)

u; =G,

{Cz = ¢¢ Djen, Wij (GG — Gi) + Ua,

where c; € R~ is the diffusion gain of obstacle avoidance control law, w;; € R~ is
the weight of the edge (7, j) € £ and u,, is given by

o= Yoty = - 33 (22)

k=1 opi

In compact form, the distributed dynamic obstacle avoidance control law is given
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by

(6.14)

é =—CCEC+UQ
ve =g,

where U° and U, are the stacked vector of us and u,,s, respectively. The state
variable ¢ can be seen as an aggregation of the obstacle behavior of the individual
robot. When we pre-multiply the first equation in (6.13) by 21T, we obtain

lov: 1t ~ : 1 ¢
ﬁlng = Hln (—CCLC + Ua) - Can = E Z U(yi,

i=1

where (g 1= }LiTC . Thus, whenever the agents are already free from obstacles
after some finite time 7 > 0, then U, (t) = 0qg, forall t > t. In this case, the
distributed obstacle avoidance control law becomes a consensus system which
implies that ¢; will converge to a common value given by %Z?zl ¢ (f) as a
consequence of the average consensus protocol. Due to the integral action in
the group stabilization controller, such constant bias from the asymptote of ¢; (¢)
will be compensated and the integral controller ensures that the formation will
not be deformed and the group centroid converges to the origin.

6.3.4 Stability analysis of the unified control law

We will prove that the unified control law (6.2), where the individual control laws
ub, u$,u$ are as in (6.3), (6.6) and (6.13), is able to achieve the control objectives of
reaching and maintaining desired formation, of coordinated group stabilization

and of performing obstacle avoidance. We state the following main result:

Theorem 6.6. Consider a group of n-agents modeled as single integrators as in (6.1) and
the multitasking control problem as given before with obstacles Oy, k = 1, ..., K and the
target formation shape encoded in the desired relative position p*. Then the unified control
law (6.2) with ui ,uS,ug given by (6.3), (6.6) and (6.13), respectively, solve simultaneously
the obstacle avoidance, formation and group stabilization control problems globally. More
precisely, for all initial conditions p;(0) € R*\ |, Ok,

(01 tlim H (p* = p (t)) = Oayp; the desired formation is asymptotically reached;
—0

(02) peen (t) = 21 p (t) — 0q as t — oo; the group centroid converges to the origin;

(03) dj, (pi (t)) > 0 forall i, k and t € Rso, every robot avoids all obstacles at all time.

Before giving the proof of Theorem 6.6, we first present the following auxiliary
result. Using the incidence matrix H, we can transform the dynamics on the agents
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p; to dynamics on the edges of the form p; — p;. Let us define z := H p e R?™. The
z-dynamics are then given by

,é:]?[].):ff el P —p +1n —CPPeen + C17) + ¢
h- (L AR 7 +) (6.15)
=c¢HL(p*—p)+ HC.

Lemma 6.7. Assume the group of agents successfully carried out the obstacle avoidance
task. Then the equilibrium points of the closed loop system satisfy H (p* — p) = Oap, and

Peen = 211 p = 0o.
Proof. Firstly, it can be checked that the time derivative of p is given by
B =—ctLp + Ly, (—cpPeen — ctPeen) — ccLE + U (6.16)
The term L¢ can be rewritten as
IC=HWHC=HW (z —«HL (p* — p)) —Ip—al?p —p).  (617)
Substituting (6.17) in (6.16) yields

_szp + In (_CPpcen - CIpcer\) —C¢ <f/p - szz (p* - p)) + Uqs

5
—(er+cc) Ep - cchEQp +1, (—CPPeen — ClPcen) + chf?p* + U, (6.18)

= — [(Cf +cc) L+ Cp@] p— I:CfCCEQ + CIQ] P+ chi?p* + Uy,

where Q = %Inil. Moving the terms of p and p to the left-hand side of the
equation, we obtain
P+ Ap + Bp = ciec LPp* + U, (6.19)

where A = (¢ + ¢¢) L+cQ, B= chCZQ + Q. As the obstacle avoidance task
is successfully carried out, U, = Oay. Setting also p and p to zero to determine
equilibrium points, we have

(chCEQ + %iniz) p= chCEQp* — 1l peen = chCZﬁTWN/ﬁ (p* —p).
By the hypothesis that the formation is feasible, we can readily observe the exis-
tence of a p which satisfies both H (p* — p) = 0s,,, and 1,,p = 0. p is also unique.
This completes the proof. O

Now, we are ready to proof Theorem 6.6 as follows.

Proof. From the proof of Lemma 6.7, we can consider the dynamics of the closed-
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loop system as given by (6.19). Take as Lyapunov function candidate

N S| x F2 o x
V(p.p) = 555+ gecc 0" —p) I (0" )"
1 n K (620)
+ iclnpjenpcen + Z Z Wy (pi)
i=1k=1

where W, (p;) is the logarithmic barrier function (6.10) which is active when
dr(p;) < R% and else 0. The time derivative of V is

n

K

. ST . T 9. .
V =p"i—ciec (0" = p)' LB + cmplenbeen + D)
i=1k=1

| o

Wi (pi)

Q.

t

—ceep! L2 (p* = p)
T n K
1~ 1. oWy .
+cn 1Ip> (1;[]?) + Di
I (n " z;l;l opi

n
=p' [ —Ap—a@p + Ua} +ap'Qp— > ulpi

i=1

= pT l —Ap—Bp + CfCCzZp* + U,y

(6.21)

. . 2
=—p Ap < —L|p|°,

where ¢ > 0. The last inequality is due to the fact that A is positive definite
by Lemma 2.1. Since the function V' is proper and V' is non-increasing, it fol-
lows immediately that (O3) is achieved. Moreover, the application of La-Salle
invariance principle implies that the state trajectories (p (¢) , p (t)) converges to the
largest invariant set where p = Og,,. By Lemma 6.7, such invariant set is given by

H (p* — p) = Ogy, and peen = 0. This implies that both (O1) and (02) hold. This
completes the proof. O

6.4 Numerical Example

6.4.1 Simulation setup

To demonstrate the applicability of the proposed control law, we perform nu-
merical simulations with a network of 3 mobile robots. We consider two circular
obstacles in the plane with center at pobs, = (4, 7) and pebs, = (1, 4) (shown
in red in the figures). The radii of the obstacles is set equally to Ry,s = 0.75.
For the obstacle avoidance control law, we take R%f = 0.75. In the figures, the
blue annulus shows the area within R*¢ from the obstacles where the obsta-
cle avoidance control law is activated. We set the gains of the control law to
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g =10, cp = 1, cf = 0.8, ¢ = 100, ¢ = 10, and the initial positions of the are
p1=[5,10]", po =[5, 13]", and ps = [3, 10] . The desired relative positions for
the formation are set to 2}, = [0, 3], 275 = [~2, 0] .

6.4.2 Simulation results

The proposed control law (6.2) is compared against the control mechanism where
the obstacle avoidance control law is only locally applied to the robot which is
within a distance R* from an obstacle. No diffusion of this control action takes
place to the neighbors and hence the other agents will solely be driven by the
formation control law (6.3) and the group stabilization control law (6.6) when they
are individually not in close vicinity to any obstacles. From the figure, we observe
that whenever an robot is within a distance R3¢ from the boundary of the obstacle
(the blue region) then the obstacle avoidance behavior of the particular robot is
‘activated’. In the top right figure, as a direct consequence of the diffusive action
in the proposed control law, the neighboring agents undergo similar trajectories
as that of the maneuvering robot. However, this is not the case in the bottom
left figure. Because of this, we observe larger distortion caused by the obstacle
maneuver to the formation (compare the top right and the bottom right figure)
for the “diffusiveless” case. Besides, in the top right figure, the length of the edge
between agents 2 and 3 is not affected by the obstacle maneuver due to the fact
that we started with the prescribed configuration, set the initial condition for
i, © = 2, 3 for both agents to be the same (02) and both agents are connected to
robot 1. In the bottom right figure, during the time interval [0.14, 0.6] s, the edge
between robot 2 and 3 is not affected by the obstacle maneuver of robot 1. This
also occurs at the time interval [1.0, 1.4] s, but now for the edge between 1 and
3 while robot 2 is avoiding obstacle 0. Finally, one can observe that the group
stabilization control law is able to steer the whole group towards the origin.

6.5 Conclusions

In this chapter, we propose a new distributed control design law for achieving
formation while avoiding obstacles for a group of agents. The local obstacle
avoidance is achieved by a potential-based control law. By employing a dynamical
controller, the local obstacle behavior of a particular robot is diffused through the
network. In combination with a coordinated group controller, we are able to steer
the formation centroid to the origin while maintaining formation shape during
and after the obstacle avoidance maneuver. This is shown through an example in
which we compare the proposed control law with the case when the local obstacle
avoidance behavior is not diffused.
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Figure 6.1: Simulation results of simultaneous obstacle avoidance, formation and group
stabilization control tasks problem where we compare the performance of our diffusive
obstacle avoidance distributed control approach with that of standard gradient-based
local obstacle avoidance control method. Left column: The plot of three agents’ position
trajectories transitioning from a given initial position to the desired formation and final
desired centroid position; Right column: The plot of distances between the agents; Top row:
The simulation result using our proposed diffusive obstacle avoidance distributed control
law; Bottom row: The simulation result using local obstacle avoidance control method and
hence no “diffusion” to the neighbors.



Chapter 7
Conclusions

In this thesis, we have studied three problems; two problems concern securing
a desired formation shape and the remaining one focuses on maneuvering the
formation to a desired position. The following sections summarize the main
findings of our study and some ideas for future work.

7.1 Main Findings

N Chapter 3, we have investigated the problem of reaching a formation by

a team of robots which can be divided in two sub teams, namely a team of
robots carrying out distance related tasks while the other team of robots carries
out bearing related tasks. We have employed existing gradient-based control laws
for performing the individual tasks. Analyses performed on teams consisting of
two and three robots have revealed that besides the desired formation shape, the
robots may also display incorrect shapes; these can move with a constant velocity.
One additional observation is that the incorrect formation shapes all have a signed
area which has an opposite sign compared to the desired shape. After identifying
these different shapes, we have used the linearization method to study the local
stability of the desired and incorrect shapes. For the (1D1B) and the (1B2D) setup,
we have found that the incorrect moving shapes are unstable while the flipped
formation shape that has been encountered in the (1B2D) setup is stable. For the
(1D2B) setup, we have found through the linearization method that most of the
incorrect moving shapes are unstable. Only one of the moving shapes is locally
attractive when certain conditions are met. We also note that the occurrence of the
moving shapes can be prevented by choosing the control gains for the distance
and bearing robots such that its ratio exceeds a certain threshold value related to
the distance. However, in this case, the robots need to have knowledge of each
other’s gain parameter.

We have paid further attention to the (1D2B) setup in Chapter 4. In particular,
we have added a signed area constraint which the distance robot also needs to
satisfy and for which no additional sensing is required. In the current case, we
have limited ourselves to isosceles triangles as the desired shape. Again, we start
with identifying the formation shapes that the team may display. Hereafter, we



96 7. Conclusions

have obtained conditions which prevent the team to display incorrect moving
shapes. By tuning the gain ratio between the signed area control term and the
distance control term, we can guarantee that the team will only display the desired
isosceles triangle. This tuning can be carried out independently of the control gain
for the bearing robots.

In Chapter 5, we have studied the formation shape control problem in which
the robots are modeled as circular disks. By allowing robots to take two measure-
ments from each of its neighbors, we obtain information on the internal angle.
We have established that the desired formation shape can also be given in terms
of desired internal angles; these have a close relationship with formations de-
scribed in terms of distances. We have proposed a gradient-based controller which
utilizes only the locally available bearing measurements. Analyses performed
on the associated error system show the local exponential convergence of the
formation system to the desired formation shape. In addition, collision avoidance
is guaranteed for each pair of neighboring robots.

Finally, we have focused on a multi-objective formation-motion control prob-
lem in Chapter 6. The goal here has been to steer the whole formation to a desired
final position while avoiding obstacles. We have proposed a dynamic obstacle
avoidance controller for each robot to avoid circular obstacles during the transition.
By communicating this control action to the rest of the team, we show that the
distortion on the formation shape is reduced. This obstacle avoidance controller
can be combined with the other tasks that the robots need to carry out.

7.2 Outlook

In what follows, we provide some ideas for future work.

e Chapter 3: For the (1B2D) setup, we have observed that the flipped forma-
tion is also locally attractive. Recently, the authors in [30] have introduced
the concept of a signed angle which is related to the signed area of a triangle.
As one direction, we could study the effect of introducing such a signed
angle constraint for the bearing robot in the (1B2D) setup.

e Chapter 4: For the (1D2B) setup, numerical analyses have shown that the
signed area constraint may also be beneficial for the general triangle case.
The formal analysis of this could be done following closely the workflow we
have executed for the case of isosceles triangles. We may need to introduce a
new parameter corresponding to the desired distances, i.e., dj, = t dj5. Note
that for isosceles triangles, the parameter ¢ has the value 1.

e Chapters 3 and 4: In these chapters, we have performed analyses on setups
of two and three mobile robots. It is of interest to study setups with more
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than three heterogeneous sensing robots. A systematic approach for aug-
menting the three mobile robot setup could be a first step in this endeavor.
Inspirations for this could be drawn from the Henneberg operations for
growing minimally distance-rigid graphs .

e Chapter 5: In this chapter, the robots are taken as circular disks with a com-
mon value for the radius. It would be of interest to consider circular robots
with different sizes. One of the challenges here is that the same distance
translates to a different internal angle for each of the robot maintaining
the same distance. Perhaps considering the interconnection to be directed
instead of undirected would be more beneficial. Another extension would
be to consider robots moving in the 3D-space rather than the plane. The
robots could be considered as spherical objects with a common radii. It is
possible to obtain an internal angle based on two measurements similar to
the 2D-plane case.

e Chapter 6: For the formation-maneuvering problem, we could employ
distance-based formation control instead of formation control in terms of
relative positions. The group control is currently carried out by an external
coordinator. It would be an idea to accomplish this task by allowing one
or several robots to be ‘leaders’ of the team while the remaining robots are
‘followers’. For the circular robots in Chapter 5, we could also explore the
formation-maneuvering problem.
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Summary

This thesis focuses on securing and maneuvering geometrical shapes for a group
of mobile robots.

We first consider a setup in which the team is divided in two types of robots,
each carrying out tasks of a different type. In particular, we have so called distance
robots whose task is to maintain desired distances with certain robots within the
team and we have bearing robots whose task is to maintain desired directions. Ex-
isting gradient-based control laws are employed in carrying out the different tasks.
For teams of two and three robots, we show that besides displaying the desired
geometrical shape, the team can also display incorrect shapes. Furthermore, when
displaying these incorrect shapes, the team may move with a constant velocity. We
perform stability analyses on these incorrect shapes in order to determine whether
the team can converge to these incorrect moving shapes.

For the team consisting of one distance and two bearing robots, we extend
the task requirements by including an additional signed area constraint for the
distance robot. For this setup with the additional signed area constraint, we
provide a comprehensive analysis when the desired shape is an isosceles triangle.
We show that by properly choosing the control gains of the distance robot, the
team of robots will only display the desired shape.

Next, we consider mobile robots which have a circular shape instead of being
modeled as a point mass. Due to this modeling, the robots are able to obtain more
than one measurement from its neighbors. We present a setup where the robots
obtain two direction measurements from each of its neighbors. Based on these
measurements, we propose and subsequently perform analysis on a gradient-
based controller for attaining the desired shape which is given in terms of internal
angles. We are able to let the robots converge to the desired shape when the initial
geometry is close to it.

Finally, we consider the team moving as a collective to a desired final position.
During the transition, the team may encounter obstacles. Avoiding these obstacles



106 Summary

is essential for completing the assigned mission. We propose a modular framework
for achieving each of the task assigned to the robot. In this scenario, we identify
three tasks, namely, securing the formation, moving as a formation, and avoiding
possible obstacles. We design an obstacle-avoidance controller which makes the
individual robot avoid the obstacle. By letting the robot communicate this action to
its neighbors, we reduce the distortion of the formation shape during movements.



Samenvatting

Dit proefschrift gaat over het formeren en bewegen van geometrische vormen
door een groep van mobiele robots.

We bestuderen eerst een opstelling waarbij de groep van robots onderver-
deeld is in twee typen; elk type voert bepaalde taken uit. We hebben enerzijds
‘afstand-robots” welke de taken krijgen om gewenste afstanden tot andere robots te
behouden en we hebben anderzijds ‘richting-robots” welke in plaats van afstanden,
gewenste richtingen (tot de andere robots) in stand houden. Bestaande op gradiént
gebaseerde regelaars zijn gebruikt om de verschillende taken uit te voeren. Voor
teams welke uit twee of drie robots bestaan, hebben we aangetoond dat deze naast
gewenste vormen, ook incorrecte vormen kunnen aannemen. Wanneer de teams
deze incorrecte vorm aannemen, kunnen ze als geheel ook bewegen. Middels
stabiliteitsanalyses willen we nagaan of het team van robots kan convergeren tot
deze incorrecte vormen.

Voor de groep welke uit één ‘afstand-robot” en twee richting-robots’ bestaat,
hebben we het takenpakket uitgebreid door toevoeging van een ‘signed” opper-
vlakte beperking voor de “afstand-robot’. We hebben het team als geheel uitvoerig
geanalyseerd ingeval de gewenste vorm voor de groep een gelijkbenige driehoek
is. Door de juiste vermenigvuldigingsfactoren voor de regelaars van de "afstand-
robot’ te kiezen tonen we aan dat de groep altijd de gewenste gelijkbenige driehoek
als vorm aanneemt.

Hierna kijken we naar het vraagstuk waarbij de mobiele robots worden gemo-
delleerd als cirkels in plaats van als punten. Als gevolg hiervan kunnen de robots
meer dan één meting van hun buren waarnemen. We presenteren een opstelling
waarbij de robots steeds twee richting-metingen waarnemen van elk van hun
buren. Gebruikmakend van deze metingen, stellen we een op gradiént gebaseerde
regelaar voor voor het aannemen van de gewenste vorm; deze gewenste vorm
wordt beschreven middels een verzameling van interne hoeken. We hebben de
regelaar ook geanalyseerd en komen tot de conclusie dat de gewenste vorm kan
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worden vertoond door de groep van robots indien de initiéle vorm redelijk dichtbij
is.

Tot slot beschouwen we een groep van robots die als een collectief bij een
gewenste eindpositie moet uitkomen. Tijdens het manoeuvreren kan de groep
hindernissen tegenkomen. Hierbij is het vermijden van deze hindernissen essenti-
eel om het doel succesvol te realiseren. We stellen een modulair raamwerk voor
om de individuele taken van elke robot te volbrengen. In het huidige scenario
hebben we drie taken geidentificeerd, namelijk: de formatie vormen, het bewe-
gen als een collectief, en mogelijke hindernissen vermijden. We ontwerpen een
regelaar die het mogelijk maakt dat elke robot de hindernis vermijdt. Door het
communiceren van deze regelaar naar de buren beperken we de deformatie van
de vorm gedurende de transitie.



