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Chapter 1

Introduction

otivated by the challenging formation control problem for a team of mobile
Mvehicles in which each vehicle can only measure some of the angles towards
its neighbors in its local coordinate frame, this thesis develops angle rigidity graph
theory in both 2D and 3D. The angle rigidity graph theory is developed for a class of
multi-point frameworks, called “angularity”, consisting of a set of nodes embedded
in a Euclidean space and a set of angle constraints among them. Here angle rigidity
refers to the property specifying that under proper angle constraints, the angularity
can only translate, rotate or scale as a whole when one or more of its nodes are
perturbed locally. Using the developed angle rigidity theory, angle-only formation
control algorithms are designed for the team of mobile vehicles to achieve a desired
angle rigid formation, in which only local angle measurements' are needed for
each vehicle. Before proceeding to the specific results, I will briefly introduce the
background, problem statement and structure of this thesis.

1.1 Background

In this chapter, the background of multi-agent formation control is introduced,
in order to motivate the need to develop angle rigidity graph theory and the
corresponding angle-only formation control algorithms. The detailed literature
review will be provided at the beginning of each chapter for the corresponding
topics.

1.1.1 Multi-agent formation control

Multi-agent formation control has recently attracted great attention due to its
broad applications in, e.g., search and rescue of unmanned aerial vehicles [35, 48,
78], deep-sea exploration of multiple autonomous underwater vehicles [69, 81],
coordination of mobile robots [19, 74], and Earth observation of satellite formation
flying [12, 53]. In Fig. 1.1, several application examples of multi-agent formations
are provided, in which the agent represents robot, drone, autonomous underwater

1 Also referred to as direction measurements or local bearing measurements in some literature.
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vehicle and satellite, respectively. Generally speaking, multi-agent formation control
aims at achieving a prescribed geometric shape for a group of agents [32, 80, 94].
The geometric shape, e.g., triangle, rectangle or polyhedron, can be described by a
set of agent absolute positions, inter-agent relative positions, distances, bearings or
triple-agent angles [3, 60, 86, 95].

(a) Robotic formation for object transportation (b) Drone swarm for forest rescue[2]

(c) AUV formation for deep-sea exploration[1] (d) Satellite formation flying for magnetic
measurement[47]

Figure 1.1: Applications of multi-agent formations

To achieve the desired geometric shape for a group of agents, some researchers
have proposed various formation control approaches towards the different combina-
tions of formation shape descriptions and available sensing information [19, 20, 83,
84], see Table 1.1. It is worth mentioning that most of these approaches require

Property Shape description | Measurement | Coordinate-dependence
Approach
Position-based A A Yes
Displacement-based R R,A Yes
Distance-based D D,R No

In the table, A refers to absolution positions, R to relative positions and D to distances.

Table 1.1: The comparison of several formation approaches.

the measurements of absolute positions in a global coordinate frame, inter-agent
distance or relative positions [19, 70]. However, the following two factors limit the
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application of those formation control approaches into engineering practices.

(i) The common knowledge of a global coordinate frame is sometimes un-
available. For example, in Fig. 1.1(a),(b),(c),(d), the GPS receiver, as the main
type of the provider of global positioning information, becomes imprecise or even
unavailable in indoor space, forest, deep sea and deep space.

(i) As a low-cost, lightweight and low-power sensor for ground, aerial and
aerospace vehicles to achieve various sensing tasks, optical camera/sensor ar-
ray/passive radar can easily produce bearing measurements but comparatively
difficult to generate precise distance information [14, 33, 103, 104].

To tackle these limitations, a new formation control approach, bearing-only
formation control, has been proposed in [101] which only relies on inter-agent
bearing measurements. However, the proposed bearing-only formation control
approach in [101] requires that all the agents have the same orientation of their
coordinate frames, which is a coordinate-dependent property, as shown in Table 1.1.
This is because the bearings used in [101] are vectors whose description always
depends on a common coordinate frame orientation. However, it is technically
hard to guarantee the perfect alignment of all agents’ coordinate frames due to the
existence of measurement noise and undesired measurement bias in sensors [59, 79,
82]. When a small degree of misalignment exists among agents’ coordinate frames,
it can be shown that a distorted formation shape and nonzero translational and
scaling velocity can be generated, which may cause the formation to collide into one
point or grow disproportionately in size. In other words, the formation described
by relative positions or bearing vectors, can be sensitive to the misalignment of
agents’ coordinate frames [65, 105].

As a consequence, it is crucial to develop a new formation control approach
which makes use of cheap and reliable angle measurements, while at the same
time allowing the agents to have their own different orientations of coordinate
frames. Even after the formation shape is described by bearings in SE(2) or SE(3),
which allows the agents to have different orientations of frames, the corresponding
formation control law may still not be robust against orientation bias in agents’
coordinate frames because the description of each desired bearing in SE(2) or SE(3)
still relies on a predetermined coordinate frame. We show that a promising way is
to choose a set of interior angles to describe the desired formation shape, because
an interior angle can be calculated through inter-agent bearings and is independent
of the orientation of agent’s coordinate frame. Thus, we propose to use triple-agent
angles to describe the formation shape. The next natural question to address is how
to properly choose angle constraints to construct the desired formation shape and
develop a theoretical framework to check which geometric shapes can be uniquely
determined by angle constraints. Towards this end, we propose angle rigidity to
determine the uniqueness of the formation shape under angle constraints. It is
worth noting that the formation shape in [52] is described by angles, in which,



4 1. Introduction

however, the designed formation control algorithm still requires each agent to be
able to sense the real-time relative positions with respect to its neighbors. Table
1.2 summarizes the differences between bearing-based and angle-based formation
control approaches.

Property Shape description | Measurement | Coordinate-dependence
Approach
Bearing-based Bearing vectors B [101], R [98] Yes
Angle-based Interior angles A [22], R [52] No

In the table, B refers to bearings, R to relative positions and A to angles.

Table 1.2: The difference between bearing-based and angle-based formation control
approaches.

1.1.2 Rigidity graph theory

Rigidity graph theory has been studied for centuries, dating back to the works
of Euler [76] and Cauchy [4], which is mainly used to describe the stiffness of a
structure. Over the past decades, distance rigidity has been intensively investigated
both as a mathematical topic in graph theory [43, 77] and an engineering prob-
lem in applications including formations of multi-agent systems [7], mechanical
structures [49] and biological materials [67]. Distance rigidity [10] is defined for a
framework based on the definition that when the only allowed smooth motions are
those that preserve the distance between every pair of joints, the framework is said
to be rigid. To determine whether a given framework is distance rigid, two methods
have been reported. The first is to test the rank of the distance rigidity matrix
which is derived from the infinitesimal distance rigid motions [9]. The second is
enabled by Laman’s theorem, which is a combinatorial test and works only for
generic frameworks. More recently, bearing rigidity has been investigated, in which
the shape of a framework is prescribed when inter-point bearing or direction con-
straints are satisfied [37, 101]. Here bearing is defined as a unit vector in a given
global coordinate frame, and bearing rigidity can be defined accordingly [36, 101].
To check whether a framework is bearing rigid, conditions similar to those for
distance rigidity have been discussed [15, 36, 101, 103]. Distance constraints in
determining distance rigidity are in general quadratic in the associated end points’
positions. While a bearing constraint is always linear in the associated end point’s
position, the description of bearings directly depends on the existence of a global
coordinate frame or a coordinate frame in SE(2) or SE(3) [39, 68, 97].

Different from distance and bearing constraints, angle constraint is also one of
the fundamental elements in discrete geometry [37]. It is of interest to describe
a geometric shape using angle constraints, which is the main research subject in
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angle rigidity theory. Note that graphs have been used dominantly in rigidity theory
for multi-point frameworks under distance or bearing constraints since an edge
of a graph can be naturally used to denote the existence of a distance or bearing
constraint between the two points corresponding to the vertices associated with
this edge [73]. However, when describing angles formed by rays connecting points,
to use edges of a graph becomes inefficient because an angle constraint always
involves three points. Thus, instead of using graphs that relate pairs of vertices as
the main tool to define rigidity, we have to define a new combinatorial structure
which is able to relate triples of vertices to develop the theory of angle rigidity. It is
worth mentioning that in [52], by using the cosine of each triple-agent angle as
the constraint, the planar angle rigidity has been defined, in which, however, flip
and flex ambiguity exists. Since a globally rigid framework is of great importance
in rigidity theory, it is crucial to define angle rigidity which may easily distinguish
global rigidity from local rigidity.

Various fundamental results in distance rigidity have been developed by Euler
[38], Cauchy [18], Alexandrov [5], Dehn [34], Henneberg [44], Laman [58],
Connelly [25], Whiteley [93], and other researchers. Three seminal results are
Cauchy’s Arm Lemma [18], Henneberg’s construction [45], and Laman’s combi-
natorial condition [58]. Cauchy’s Arm Lemma together with the related works by
Liebmann [62], Alexandrov [5], Dehn [34] and Connelly [24], leads to the result
that any convex triangulated polytope is distance rigid, see Fig. 1.2(a). Henneberg’s
construction approach can be efficiently used to generate or trim a distance rigid
framework, see Fig. 1.2(b). Without using the embedding information, a generic
and planar framework’s distance rigidity can be checked by Laman’s combinatorial
condition, see Fig. 1.2(c). However, it is still an open question to find how these
construction approaches or conditions work for a multi-point framework with
angle constraints. Therefore, in this thesis, we will investigate these fundamental
problems when the constraints among agents are given using triple-agent angles.

,‘\ T i |e'|<2]V']-3
S =~
Y IR
| 2 ~
A /
., \2 J
3 AN - /3 ~
(a) Cauchy’s Arm Lemma on convex polytope (b) Henneberg’s construction (c) Lamman’s condition

Figure 1.2: Three seminal results in distance rigidity.
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Also note that the property of rigidity depends on its embedding space of the
configuration. The necessary and sufficient condition of a generic framework’s
rigidity is closely related to the dimension d of the underlying embedding space
[9]. For the necessary and sufficient condition of global rigidity, it has been proved
that Hendrickson’s conjecture is true for d = 1,2 but false for d > 3 [26, 50].
Different from distance rigidity, bearing rigidity has been established by using
bearing constraints which give direction information instead of range information
[97, 101]. When all bearings are described in the coordinate frames with the same
orientation, it has been shown that local bearing rigidity implies global bearing
rigidity in an arbitrary dimension d [101]. Therefore, it is interesting to investigate
the difference between 2D angle rigidity and 3D angle rigidity. Table 1.3 compares
these three types of rigidity theory.

Rigidity . N
Property Distance rigidity | Bearing rigidity Angle rigidity
Constraints distances bearings angles
Order of constraints . . . .
. quadratic linear quadratic or linear
as polynomials
Coordinate-dependence no yes no
Global and local different same different
Dimension invariance no yes no

Table 1.3: The comparison of three types of rigidity theory.

1.2 Problem statement

The aim of this thesis is to address the following problems which have not been
adequately investigated in the existing literature.

(i) Angle rigidity: Under which angle constraints, is a multi-point framework
angle rigid or globally angle rigid? For a given multi-point framework with angle
constraints, how to check whether it is angle rigid?

(ii) Formation stabilization: How to design an angle-only formation control law
such that the desired angle rigid formation can be achieved, in which all agents are
allowed to have different orientation of coordinate frames?

(iii) Formation maneuvering: How to design an angle-only formation maneuver-
ing law such that all the agents can move collectively with the desired translating,
rotating and scaling motions?



1.3. Outline and main contributions of this thesis 7

1.3 Outline and main contributions of this thesis

The main results of this thesis are split into two parts, which correspond to 2D and
3D cases respectively. Part I focuses on the problems given in Section 1.2 in 2D.
Chapter 2 first answers the problem (i) in 2D. To describe the angle constraints,
a new multi-point framework is defined, called “angularity”. By defining signed
angles, a sufficient condition for global angle rigidity is proposed in Chapter 2
based on the developed vertex addition operations. Later on, a necessary and
sufficient condition is proposed for infinitesimal angle rigidity to check whether a
given angularity is angle rigid.

Chapter 3 deals with the problem (ii) in 2D in which the agents are modeled
by single-integrators or double-integrators. We show that by controlling each
agent to move along the bisector of its measured interior angle, the desired angle
rigid formation can be achieved without requiring the alignment of the agents’
coordinate frames. In this chapter, the formula to calculate the dynamics of angle
errors is explicitly derived.

The problem (iii) for the agents with single-integrator or double-integrator dy-
namics in 2D has been addressed in Chapter 4. By introducing a pair of mismatches
into each desired angle, the collective motions in terms of translation, rotation and
scaling are achieved by the proposed formation maneuvering law.

In Part II, Chapter 5 answers the problem (i) in 3D, in which the main difference
of angle rigidity theory between 2D and 3D has been emphasized and the notion
of angularity has been extended to 3D. Based on the angle constraints, the angle
rigidity matrix in 3D have been defined. In addition, the merging of two 3D angle
rigid angularities has been investigated and special attention has also been paid to
angle rigidity of convex polyhedra. In Chapter 6, the problem (ii) in 3D has been
investigated, in which another formation controller with a simpler form is proposed.
Both the cases of sequential formations and convex polyhedral formations have
been studied.

1.4 List of publications

Journal papers

[1] L. Chen, M. Cao, and C. Li. Angle rigidity and its usage to stabilize multiagent
formations in 2-D. To appear in IEEE Transactions on Automatic Control, 2021,
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[2] L. Chen, H.G. De Marina, and M. Cao. Maneuvering formations of mobile
agents using designed mismatched angles. To appear in IEEE Transactions on
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Chapter 2

Angle rigidity in 2D

n this chapter, we develop the notion of “angle rigidity” for a multi-point frame-

work, called “angularity”, consisting of a set of nodes embedded in a Euclidean
space and a set of angle constraints among them. Different from bearings or angles
defined in a global frame, the angles we use do not rely on the knowledge of a
global frame and have positive signs in the counterclockwise direction. Here angle
rigidity refers to the property specifying that under proper angle constraints, the
angularity can only translate, rotate or scale as a whole when one or more of its
nodes are perturbed locally. We first demonstrate that this angle rigidity property, in
sharp comparison to bearing rigidity or other reported rigidity related to angles of
frameworks in the literature, is not a global property since an angle rigid angularity
may allow flex ambiguity. We then construct necessary and sufficient conditions for
infinitesimal angle rigidity by checking the rank of an angularity’s rigidity matrix.
We develop a combinatorial necessary condition for infinitesimal minimal angle
rigidity. These results will be used as a theoretical foundation for the formation
control task.

2.1 Introduction

Distance constraints in determining distance rigidity are in general quadratic in
the associated end points’ positions. While a bearing constraint is always linear in
the associated end point’s position, the description of bearings directly depends
on the availability of a global coordinate frame or a coordinate frame in SE(2)
or SE(3) [68, 97]. Different from distance or bearing rigidity, in this chapter we
aim at presenting angle rigidity theory for multi-point frameworks with angle
constraints as either linear or quadratic constraints on the end points’ positions
without relying on a global coordinate frame. Different from the usual definition
for an angle [52, 88], the angle defined in this thesis has signs, for which we take
the counterclockwise direction to be each angle’s positive direction. Angle rigidity
is defined for an angularity which consists of vertices and angle constraints among
them. We show that the planar angle rigidity is a local property because of the
existence of flex ambiguity. To check whether an angularity is angle rigid, angle
rigidity matrix is derived based on the infinitesimally angle rigid motions. Then,
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the angle rigidity of an angularity can be determined by testing the rank of its
angle rigidity matrix. Also, we develop a combinatorial necessary condition to test
the angle rigidity of an angularity. We underline that the Laman’s theorem and
Henneberg’s construction method do not apply directly to angle rigidity, which
makes our results important. Using the defined signed angles, we further propose
the construction methods for angle rigid and globally angle rigid angularities.

2.2 Angularity and its angle rigidity

Graphs have been used dominantly in rigidity theory for multi-point frameworks
under distance constraints since an edge of a graph can be naturally used to denote
the existence of a distance constraint between the two points corresponding to the
vertices associated with this edge. However, when describing angles formed by rays
connecting points, to use edges of a graph becomes cumbersome and even illogical
because an angle constraint always involves three points. For this reason, instead
of using graphs that relate pairs of vertices as the main tool to define rigidity, we
define a new combinatorial structure “angularity” that relates triples of vertices
to develop the theory of angle rigidity. In all the following discussions we confine
ourselves to the plane.

2.2.1 Angularity

We use the vertex set V = {1,2,--- , N} to denote the set of indices of the N > 3
points of a framework in the plane. As shown in Fig. 2.1, to describe the signed
angle from the ray j-i to ray j-k, one needs to use the ordered triplet (4, j, k), and
obviously the two angles corresponding to (i, j, k) and (k, j,4) are different, and
in fact are called explementary or conjugate angles. Here, following convention,
the angle «ijk for each triplet (i, j, k) is measured counterclockwise in the range
[0,27). Weuse A C V xV xV ={(ij,k),ij,k €V,i # j # k} to denote the
angle set, each element of which is an ordered triplet. We denote the number of
elements |.A| of the angle set .A by M. Throughout this chapter, we assume that no
pair of triplets in A are explementary to each other. Now consider the embedding
of the vertex set V in the plane R? through which each vertex i is associated with
a distinct position p; € R? and let p = [pT,--- ,p§|T € R?N. We assume there is
no overlapping points in p, i.e., p; # p; for ¢ # jand ¢,j = 1,2,--- ,N. Then
the combination of the vertex set V, the angle set A and the position vector p is
called an angularity, which we denote by A(V, A, p). In fact, given non-overlapping



2.2. Angularity and its angle rigidity 13

positions p;, p;, p, the angle £Lijk € [0, 27) can be uniquely calculated by

T L
» arccos(z;: 2ik ifz- -2 >0
Lijk = 52 )T o 2.1
2m — arccos(zj;z;1) otherwise,
where z;; = 2B o, = PP L n = -1 z:; is the vector
J* pi—ps1> <7k llpk—p;ll> “di 0<ji 1 Je

obtained by rotating z;; counterclockwise by 7, and - denotes the dot product.

Zkji

Zijk

Figure 2.1: Signed angle used in defining angle rigidity.

2.2.2 Angle rigidity
We first define what we mean by two equivalent or congruent angularities.

Definition 2.1 (Equivalency and congruency). We say two angularities A(V, A, p)
and A'(V, A, p’) with the same V and A are equivalent if

Lijk(pi,pj,pr) = Lijk(p;, pj, pj,) for dll (i, j,k) € A. (2.2)
We say they are congruent if

From the equivalent and congruent relationships, it is easy to define global
angle rigidity.

Definition 2.2 (Global angle rigidity). An angularity A(V, A, p) is globally angle
rigid if every angularity that is equivalent to it is also congruent to it.

When such a rigidity property holds only locally, one has angle rigidity.

Definition 2.3 (Angle rigidity). An angularity A(V, A, p) is angle rigid if there exists
an e > 0 such that every angularity A'(V, A, p') that is equivalent to it and satisfies
lp" — pl| < e is congruent to it.
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Definition 2.3 implies that every configuration which is sufficiently close to p
and satisfies all the angle constraints formed by .4, has the same magnitudes of the
angles formed by any three vertices in V as the original configuration at p.

As is clear from Definitions 2.2 and 2.3, global angle rigidity always implies
angle rigidity. A natural question to ask is whether angle rigidity also implies global
angle rigidity. In fact, for bearing rigidity, it has been shown that indeed global
bearing rigidity and bearing rigidity are equivalent [36, 101]. However, this is not
the case for angle rigidity.

Theorem 2.4 (Non-equivalence between angle rigidity and global angle rigidity).
An angle rigid angularity A(V, A, p) is not necessarily globally angle rigid.

We prove this theorem by providing the following example. Fig. 2.2 shows an an-

y

3
1.243-2)

1 4
LD (1,1)

Figure 2.2: Flex ambiguity in angle rigid angularity

gularity with V = {1, 2, 3,4}, and its elements in the set A = {(3,2,1), (1, 3,2), (2, 3,4),
(1,4,2)} take the values

443 -2
£321 = arccos(————=) ~ 39.07°, 2.4
2/ 17 — 44/3
19 —
£132 = arccos( 9-8v3 ) & 37.88°, (2.5)
V25 — 12317 — 43
£234 = 30°, (2.6)

£142 = 45°, 2.7)
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and its p is shown as in the coordinates of the vertices. We first show A(V, A, p) is
angle rigid, then show A(V, A, p) is not globally angle rigid.

Now first look at the triangle formed by 1, 2 and 3. Since two of its angles
4321 and £132 have been constrained, the remaining £213 is uniquely determined
to be m — £321 — £132 no matter how p is locally perturbed. The constraint on
£234 requires 4 must lie in the ray starting from 3 and rotating from the ray 32
counterclockwise by 30°; at the same time, the constraint on £142 requires 4 must
lie on the arc passing through 1 and 2 such that the inscribed angle £142 is 45°.
No matter how p is locally perturbed there is only one unique position for 4 in the
neighborhood of its current given coordinates because the two intersection points
between the ray and the arc are not in the same local neighborhood. This local
uniqueness implies that this four-vertex angularity is angle rigid (when 4’s position
is uniquely determined, any angle associated with it is also uniquely determined).

Now we show A(V, A, p) is not globally angle rigid. Note that there is the other
intersection point 4’ as shown in Fig. 2.2 satisfying the angle constraints given in
A, which implies that this angularity is not globally angle rigid because A’(V, A, p’)
is equivalent to A(V, A, p), but they are not congruent.

We provide the following further insight to explain this sharp difference between
the angle rigidity that we have defined and the bearing rigidity that has been
reported in the literature. Bearing rigidity as defined in [36, 101] is a global
property because the bearing constraints always represent linear constraints in the
end point’s position (similar to the angle constraint £234 = 30° in the form of the
ray from 3 to 4 in the above example) and two non-collinear rays have at most one
intersection. In contrast, our angle constraints can be either linear constraint in p
when it requires the corresponding vertex to be on a ray or quadratic in p when it
restricts the corresponding vertex to be on an arc passing through other vertices.
The possible nonlinearity in the angle constraints gives rise to potential ambiguity
of the vertices’ positions under the given angle constraints.

Note that the embedding of p in the plane may affect the rigidity of A. Consider
the 3-vertex angularity as embedded in the following three different situations
when its angle set A contains only one element (2,1, 3). Fig. 2.3(a) shows that 1,

|
|

28

(a) Not rigid when /213 = % (b) Angle rigid when £213=0 (c) Globally angle rigid when /213 =

Figure 2.3: Non-generic p changes rigidity
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2, 3 are not collinear, and then this angularity is in general not rigid since if we
perturb point 1 in an arc with 2 and 3 as the arc’s ending points, £213 can be the
same while angles £123 and £132 change. In Fig. 2.3(b), 1, 2, 3 are collinear and
1 is on one side; in this case if the angle constraint happens to be £213 = 0, then
one can check the angularity becomes angle rigid, although it is not globally rigid
since the angle of £132 changes by 180 degree if we swap 2 and 3. In Fig. 2.3(c),
1, 2, 3 are collinear and 1 is in the middle, when the constraint becomes £213 = T,
one can check that the angularity is not only rigid, but also globally rigid (swapping
of 2 and 3 in this case does not change the resulting angles £132, £123 being zero).
So the angularity A({1,2,3},{(2,1,3)},p) is generically not rigid, but rarely rigid
depending on p. To clearly describe this relationship between angle rigidity and p,
like in standard rigidity theory, we define what we mean by generic positions.

Definition 2.5 (Generic position). The position vector p is said to be generic if
its components are algebraically independent [28]. Then we say an angularity is
generically (resp. globally) angle rigid if its p is generic and it is (resp. globally)
angle rigid.

An example for non-generic positions is the case when three points are collinearly
positioned. Note that angle rigidity for A(V, A, p) with generic p represents the
common property of the combination (V,.A) from a topological perspective, which
is also referred to as generic angle rigidity. For convenience, we also say an angular-
ity is generic if its p is generic. Now we provide some sufficient conditions for an
angularity to be globally angle rigid. Towards this end, we need to introduce some
concepts and operations. For two angularities A(V, A, p) and A’(V', A, p'), we say
A is a sub-angularity of A" if V ¢ V', A C A’ and p is the corresponding sub-vector
of p’. We first clarify that for the smallest angularities, namely those contains only
three vertices, there is no gap between global and local angle rigidity assuming
generic positions.

Lemma 2.6. For a 3-vertex angularity, if it is generically angle rigid, it is also
generically globally angle rigid.

Proof. For this 3-vertex angularity A(V, A, p), since it is angle rigid and p is generic,
A must contain at least two elements, or said differently, two of the interior angles
of the triangle formed by the three vertices are constrained. Again since p is
generic, the sum of the three interior angles in this triangle has to be =, and thus
the magnitude of this triangle’s remaining interior angle is uniquely determined
too. Therefore, A is generically globally angle rigid. O

Now, we define linear and quadratic constraints.

Definition 2.7 (Linear and quadratic constraints). For a given angularity A(V, A, p),
a new vertex i positioned at p; is linearly constrained with respect to A if there is
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J € V such that p; # p; and p; is constrained to be on a ray starting from p;; we also
say i is quadratically constrained with respect to A if there are j, k € V such that
{pi,pj, i} is generic and p; is constrained to be on an arc with p; and p;, being the
arc’s two ending points. Correspondingly, we call i’s constraint in the former case a
linear constraint and in the latter case a quadratic constraint with respect to A.

As shown in Fig. 2.2, £234 = 30° is a linear constraint for the end vertex 4
since p, is constrained to be on a ray starting from p3 and rotating from the ray 32
counterclockwise by 30°, while £142 = 45° is a quadratic constraint for 4 because
py4 is constrained to be on the major arc 12.

Similar to Henneberg’s construction in distance rigidity, in the following we de-
fine two types of vertex addition operations to demonstrate how a bigger angularity
might grow from a smaller one, which are shown in Fig. 2.4.

Figure 2.4: Type-I vertex addition and Type-II vertex addition
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Definition 2.8 (Type-I vertex addition). For a given angularity A(V, A, p), we say
the angularity A" with the augmented vertex set {V U {i}} is obtained from A through
a Type-I vertex addition if the new vertex i’s constraints with respect to A contain at
least one of the following:

Case 1) two linear constraints, not aligned, associated with two distinct vertices in
V (one vertex for one constraint and the other vertex for the other constraint);

Case 2) one linear constraint and one quadratic constraint associated with two
distinct vertices in V (one for the former and both for the latter);

Case 3) two quadratic constraints associated with three vertices in V (two for each
and one is shared by both), and the positions of i and these three vertices are generic.

Definition 2.9 (Type-II vertex addition). For a given angularity A(V, A, p), we say
the angularity A" with the augmented vertex set {V U {i}} is obtained from A through
a Type-II vertex addition if the new vertex i’s constraints with respect to A contain at
least one of the following:

Case 1) one linear constraint and one quadratic constraint associated with three
distinct vertices in V (one for the former and the other two for the latter);

Case 2) two different quadratic constraints associated with four vertices in V (two
for the former and the other two for the latter), and the positions of i and these four
vertices are generic.

Remark 2.10. Although the types of constraints are similar between Case 2 of
Definition 2.8 and Case 1 of Definition 2.9, the numbers of vertices involved in
Case 2 of Definition 2.8 and Case 1 of Definition 2.9 differ in these two types of
vertex addition operations. Similarly, those in Case 3 of Definition 2.8 and Case 2
of Definition 2.9 are also different.

Remark 2.11. Note that in these two vertex addition operations, the involved
vertices are required to be in generic positions. However, the overall angle rigid
angularity A’ constructed through a sequence of vertex addition operations is not
necessarily generic, and an example is given in Fig. 2.5.

1 4 1 1 4
"
4
2 o]
2 3 3 3 5

(a) Point 4 is unique when (b) Point 4 is not unique when (c) {2,3,5} are not generic but
{1,3,4} are generic {1,3,4} are not generic the angularity is rigid

Figure 2.5: The overall angularity is not necessarily generic

Now we are ready to present a sufficient condition for global angle rigidity
using Type-I vertex addition.
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Proposition 2.12 (Sufficient condition for global angle rigidity). An angularity is
globally angle rigid if it can be obtained through a sequence of Type-I vertex additions
from a generically angle rigid 3-vertex angularity.

Proof. According to Lemma 2.6, the generically angle rigid 3-vertex angularity is
globally angle rigid. Consider the three conditions in the Type-I vertex addition. If
1) applies, then the position p; of the newly added vertex i is unique since two rays,
not aligned, starting from two different points may intersect only at one point; if 2)
applies, p; is again unique since a ray starting from the end point of an arc may
intersect with the arc at most at one other point; and if 3) applies, p; is unique
since two arcs sharing one end point on different circles can only intersect at most
at one other point. Therefore, p; is always globally uniquely determined. After p;
is globally uniquely determined, all the angles associated with p; are also globally
uniquely determined. Because each Type-I vertex addition operation can guarantee
a unique adding point p;, we conclude that the obtained angularity after a sequence
of Type-I vertex additions is globally angle rigid. O

In comparison, Type-II vertex additions can only guarantee angle rigidity, but
not global angle rigidity.

Proposition 2.13 (Sufficient condition for angle rigidity). An angularity is angle
rigid if it can be obtained through a sequence of Type-II vertex additions from a
generically angle rigid 3-vertex angularity.

The proof can be easily constructed following similar arguments as those for
Proposition 2.12. The only difference is that p; now may have two solutions and is
only unique locally.

After having presented our results on angularity and generic angle rigidity, in
the following section, we discuss infinitesimal angle rigidity, which relates closely
to infinitesimal motion.

2.3 Infinitesimal angle rigidity

Analogous to distance rigidity, infinitesimal angle rigidity can be characterized by
the kernel of a properly defined rigidity matrix. Towards this end, we first introduce
the following angle function. For each angularity A(V, A, p), we define the angle
function f4(p) : R2V — RM by

falp) = [fr,-- . ful’, (2.8)

where f,, : R® — [0,27), m = 1,--- , M, is the mapping from the position vector
[pi,pj,pp]" of the mth element (i, j, k) in A to the signed angle <ijk € [0,2m).
Using this angle function, one can define A’s angle rigidity matrix.
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2.3.1 Angle rigidity matrix

We consider an arbitrary element (i, j, k) in A and denote the corresponding angle
constraint by £Lijk(p;, pj,pr) = B € [0,2m), or in shorthand £ijk = 3. From the
definition of the dot product, one has

T M.
(pz p]) (pk' pj) _ Z]Tizjka (29)
i = sl Ik — sl

cos B =

where ||| denotes the Euclidean vector norm and we have used cos 5§ = cos(27 — )
according to (2.1). Differentiating both sides of (2.9) with respect to time leads to

(=sinB)s = z;fzz]k + ZJT-i,éjk

PZfi . . PZj ¢ . .
= [ (i — 9)] 2k + 25— Dk — Dy), (2.10)

where L. = ||p; — prll, Pz, = I2 — zjiz};, I denotes the 2 x 2 identity matrix, and

we have used the fact that for 2 € R%, 2 # 0, dt(Hi”) = P“”/z“f” %. By rearranging
(2.10), one obtains

as _ 05 09 05
dt ~ ap it oy, i g

= ngzpz (Nka + Nl]k)pj + Nz]kpka (211)
. 25, P.
where Ny;; = lmst[; € RY2, Ny = zj,:sufg € R'*2, and we have assumed

sin 8 # 0, i.e., no collinearity among p;, p;, px. For each (¢, j, k) in A we obtain an
equation in the form of (2.11), and then one can write such M equations into the

matrix form Afalp)  Ofalp)
Ap)  0Ojalp). )
a - op P = Ra(p)p, (2.12)

where R,(p) € RM*2N is called the angle rigidity matrix, whose rows are indexed
by the elements of .4 and columns the coordinates of the vertices:

Vertex: - -- Vertex j -+ Vertex k
Angle 1

K’L]k‘ 0 Nk:ji 0 _Nk:ji _Nijk 0 Nijk 0

_Angle M i
(2.13)
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For an angularity, its angle preservation motions satisfy f4 = R, (p)p = 0 which
include translation, rotation and scaling. One may rightfully expect that such
motions are captured by the null space of the angle rigidity matrix, which always
contains the following four linearly independent vectors

¢ =1n® H =1y ® m (2.14)
Q3:[(Q0p1)T7 (Qop2)*, -+, (QopN)T}T, (2.15)
@ = [ Gp2)T - ()] (2.16)

where x € R is a nonzero scaling factor, ® represents Kronecker product and 1y
denotes the N x 1 column vector of all ones. Note that ¢; and ¢» correspond to
translation, g3 rotation, and ¢4 scaling. We state this fact as a lemma.

Lemma 2.14 (Rank of angle rigidity matrix). For an angle rigidity matrix R,(p), it
always holds that Span{qx, q2, g3, g2} C Null(R,(p)) and correspondingly Rank(R,(p))
< 2N —4.

Proof. Because each row sum of R,(p) equals zero, one has R,(p)¢1 = 0 and
R,(p)g2 = 0. Taking an arbitrary row £ijk in R,(p) as an example, one has the
corresponding row in R, (p)qs

NijiQo(pi — pj) + NijrQo(pr — pj)

T T
2P, Qozgi + 25 Pey Qo ziik

—sin g
25 Qozji + 25Qozji
=2 —7 =0, (2.17)
—sin 8

where we have used the fact that Qj = —Qo and 2};Qoz;; = 0. Similarly, for

R.(p)qs, one has

2T P, .zji+ ZTiPZ. Zik

KNkji(pi — pj) + 6Nij(px — pj) = s TR EEEE 0 (2.18)

—sin 8
where we have used the fact that P, z;; = 0. Therefore, Span{qi,q2,¢3,q4} C
Null(R,(p))-
Since p has no overlapping elements, one has that g3, ¢4 are linearly independent

to q; and go. Because ¢f g = 0 and ¢l gy = 0, one has that g1, g2, g3, ¢4 are linearly
independent. O

Obviously the row rank of the angle rigidity matrix, or equivalently its row
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linear dependency, is a critical property of an angularity. We describe this property
by using the notion of “independent” angles.

Definition 2.15 (Independent angles). For an angularity A(V, A, p), we say its
angles in f4(p) are independent if its angle rigidity matrix R, (p) has full row rank.

Since rank is a generic property of a matrix, one may wonder whether it is
possible to disregard p of A and define generic angle rigidity only using (), A).
This is indeed doable as what we will show in the following subsection. Note that
2N — 4 is the maximum rank that R,(p) can have. When p is generic, the exact
realization of p is not important for (V, .A), and when checking the angle rigidity
matrix’s rank, one can replace p by a random generic realization.

Using the notion of infinitesimal motion, checking the rank of the rigidity matrix
can also enable us to check “infinitesimal” angle rigidity.

2.3.2 Infinitesimal angle rigidity

To consider infinitesimal motion, suppose that each p;,Vi € V of A(V, A,p) is
on a differentiable smooth path. We say the whole path p(t) is generated by an
infinitesimally angle rigid motion of A if on the path f4(p) remains constant, i.e.,
fa = Ra(p)p = 0. We say such an infinitesimally angle rigid motion p(t) is trivial if
it can be given by [23]

pi(t) = k(1) Qt)pi(to) + W(),Vi € V,t = Lo, (2.19)

where k(t) # 0 is a scalar scaling factor, Q(t) € R?*? is a rotation matrix, W(t) € R?
is a translation vector, and «(¢), Q(t), W(t) are all differentiable smooth functions.
Since all p;(t), Vi € V, share the same «(t), Q(t), W(¢), it follows

p(t) = {In & [6(t) Q1) }p(to) + 1ny @ W(E),t > to. (2.20)
Now we are ready to define infinitesimal angle rigidity.

Definition 2.16 (Infinitesimal angle rigidity). An angularity A(V, A, p) is infinites-
imally angle rigid if all its continuous infinitesimally angle rigid motion p(t) are
trivial.

In fact, a motion satisfying (2.20) is always an infinitesimally angle rigid motion
because the combination of translation, rotation and scaling preserves all the angle
constraints. However, the converse does not necessarily hold, e.g., non-trivial
infinitesimally angle rigid motion exists when only point 1 moves along the line 12
in Fig. 2.3(b). We formalize these remarks in the following theorem.
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Theorem 2.17 (Sufficient and necessary condition for infinitesimal angle rigidity).
An angularity A(V, A, p) is infinitesimally angle rigid if and only if the rank of its
angle rigidity matrix R,(p) is 2N — 4.

Proof. In view of the definition, A is infinitesimally angle rigid if and only if all its
infinitesimally angle rigid motions are trivial. That is to say, these infinitesimally
angle rigid motions p(t),t € [to,¢1] maintaining the angle constraints are exactly
the combination of translation, rotation, and scaling with respect to the initial
configuration p(ty), which are precisely captured by the four linearly independent
vectors qi1, gz, q3, and ¢4, which in turn is equivalent to the fact that the rigidity
matrix’s null space is precisely the span of {¢1,¢2,q3,q4}. The conclusion then
follows from the fact that such a specification of the null space holds if and only if
the rank of the rigidity matrix reaches its maximum 2N — 4. O

Note that this theorem implies that A(V, A, p) is infinitesimally angle rigid if and
only if there are 2N — 4 independent angles in f4(p). We want to further remark
that no matter what p is if one of the following three combinatorial structures
appears, then the angles are always dependent.

(1) A cycle formed by the triplets in .A. For example, A = {(4, j, k), (4, k, m),
(k,m,n), (m,n,l),(n,l,4),(l,1i,7)}, see Fig. 2.6(a).

(2) Angles around a vertex. For example, A = {(i,m, j), (j, m, k), (k,m,q)}, see
Fig. 2.6(b).

(3) A nonempty subset A’ C A such that the number N’ of the involved vertices in
A’ satisfies |A'| > 2N’ — 4. For example, A = {(i,m, j), (m, j,7), (i, k, 5), (3,5, k),
(kv m7j)7 (TL, i, m)’ (n7 m, Z)} and A" = {(lv m’j)v (mv Js i)v (i7 kv.j)’ (iv.jv k)a (kv maj)}:
and thus N’ = 4, |A’| = 5 in Fig. 2.6(c).

n
kp—_m i
A LY
= k Vj k T
(a) Cycle (b) Angles (c) Triplet subset

around a vertex

Figure 2.6: Types of dependent triplet elements

If A contains one of the above three combinatorial structures, we say the triplet
elements in A are dependent; otherwise, they are independent. One can further
quantify the number of triplet elements such that the angularity is infinitesimally
angle rigid.

Theorem 2.18 (Combinatoral necessary condition for infinitesimal angle rigidity).
For an angularity A(V, A, p), if it is infinitesimally angle rigid, then it has 2N — 4
independent triplet elements in A.
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Proof. From Theorem 2.17, we know A has 2N — 4 independent angles in f4(p).
First, we prove that dependent triplet elements in .A imply dependent angles in

. <3 A e — p— . PR . ES .
fa(p). Note that NI, = U Coijjzjkks)i?;i;zk p) — (i lf_f) . Then, by taking the

dependent triplet elements in Fig. 2.6(a) as an examplez: it can be verified that

11111 1]R(p)=0, (2.21)

which implies the row dependence in R, (p) and dependent angles in f4(p). The
cases in Fig. 2.6 (b), (c) can be similarly obtained. Now, one has that dependent
triplet elements in .A = dependent angles in f 4(p), which implies that independent
angles in f4(p) = independent triplet elements in .A. So its angle set A has 2N — 4
independent triplet elements. O

Now we show the relationship between angle rigidity and infinitesimal angle
rigidity.

Theorem 2.19 (Relationship between infinitsimal angle rigidity and angle rigidity).
If an angularity A(V, A, p) is infinitesimally angle rigid, then it is angle rigid.

Proof. From Definition 2.16, we know that if A(V, A, p) is infinitesimally angle rigid,
then all the continuous infinitesimally angle rigid motion p(t) are trivial, which
are the combination of translation, rotation and scaling of A. Consider another
angularity A(V, A,p) with e > 0 and ||p’ —p|| < ¢, which is equivalent to A(V, A, p).
Then, the continuous motion from p to p’ maintaining f 4(p) are the combination of
translation, rotation and scaling of A(V, A, p), which are angle-preserving motions,
i.e., (2.3) holds. Therefore, A(V, A, p’) is congruent to A(V, A, p), which implies
that A(V, A, p) is angle rigid. O

For infinitesimally angle rigid angularities, we now discuss when its number of
angles in .4 becomes the minimum. Towards this end, we need to clarify what we
mean by minimal angle rigidity.

Definition 2.20 (Minimal angle rigidity). An angularity A(V, A, p) is minimally
angle rigid if it is angle rigid and fails to remain so after removing any element in
A, and is infinitesimally minimally angle rigid if it is infinitesimally angle rigid and
minimally angle rigid.

Since Rank[R,(p)] < 2N — 4, the minimum number of angle constraints in
f.a(p) to maintain infinitesimal angle rigidity is exactly 2N — 4. So we immediately
have the following lemma.

Lemma 2.21. An angularity A(V, A, p) is infinitesimally minimally angle rigid if
and only if it is infinitesimally angle rigid and |A| = 2N — 4.
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For an infinitesimally minimally distance rigid framework, there must exist a
vertex associated with fewer than 4 distance constraints [87, 92]; otherwise, the
total number of distance constraints will be at least 2/V and thus greater than the
minimum number 2N — 3. This property is critical for the success of the Henneberg
construction method in order to generate an arbitrary infinitesimally minimally
distance rigid framework [58, 87]. However, for an infinitesimally minimally angle
rigid angularity, the situation is more challenging, which in fact prevents drawing
similar conclusions as the Henneberg construction does for distance rigidity. To be
more precise, we have the following lemma.

Lemma 2.22. For an infinitesimally minimally angle rigid angularity A(V, A, p) with
|A| = 2N — 4, it must have a vertex involved in more than one but fewer than 6 angle
constraints.

Proof. If every vertex is involved in at least 6 angle constraints, then the total
number of angle constraints is at least |A| > % = 2N, which contradicts Lemma
2.21. Then for that vertex, which has fewer than 6 angle constraints, if it is involved
in only one angle constraint, then it is not rigid with respect to the rest of the
angularity, which contradicts the property of angle rigidity. So there must be at
least one vertex that is involved in 2, 3, 4 or 5 angle constraints. O

In the following example, we show an infinitesimally minimally angle rigid
angularity in Fig. 2.7, whose vertices are all involved in 5 angle constraints. Note

Figure 2.7: All vertices are involved in 5 angle constraints.
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that if an angularity A(V, A, p) is infinitesimally minimally angle rigid, then |A| =
2N — 4, and more importantly, the triplet elements in .4 need to be independent;
this also implies that those situations listed in Fig. 2.6, namely cyclic angles, angles
around a vertex, and overly constrained angle subsets, cannot show up in .4, which
is a necessary combinatorial condition for infinitesimal minimal angle rigidity. In
the following section, we show how to apply the angle rigidity theory we have
developed for multi-agent formation control.

2.4 Concluding remarks

In this chapter, we have proposed the angle rigidity theory in 2D. The notion of
angularity has been defined to describe the multi-point framework with angle con-
straints. The established angle rigidity has shown to be a local property because of
the existence of flex ambiguity. The infinitesimal angle rigidity has been developed
based on the trivial motions of the angularity. A sufficient and necessary condition
for infinitesimal angle rigidity has been investigated by checking the rank of the
angle rigidity matrix.



Chapter 3

Formation stabilization in 2D

his chapter shows how to achieve an angle rigid formation in 2D for a group

of mobile agents. Many formation control algorithms have been designed
by using the measurement of relative positions [8, 52, 63] or aligned bearings
[89, 101], or using the information acquired through communication [52, 96].
Note that in [52] a gradient-based formation stabilization control law is designed to
achieve an infinitesimally angle rigid formation, which utilizes the measurements
of relative positions, and the received information through communication of the
neighbors’ angle errors. In this chapter we demonstrate how to stabilize a multi-
agent planar formation using only local angle measurements with the help of the
angle rigidity theory that we have developed in the last chapter.

3.1 Introduction

Multi-agent formation control has been extensively studied due to its wide ap-
plications in, e.g., robotic transportation [30] and search and rescue of mobile
robots [51]. Sensors used in formation stabilization mainly include GPS receivers,
radars and cameras, which can acquire absolute positions, inter-agent relative
positions, or angles/bearings [7, 71]. In particular, angle measurements are be-
coming cheaper, more reliable and accessible than absolute or relative position
measurements [71, 103]. Angle information can be easily obtained from a camera
or a sensor array in their local coordinate frames [30]. Using 2D angle rigid-
ity developed in Chapter 2, we show in this chapter how to stabilize a planar
formation by using only local angle measurements. Different from the designed
bearing-based formation control algorithms in [99, 101] where all agents’ local
coordinate systems are required to be aligned, the proposed angle-only formation
control algorithm does not require the alignment of agents’ coordinate frames
since the angle described in different planar coordinate frames remains the same.
Note that in [52], planar angle rigidity is established by specifying the cosine of
an angle formed by two jointed edges as the angle constraint. The formation
stabilization algorithm constructed in [52] requires that each agent can sense the
real-time relative positions with respect to its neighbors. Different from [52], in
this chapter the desired formation shape is realized using only angle measurements.
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In addition, other rigidity notions with mixed distance and angle constraints have
been investigated in [56, 57, 73], under which the formation control algorithms
are also designed for agents by using the measurements of relative positions.

3.2 Angle-only formation control for single-integrators

For an agent ¢ moving in the plane, in this subsection we consider its dynamics are
modeled by single-integrators

pi:uiai:17"'7N7 (3-1)

where p; € R? denotes agent 4’s position, u; € R? is the control input to be designed,
and N is the number of agents in the group. Agent ¢ can only measure angles; to
be more specific, it can only measure the angle ¢;; € [0, 2r) with respect to another
agent j evaluated counterclockwise from the X-axis of its own local coordinate
frame of choice that is fixed to the ground.

To avoid confusion in the stability analysis, we first describe all variables
in a global coordinate frame and in the end we demonstrate that this global
coordinate frame is only needed for analysis purposes and not needed in the
control implementation. Now we define the bearing z;; € R? to be the unit vector
pointing from agent i to a non-coincident j, i.e.,

Pj — Pi €oS Pij
Zig = = | ; (3.2)
T s =il LIH @J

where ¢;; determines uniquely z;; when p; # p;. Therefore, when ¢;; can be
measured, z;; is known. In the triangle Aijk shown in Fig. 3.1, the interior angle
a; can be computed by

a; = £kij = arccos(ziszik), (3.3)

using bearings z;; and z;;. Note that the X-axes of agents 4, j and & do not need
to align, and the angle «; to be controlled is not the measured angle ¢,;, but the
relative measured angle «; = [(¢;; — ¢i) mod 27].

We construct the desired planar formation through a sequence of Type-I vertex
additions (Case 3) from a generically angle rigid 3-vertex angularity, which is
globally angle rigid according to Proposition 2.12. First, in an N-agent formation,
we label the agents by 1 to V. Then agents 1, 2, 3 aim at forming the first triangular
shape, and each of agents 4 to N aims at achieving two desired angles formed
with other three agents, see Fig. 3.2. Therefore, the construction process can be
summarized as follows:
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Figure 3.1: The angle measurements.
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Figure 3.2: Constructing desired formation by using Case 3 of Type-I vertex addition.

Step 1: One constructs the first triangular formation A123 using three angle
constraints: £123, £231, £312.
Step 2: One adds agent 4 under the two angle constraints: £142 and «£243.

Step k£ — 2: One adds agent k under the two angle constraints: £j;kj, and
4]2’?73: j17j27j3 S {17 7k - 1}

Step N — 2: One adds agent N under the two angle constraints: £i; Nis and
419 Nis, for some distinct 11,12,13 € {1, ey N — 1}.

To guarantee the uniqueness of each agent’s position in these steps under the
given two angle constraints, the following assumption is needed.

Assumption 3.1. In the aforementioned Step k,k = 2,--- , N — 2 with the cor-
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responding newly added agent ¢ and its angle constraints £j;ijo and £jaijs,
we assume that {p;,p;,,p;,,p;,} is generic and no collinearity occurs, namely

Ljrije # 0, £j1ija # 7 and Ljaijs # 0, £ jaijz # 7.

Remark 3.2. According to Proposition 2.13 in Chapter 2, when {p;, p;,,pj,,Pjs }
is generic, ji,1, jo are not collinear and js, i, j3 are not collinear as stipulated in
Assumption 3.1, the position of each newly added agent i, = 2,--- , N is locally
uniquely determined by £j,ij2 and «j2ij3, which implies the angle rigidity of the
constructed formation.

Based on the above construction process, the aim is to achieve the desired angle
rigid formation specified as follows. For agents 1 to 3

limt_mo €1 (t) = limt_mo(ozglg(t) - 04?;12) = O, (34)
limt_)oo eg(t) = limt_)oo(algg(t) — Oéyf23) = 0, (35)
limg o0 e3(t) = limy o0 (231 () — a57) =0, (3.6)

where G € (0,7),14,7,k € {1,2,3} denote agent i’s desired angle formed with
agents j, k. For agents 4 to N

limt_)oo eil(t) = limtﬁoo(ajlm (t) — Oé;ﬂjz) = 0, (37)
limy 0 €i2(t) = limy 0 (@yijs (1) — a,i5,) = 0, (3.8)
wherei =4,--- | N, j1 <i,j2 <i,j3 <i,and aj ,;;, € (0,7),aj,,; € (0,7)denote

agent #’s two desired angles formed with agents ji,j2,7j3 € {1,2,...,4 — 1}, j1 #
Jj2 # js. Therefore, the angle-only formation control problem to be solved in this
section is formally described below.

Problem 1 Given feasible desired angles f4(p) = {a315, @]9, 0331, @341, A%y, ..
5O Niy» O, Nis ) » design control law u; for each agent i by only using angle mea-
surements ¢,; with respect to agent ¢’s neighboring agent j to achieve (3.4)-(3.8).

Remark 3.3. One may also choose other cases in Type-I and Type-II vertex addition
operations to construct the desired formations. However, the constructed forma-
tions are not globally angle rigid or the realization depends on the knowledge of
the neighbors’ angle error, which are the drawbacks of the other cases when they
are applied to formation control. For example, in Case 1 of Type-II vertex addition
(Fig. 2.4(d)), Proposition 2.13 shows that the constructed formation is only angle
rigid which may cause ambiguity; moreover, the angle oy, ;,; cannot be obtained
by agent i’s local angle measurements.
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3.2.1 Triangular formation control for agents 1 to 3

To achieve the desired angles for agents 1 to 3, we design their formation control
laws

u; = — (@ — af )(Ziir1) + Zi(i-1))s (39

where i € {1,2,3}, 2;;41) = 231 Wwhen i = 3 and z;;_1) = z13 wheni = 1, and o,
represents a.;_1);(;+1) for conciseness.

To obtain the convergence of the angle errors, we first analyze the dynamics
of the angle errors ¢;(t),i = 1,2, 3. Different from [11], we use the dot product of
two bearings to obtain the angle error dynamics. According to (2.10), agent 1’s
angle dynamics can be obtained by

P

213

P

Z12

(p3 — p1)] 212 — 21. (p2 — p1)- (3.10)

a1 = 13— —
3112 sin o

B l 13 sin (6731
By following the calculation in Appendix A, one has the first three agents’ angle
dynamics

ér=[d1 do &3]" = Flep)ey
-g1 fiz  fiz] o — o
=|fo1r —g2 fe3| |a2—aj|, (3.11)
far fa2 —g3 ag — g

where ey = [al —af as—ab az-— aﬂT,gi = (sinay)(1/lr0)+1/ligi—1)), fij =
(Sin Oéj)/lij.

To guarantee that the triangular formation system under the control law (3.9) is
well defined, we first prove that no collinearity and collision will take place under
(3.11) if the formation is not collinear initially.

Lemma 3.4 (No collinearity). For the three-agent formation, if the initial formation
is not collinear, it will not become collinear for t > 0 under the angle dynamics (3.11).

Proof. Consider the manifold M, = {(a1, as,a3)|a; + as + a3 = 7,0 < a1 < 7,
0 < ag <mand 0 < az < 7} which is an open set. To show M, is positively
invariant, we show that for any (ay, a2, a3) € M,, it is impossible for a; to escape
M. Consider the boundary states a;(t) = m — 1 with ey = 0%, a1 1(t) = g2 = 07,
Oéi_l(t) =¢£3 = 0+, £1 = €2+ €3.

According to (3.11), one has

éi = —giei + fitiv1)€i+1 + fi—1)€i-1- (3.12)
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Since 0 < «f < m and « is bounded away from 0 and =, one has

giei = gi(a; — ) > 0, (3.13)
fiin€iv1 = fiirn) (g1 — o) <0, (3.14)
fii—nei—1 = fiti—1)(i—1 —aj_1) <0, (3.15)

which implies that é;(¢) < 0. Thus when «;(t) is close to w, «;(t) will decrease,
which implies that M, is positively invariant, i.e. trajectories starting from M,
remains in M,. O

Lemma 3.5 (No collision). For the three-agent formation, if the initial angles «; #
0,7 = 1,2,3, no collision will take place for t > 0 under the formation control law
(3.9).

Proof. Suppose on the contrary that collision may happen between agents i and j
at t = t;. Then one of the following two cases shown in Fig. 3.3 will take place.

k k
ie r=| i J
Case 1 Case 2

Figure 3.3: Collision cases.

For the first case, p;(t1) = —vyp,(t1) where + is a positive constant. Note that
the moving direction of agent : under the control law (3.9) is always the bisector
of the interior angle «;. According to Lemma 3.4, no collinearity will happen for
t > 0 which implies that z;;,(t) # —z;(t) for t > 0. According to the control law
(3.9), pi(t1) = —yp,(t1) requires z;x(t1) = —z;x(¢1) which is impossible for ¢ > 0.

For the second case, since agents ; and j move towards the inside of the triangle,
it follows from the control law (3.9) that § —e; = a4(t]) < o and § — 3 =
aj(ty) < of, wheree; = 0% and e; = 0. Then, o +aj+af = 7 > m+aj—e1—¢€a,
which contradicts the fact that o is bounded away from 0. O

Now, we give the main result for the convergence of the triangular formation.

Theorem 3.6 (Stability of the first three agents). For the triangular formation
under the control law (3.9), if «;(0) # 0 and the initial angle errors ¢;(0),i = 1,2,3
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are sufficiently small, the angle errors e; and agents’ control input u;(t) converge
exponentially to zero.

Proof. From Lemmas 3.4 and 3.5, no collinearity and collision will take place since
sino; # 0,0;; # 0,Vi,j = 1,2,3, which guarantees that the closed-loop system
under the control law (3.9) is well defined. Since e;+es+e3 = Zle ai—Z?zl af =
0, the angle dynamics (3.11) can be reduced to

. e |+ fi3)  fia—fiz | |er| _
65‘{ }‘ { Jor — fas —(92+f23)} M = Fles)es. (316

Let U, € R? denote a neighborhood of the origin {e; = e; = 0}, in which we
investigate the local stability of (3.16). Linearizing (3.16) around the origin, we
obtain

és = Li(a")es, (3.17)

where L (a*) = Fs(es)|e.—0- Then, one has

tr(Li(a”)) = —g7 — fis — g5 — f33 <O, (3.18)

det(Lyi(a")) =(g7 + fi3)(95 + f33) — (fa1 — f23)(f12 — f13)
>g1 oz + 95 fis + for 13 + fiafa3 > 0, (3.19)

where we have used the fact that gig5 > f31 f{5, 97 = gile.=0, fi5 = fijle.=0, and
tr() and det() denote the trace and determinant of a square matrix, respectively.
According to (3.18) and (3.19), one has that L;(«*) is Hurwitz. According to
the Lyapunov Theorem [54, Theorem 4.6], there always exists positive definite
matrices P, € R?*? and Q; € R?*? such that —Q; = P;L;(a*)+ LT (a*)P;. Design
the Lyapunov function candidate as

Vi = elPre,. (3.20)

Taking the time-derivative of V; yields

AInirl(C?l)

Vi =~ Que, < —2min(@1)
! eSQle Amax(-Pl)

Vi, (3.21)

Ami)ﬂ(Q )
which implies that V4 (¢) < V4(0)e™ *max P!, Since Py > 0, one has

\% V1(0 ~ Amin(Q1)
e +ei=llel” < 5—r5y < 5 ~1((111)e s (3.22)
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Also, one has

2V1(0) e,;HL@nt

6% = 6% =+ 6% + 26162 < 2(6% —+ 6%) < — max (P1)
)\min(Pl)

which implies that e; under the dynamics (3.11) is exponentially stable when the
initial states lie in U,. According to (3.9), |lu;|| < 2|e;| also converge to zero at an
exponential rate. O

Remark 3.7. With non-collinear initial positions, the first three agents’ angle dynam-
ics é; = F(es)es are globally stable, as a consequence of the Poincare-Bendixson
theorem [54, Lemma 2.1] employed in [11, Theorem 6]. The difference between
the angle dynamics é; = Fi(es)es and the angle dynamics given in [11] is that
sina; shown in g;, fi; in (3.11) is replaced by sin % in [11]. However, for a

triangular formation, it holds that sin §* > 0 and sina; > 0 for all a; € (0,7).
Therefore, one can similarly obtain the almost global stability of ¢, = Fi(es)es by

following [11, Theorem 6].

After proving that the first three agents converge to the desired formation, we
now look at the remaining agents.

3.2.2 Adding agents 4 to N in sequence

In this subsection, we consider that agent i,7 = 4, ..., N, are added to the formation
through the Type-I vertex addition operation with two desired angles. For agents
i =4,..., N, the control algorithm is designed to be

u; = —(Qijy — G a5, (Zijy T Ziga) = (Qnigy — 545.) (Zigs + Zigs)s (3.23)
where of ;. € (0,7) and of,;;. € (0,7), j1 < 4,2 < 1i,j3 <1, j1 # j2 # ja are the
two desired angles. Different from the first three agents, the bearing measurement
topology from agents 4 to N becomes directed, which is also similarly employed in
[88].

To prove the stability from agents 4 to N, we use induction. Towards this end,
we need to first prove that the 4-agent formation of 1 to 4 converges to the desired
shape exponentially. For the 4-agent formation, the control algorithm (3.23) can
be written as

ug = — (41 — gy ) (241 + 242) — (342 — a§42)(z42 + 243). (3.24)
Then, one has the following result.

Lemma 3.8 (Stability of agent 4). Suppose ¢,(0),i = 1,2, 3 are sufficiently small and
the sub-formation of 1, 2, 3 is governed by (3.9). Under the control algorithm (3.24)
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for agent 4, if the initial distances l4;(0) are sufficiently bounded away from zero, the
initial angle errors e41(0) and e42(0) are sufficiently small and oy, = a4 + O340,
sinajyy > sinajy, sinaj,; > sinads,, then eq(t) and eq(t) converge to zero
exponentially fast.

Proof. To analyze the stability of the angle errors e4; and e under the control
algorithm (3.24), we first calculate the error dynamics of e4; and e4s. According to
the calculation in Appendix B, one has the following angle dynamics

és = [doa1 Gaa2]” = Fu(eq)es + W(ea)es
{3_11 212} {641} n {wn w12} {61} 7 (3.25)
J21  J22| |€42 Wo1 W22 |€2

Whel‘e jll - _ sin Q241 _ sin Q241 j22 - _ sin 342 sin Qal342

_ (sin ap41)+(sin a341) +

laa lygg 7 las las 112 = laa
sinasan ;o (sin auga2)+(sin agq1) + sin aioqq I z};Pz41 (z12+213)
i 721 = las Lz 011 — l41 Sin 241 ’
_ Z;FlPZQ (z21+223) _ Z;FQPZ43(231+Z32) _ 2231:’242 (z21+223) Z;szz@ (231+232)
w12 = 42 sin aag1 > W21 = — , W22 = —

l43 sin 342 lg2 sin 342 l43 sin 342

Now, by conducting linearization towards (3.25) in a small neighborhood of
the origin {61 =0,e0 =0,e41 =0,e40 = O}, one has
é4 = Lg(a*)€4 + W@S, (3.26)

where Lo(a*) = Fy(e4)

es=0,e4=0 and W = W(64)

es=0,e4=0- Then, one has

tr(La(a”)) = (ju1 + Jo2)

es=0,e4=0 < 07 (327)

det(Lz(a™)) = (j11j22 — ji2jo1)

% . % . % 2 4 . % . %
:141(5111 e SIn ks +8in® adyy + sinad,, sinady,)

es=0,e4=0

x Ik ]k
U1135055
. . ) . .
n U4 (sin oy sin oo + sin® b,y + sinady; sinad,;)

* J% I
lalin lis
* : * : * : * : * 02 %
 Uip(sin agyy sin oy, + sinagy, sinagy, +sin” agyy)

* Tk °

*
41°42%43

where [}; is the distance between agents i and j in the desired formation. Therefore,
if det(La(a™)) > 0, one has that Ly(a*) is Hurwitz. By using the law of sines,
sin oo, > sinajf;, and sin a3 > sin adq, imply I3, > I35 and If5 > [},, respectively.
Then, one can check that det(Ls(a*)) > 0if If; > I}, and [} > I}, hold because
on the one hand

33 sin gy sin oy > Uy sin agyy sin g, (3.28)
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U1 sin gy sin oy > 1o sin oy sin agys, (3.29)
and on the other hand
) . . 2
sin” g,y =[sin o, cos afyy + cOs by sin ady,
=sin? oy, cos® alyy + cos? agy, sin® aly,

+ 2sin aj 4y COS (545 COS (47 SIN G40, (3.30)
dl*-Z* l*-2* 2*[*-2* l*-2* 2 % d
and I}, sin” af,y > ljy sin” ady, cos® oy, U5 sin® ag,, > 135 sin® g, cos® afy,, an

I3y sin adyq sin aggs + U5 sin agyy sinagyy > 203, sinady, sin agy,

* . * * * L *
> 2035 Sin a1 COS Qgy9 COS Qigyy SIN AG4.

By combining (3.17) and (3.26) together, one has the overall linearized 4-agent
angle error dynamics

L lés| oo | Li(a®) 0 es
N R AT

When L (a*) and Ly(a*) are Hurwitz, one has that L, (a*) is also Hurwitz. When
L4(a*) is Hurwitz, for an arbitrary positive definite matrix Qo € R**4, there always
exists positive definite matrix P, € R*** such that —Qs = PyLy(a*) + L} (a*) Ps.
Design the Lyapunov function candidate as

Vo = €3 Pyéy. (3.32)

Taking the time-derivative of V; along (3.25) yields

. )\min
Vs = &1 Qner < —Amin(Qa)lfea? < —2min(@2)y, (3.33)
)\max(PQ)

Then, one has

Vo < ‘/2(0) ()\mlu(QQ) )t

S max P2) (3,34)
)\min(PZ) Amin(P2)

lleall* < Jl&al® <
which implies that the agent 4’s angle error e4 also converges to zero at an expo-
nential rate. To guarantee that || (e4)|| is bounded and control law (3.24) is well
defined, the collision between agent 4 and agents 1 to 3 should be avoided. Take
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agent 1 as an example, one has

t

1pa(t) — pr(8)]] = 1pa(0) + / wa(s)ds — p1(0) / u (s)ds|
>(1p4(0) — p1 (0)]] — / s (s) — uas) | ds
>114(0) *2/0 (lex(s)] 4 lear(s)] + |ea2a(s)|)ds.

Since 114(0) is sufficiently bounded away from zero, there always exists a finite
time 7" such that in the time interval [0, T) there is no collision between agent 4
and agent 1. Then, according to (3.22) and (3.34), one has

1p4(T) = p1(T)|| = 114(0) — 2/0 (lex(s)] + [ear(s)] + |eaz(s)[)ds

Amas(P1) 4 (0) (1—e" 21?:,53311))1“)
)‘min(Ql) Amin(Pl)

Amaux(-P2) 2V2(0) —( Amin (Q2) T
1 — e Pmax(r) 3.35
* Amin(Q?) )\min(PQ)( ¢ )]’ ( )

>114(0) — 4]

where we have used the fact that |es1| + |es2| < \/2(e7, + €35) = V2|les]|. Since

V1(0) and V5(0) are sufficiently small and l14(0) is sufficiently bounded away

from zero, one has ||p4(T) — p1(T)|| > 0 since [14(0) > 4[§"*((53 /\I:/:n(((gl) +

s — 2uin(@D
]. Then, we extend T to infinity. Because ¢~ 2*max(P1)" > 0 and

Amax (P2) 2V2(0)
Amin(Q2) 'V Amin(P2)

_( >‘xnin(Q2)

e~ (Bmax2))" > 0.Vt > 0, one has that l41(t) = ||lpa(t) — p1(t)|| > 0 for ¢ > 0. On
the other hand, since the initial angle errors e4; (0) and e42(0) are sufficiently small
and eq (t), ea(t), eq1(t) and eqo(t) converge at an exponential speed, as4;(t) and
a342(t) will be bounded away from 0 and 7. Therefore, |W (e4)]| is bounded and
(3.25) is well defined. The proof for 4-agent formation is completed. O

Now, we present the main result for agents 4 to N.

Theorem 3.9 (Stability of all the agents). Consider a formation of N > 3 agents,
each of which is governed by (3.1). Suppose ¢;(0),7 = 1,2, 3 are sufficiently small
and the sub-formation of 1, 2, 3 is governed by (3.9). For agent i,4 < i < N,
if the initial distances l;;, (0), l;;,(0), 1;;,(0) are sufficiently bounded away from
zero, the initial angle errors e;1(0) and e;2(0) are sufficiently small and «
Oé;2ij1 + a;sijz’ sin a;1j2i ;Fjljz’ sin a;'kajs > sin a;zjsi’
formation achieves its desired shape exponentially.

®
Jsiji

> sina then under (3.23), the

Proof. From Lemma 3.8, 4-agent formation achieves the desired shape exponen-
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tially. Suppose for a 4 < k < N, the k-agent formation converges to the desired
shape exponentially. We need to prove that for (k + 1)-agent formation, the relative
angle errors e, 1)1 = Qj, (k41)j> — a;fl(kﬂ)jz and e(p41)2 = Qj, (kt1)js — a;.;(k“)js
converges to zero exponentially. Similar to the proof from (3.24) to (3.33), one has
that the angle errors e(;1); and e(;41)2 exponentially converge to zero. Therefore,
the control algorithm (3.23) can locally stabilize agent &k + 1, i.e., the (k + 1)-agent
formation converge to the desired shape exponentially. So, from induction, N-agent
formation converges to the desired formation shape exponentially. The proof for
Theorem 3.9 is completed. O

Remark 3.10. Note that the control laws (3.9) and (3.23) can be described by a
unified form

U; = — Z(j,i,k)e_A (ijlk — a;‘zk)(zw + Zik)7 (336)

where A = {(17 2, 3), (27 3, 1)7 (37 1, 2)7 (1’ 4, 2)7 (2’ 4, 3)7 ] (jh kuj2)7 (j27 kij)? T
(’il,N, ig), (iQ,N, ig)},jl < k,jg < ]{J,jg < k‘,jl 75 J2 75 J3- Therefore, the unified

control algorithm (3.36) can locally stabilize the angle rigid formation constructed

through a sequence of Type-I vertex additions (Case 3) from a generically angle

rigid 3-vertex angularity. Because we aim at obtaining local stability for multi-agent

formations in Section IV, we only consider the range of the desired angles belonging

to (0, 7) in (3.4)-(3.8), and the case of «;(0) € (7, 27), f € (m, 27) can be similarly

obtained. However, to achieve a general infinitesimally and minimally angle rigid

formation, one can use the gradient-based control law

p=u=(22) — Rl - o). (3.37)

where V3 = 0.5(a —a*) T (. — a*), p, u, « are the stack vectors of p;, u;, aj;i, respec-
tively. It follows that Vs = —(a — ) T Ra(p) R (p)(e — o*). Because R,(p)R. (p)
is positive definite when p is in a small neighborhood of the desired formation, one
has the local convergence of (o — a*).

Remark 3.11. Although each agent’s position in (3.1) is described in the global
coordinate system, it is not used in the control algorithm (3.36). The control
algorithm (3.36) can be realized in each agent’s local coordinate system since
(3.36) can be equivalently written in agent i’s local coordinate frame

b _ * b
Rgui = — Z(j,i,k)G.A (ajik — ajik)Rg(Zij + Zik)7 (338)

where R} € SO(2) is the rotation matrix from the global coordinate frame to
agent i’s local coordinate frame, Rgui is the controller input in agent ¢’s local
coordinate frame, and Rgzij, Rgzl-k are the local bearings measured in agent i’s
local coordinate frame. Since (ajix — aj;;) is a scalar and «a;;y, is the same under
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different coordinate frames, (3.38) and (3.36) are equivalent.

Now we have studied the formation for single-integrator formations, in the
following section, we look at double-integrator formations.

3.3 Angle-only formation control for double-integrators

Consider N mobile agents moving in the plane. Agents are labeled from 1 to N

and V = {1,2,--- , N} is the index set. The dynamics of each agent i,i € V are
modeled by

pi = Vi,

b =, (3.39)

where p; € R? denotes the position of agent i with respect to a fixed global
coordinate frame, v; € R? is its velocity in the same frame, and u; € R? is its
control input to be determined. In this section, we discuss formation stabilization
using identical and distinct control gains, respectively.

3.3.1 The case of identical control gains

We first consider the situation when all agents have the same velocity feedback
gain. Specifically, we design the formation stabilization law as

u; = —kgv; — Z(j’i,k)eA (Qjir — ) (2ij + 2ik)s (3.40)

where the gain k, > 0 is identical for all the agents. To obtain the convergence of
angle errors under (3.40), we need to analyze their dynamics. First, we assume
that 7;;(0), 1;x(0) and sin ;1 (0), V(4, ¢, k) € A are bounded away from zero where
Lij(t) = |lpi(t) — p;(t)]|. According to (3.40), when the initial velocity v;(0) is
bounded and ;;(0) # 0,{;x(0) # 0, the control input u;(0) will be bounded.
Therefore, 377 > 0 such that for ¢ € [0,T4), 1;;(t), Lix(t) and sin o, (t), V(4,4, k) €
A are bounded away from zero. We now analyze the angle error dynamics for ¢ €
[0,T1) and the extension of T} to infinity will be discussed later. Since d(c%:”“") =
—(sin aj;k )& ik, one has

(jéjik = (W) /(— Sinozjik). (341)
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Also, one has

d(cos i) d(ZZsz)

_ _ LT T
P, P,
=2k 7 L(v; — ) + zz; i (v — v;),
ij ik

where P, = I, — z; zg, I, € R?*2 is the 2 x 2 identity matrix. Substituting (3.42)
into (3.41) yields

P r P

. T Zik
Qi — — 27—V — 2,7V
7 ik lij SIN Oy J * lik SIN Qi
P, P,
+ (2 + 2 u;. (3.43)
lij SIN Oy l”c SN (g

Let us choose the following error variables as the system state
T T T AN—4
X:[61,62,641,€42,"' yEN1,EN2, U1 5 7UN] eR (344)

which consists of 2NV — 4 independent angle errors and all agents’ velocities. Then,
from (3.40) and (3.43), one can check that the closed-loop dynamics satisfy

; OeN—1)x(2N—-1) R(X)
X = X = D1 (X)X, 3.45
B(X) —ke @ Iy 1(X) (3.45)

where R(X) € REN-49x2N_ B(x) ¢ R2ZN*x(2N—4) and

Naiz + N3io —N312 —Ng;3 0 - 0
—N391 N3a1 + Nia3 —Nip3 0 -+ 0
R(X) = ) (3.46)
—Njiija  Njuigs + Njziji - —Njsijy

. P, .
with Ny, = 2] —=— e R'™2 j i k € V, and

15 Uik sin ok

—Z12 — 213 0 0 0 0
0 —Z921 — %23 0 0 0

B(X) = | 231+ 232 z31 + 232 0 0 0 (3.47)
0 0 —Z41 — 242 —Z42 — 243 0
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Now, we linearize (3.45) around the desired equilibrium X = 0 to study its local
stability. By linearizing (3.45) around X = 0 for ¢ € [0,7}), one has

. I[D1(X)X
i = (AP0 = 1Dy (X)lx=olX
_ |0@n—1)x@Nn-4 R(X)|x=0 R
- { B(X)|x=0 —ks @ Ion X =Dix. (3.48)

For notation conciseness in the following analysis, a quantity with the superscript =
means that it is evaluated at X = 0. We then show that system (3.48) is stable by
checking that D € R*¥—* is Hurwitz through examining its eigenvalues. Consider
the characteristic polynomial of Dj

Man_4 —R*

, 3.49

[Aun—a — Di| =
where A € C is an eigenvalue of Dj. According to the Schur complement
theorem[46], one has

|Man—4 — D7
R*B*
A+m}
A+ ks)lon_a — R*B*
A+ ks }
=(\+ ko) det]\(\ + ky) oy 4 — R*B*]. (3.50)

=(\+ k) Ndet| Aoy 4 —

— (0 + ky)2V det 2

Hence, —k, is a stable eigenvalue of geometric multiplicity at least 4. To find the
other eigenvalues, we now analyze the structure of the matrix R*B*. For the first
three-agent case, one has the corresponding sub-matrix

a21 a2

[RB](1:2,1:0) = I = {an au} ) (3.51)

where [RB](;.; k:m) is the sub-matrix selecting rows from i to j and columns from &
to m from the matrix RB. Therefore, it follows that

a11 = (Na1z + N3z12)(—2z12 — z13) — Nai3(231 + 232),

a12 = N312(z21 + 223) — No13(231 + 232),

a1 = N3o1(z12 + 213) — N123(231 + 232),
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a2 = (N321 + Ni23)(—221 — 223) — Niag(231 + 232).

Since P.,;z;; = 0 and N3j2212 = 0, one obtains

Noi3(221 + 223) — N3zi2213 (N312 + Na13)zo3

F =
! (N321 + Ni23)z13 Nias(z13 + z12) — N3o1223

(3.52)

Substituting the definition of N;;;, given after (3.46) into a1; yields

219 Peyy (201 + 203)  2{3P., 713
113 sin (6751 B l12 sin (651
_ PPy, L PPz, PiaPei,p1s
l12113 sin a1 l21 123 112Z%3 sin a1
_ 1 phPypi phPeypiz pisPeupis
sin (65} l12113l23 l%2ll3 llgl%g
sin o

= ————— (I35 + lialas + li3la3), (3.53)
l12l13l23

a1l =

sina; __ sinas __ sinasg
l23 l13 l21

where p;; = p; — p;,i,j € V. By using the law of sines
has

, one

sino;  sinog n sin ag

ai; = —( )= —(g1 + f13), (3.54)

l12 l1s l13
where we define f;; = Si?:j,gi = (sinai)(ﬁ + ﬁ),i,j € {1,2,3}, and
(i —1) € N}, (i + 1) € N;. Similarly, by using simplification and the law of sines,

one also has

sin o
a2 = — 2 (lfg + lialig + lagliz) = — (g2 + fa3). (3.55)
1211323
Then, we calculate
_ p?3P212 p{‘QPZ]g P21 + P13
a12 = s "
llgllg S q llgllg S1N (vq 123

l2 _l2 _PTgpm;Uszla +P?2P13P1T3;012
3 2 s 1%5

Z12113l23 sin (651
2 2\
(I35 — I35) sinay

— 13 Mg/ (3.56)
l12l13l23
By using the law of sines 8101 — sinaz _ sinas ' gne hag
23 l13 la1

a2 = fiz2 — fis. (3.57)
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Similarly, one has
(13, — 13;) sinay

= fa1 — fo3. (3.58)
l12l13l23

a1 =

Note that the matrix F} is equal to F; defined in Subsection 3.2. Then, writing
down all the other elements in matrix RB, one finds that RB has a block lower
triangular structure. Consider that for agent i, > 4, there are two desired angles
o ., and o ;. where ji, jo, js < i are the three neighboring agents whom the
agent ¢ will measure the directions with respect to. Then, one has

[RB(2i—3:2i—4,2i—3:2i—4) = F, = (3.59)

{—(lem + Njyigy ) (Zigy + 2iga)  —(Njyigy + Njgigy ) (24, + Zij3):| '
~(Njyijs + Njgijo)(2igy + 2ijy)  —(Nigigs + Nigiga) (2 + 2ijs)

By using similar simplification as for the first three agents, one also has

~ w1 T2
F,=|_ = (3.60)
21 W2
_ 1 1 sinaj2i]~3 . sinajlijQJrsinozjlijs
sin Qi uz(z i Lijy ) lijo lij, ]
Smanuz _ 51naJ2”3+smahU3 o o L 1
I o sin ajzm(lijs + lin)
Now, we find that F},4 < i < N in (3.60) is equal to F; defined in Subsection 3.2.

By checking other matrix elements, one obtains that the matrix R(X)B(X) in the
closed-loop error dynamics (3.45) of double-integrators is the same as the system
matrix A(e,) in the angle dynamics ¢, = A(e,)e, of single-integrators (e, denotes
the column vector consisting of all the 2N — 4 independent angle errors), i.e.,

FF 0 0 - 0
*x F, 0 -+ 0
R(X)B(X) = A(ey) = | *¥* ** 5 - 0] (3.61)

*k k% kx kx Fly

which is an important and convenient fact for the later analysis. We summarize
this using the following remark about matrices F;,i = 1,4, ..., N.

Remark 3.12. Under the angle set .4 and control law (3.40), R(X)B(X) in the
closed-loop error dynamics (3.45) of double-integrators is the same as the system
matrix A(e,) in the angle dynamics ¢, = A(eq)eq of single-integrators. Therefore,
accordmg to [22, Theorems 7 and 8], the matrix F1 is always Hurwitz and F* V4 <

< N are Hurwitz if o ;. = o ;. + ;. sinaj ;. >sinaf; ; and sinaj;, ;o >
sinaj, ;.
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In the case of single-integrators, A(e,)|e,—o being Hurwitz is sufficient to make
the angle-based formation system e, = A(e,)e, locally and exponentially stable.
However, this is not sufficient for double-integrators due to (3.50). Note that in
the case of double-integrators, according to (3.50) and (3.61), the necessary and
sufficient condition to make (3.48) exponentially stable is that the solutions of

det(\(\ + ky) o — F¥] = 0,i=1,4,5,--- , N, (3.62)

have negative real parts. Before presenting the main result, we provide an example
to illustrate that improper selection of gain k, will make a stable angle-controlled
single-integrator system become unstable in angle-controlled double-integrator
system.

Example 3.1. The desired angles: af,; = 7/2,a%1, = 7/4, 055 = 7/4, 054y =
arctan(1.2), sy = arctan(0.3), a5, = arctan(3/v/10), a5, = arctan(1.2). The
initial states: p;(0) = [0.5,0.1]7, p2(0) = [0.1,1.2]7, p3(0) = [-1.2,0.2]T,p4(0) =
0.1,2.0]7, ps(0) = [~1.4,1.2]7, p1(0) = [~0.1, —0.2]T, p2(0) = [0.2, —0.1]T, p5(0) =
[—0.1,—0.1]7, p4(0) = [~0.1,0.4]7, p5(0) = [0.1,0.1]7.

- - -iEl
0.8 - - -i=2

i=142
06 i=243| 1

i=452
- - —i=251

0.4

(O N
0.2p
\
\
NS

L L
0 5 10

1‘5 2‘0 2‘5 30
t/s
Figure 3.4: Evolution of angle errors for single-integrator dynamics with Hurwitz matrices

Fr,i=1,4,5.

This example illustrates that the proper selection of velocity damping gain k;
in angle-controlled double-integrator system is important. Now, we present the
remaining results.

Lemma 3.13. The dynamical system (3.48) is asymptotically stable if and only if

k2Re(\ij) + (Im(N\;5))? < 0,5 = 1,2 (3.63)
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Figure 3.5: Evolution of angle errors for double-integrator dynamics with gain ks = 0.2.

holds for Vi = 1,4, --- , N, where \;; and \;2 are the two conjugated eigenvalues of
the matrix F}, and Re() and Im() denote the real and imaginary parts of a complex
number, respectively.

Proof. Note that one can always find a nonsingular matrix P € C?*?2 such that

- A kx| o
Fr=P P 3.6
K] |: O )\72:| ) ( 4)
where *x represents an element which does not affect the following analysis. Then,
(3.62) can be written into

det|\(A + ko) Ip — 7]

K2

— /\()\—Fk‘s) — i1 *k H—1
=det{P : P
et { 0 A + k) A,;J }

= [MA+ks) — Mg ][AMA + ks) — Ao, (3.65)
which implies that the stability of (3.48) depends on the solutions of A\(\ + k) —
Xij =0,i=1,4,--- N, j = 1,2. Note that \;; can be a complex number. According
to [66, Theorem 40.1], (3.63) is the necessary and sufficient condition to guarantee
that the two solutions of A(A + k) — \;; = 0 have negative real parts. O

Now, we further explore the condition (3.63) by calculating );; and \;5. Ac-
cording to Lemma 1, we have that A(e,)|.,—0 = R*B* is Hurwitz which implies
that Re()\;;) < 0,¥i = 1,4,--- ,N,j = 1,2. According to Lemma 3.13, when
Im(A;;) = 0, A(A + ks) — A = 0 will always have two solutions with negative real
parts.
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e For the case of Im(\;1) = Im(\;2) = 0 in the first three agents, we require for
F} in (3.51) that
AT = (afy — a3y)? + dajyas, (3.66)
= (95 + fis — 95 — f33)? +4(fio = [13)(f31 — [33) = 0.

A = 3% — 2% and simplification, we can conclude

By using law of sines E
3
that (3.66) can be written as

*
ll2

sinay | sinaj  sinay  sinap  sina; sin a3)2

sinas  sinaj  sinad  sinaj  sinoi  sino]

) = 0. (3.67)

(

S1N (g _ S (g S Oy - SIN vy

+ 4

sinaj sinaj’ sinai  sinaj

Similarly for agents 4 to IV, to guarantee Im(\;;) =0, =4,--- ,N,j = 1,2 for F,
defined in (3.60), one has
Af = (@] — @3)% + 477,75, > 0. (3.68)

K2

Multiplying l;‘; at both sides of (3.68) and simplification yields

sina’ . sinaf;
J2J17% : * o vJ3J2 : * 2
[(sinoﬁ ‘ + 1)sinaj;;, (Sinoﬂ‘» ‘ —|—1)smaj2ij3]
23271 1J2]3
(sinaj ,;;, +sinaj ;. )sinaj, o
+4( - sinal ;. )
sin J2173
13271
(sinaf . +sinaf . )sinal;
? 3 1, .
% ( J2t)3 i *]1 J3 J3J2 _ gin a;f ii ) > 0. (369)
sinaf; . 142
132733

o For the case of Im(\;;) # 0, since Im(\;;1) = —Im(\;2) and Re(\;1) = Re(\;2) < 0,
the stability condition (3.63) can be written as

AF <0 and 4k?Re()\;;) — AF <0, (3.70)

where i =1,4,--- ,N, j = 1,2, and Re()\;;) = % when ¢ = 1 and Re()\;;) =
@ when i > 4. By combining the above two cases, one obtains the conditions
such that all the eigenvalues of D have negative real parts, which implies the
stability of the closed-loop system. In summary, we has the following result.

Theorem 3.14. Consider that N agents of double-integrator dynamics (3.39) are
governed by (3.40) with the identical gain ks, the initial errors X (0) are sufficiently
small and the initial distances are bounded away from zero. The formation stabi-
lization defined in (3.4)-(3.8) can be locally achieved if and only if (3.63) holds
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forVi=1,4,---,N. Moreover, (3.63) holds if and only if for each i = 1,4,--- | N,
A¥ > 0or (3.70) holds.

Proof. Note that since D7 is Hurwitz, X = 0 is the only equilibrium of (3.48), which
is exponentially stable. We now analyze the evolution of the distance and angle
errors among agents to guarantee that the nonlinear closed-loop dynamics (3.45)
are well-defined because the collinearity case sin aj;, = 0, (4,4, k) € A and collision
case l;; = 0,1;;, = 0 will make (3.41) and (3.42) invalid, respectively. For ¢ € [0,T}),
since D} is Hurwitz, for an arbitrary positive definite matrix Q; € RU4N-9x(UN=4)]
there always exists a unique positive definite matrix P, € R4N—-49x(4N=4) gych that
DiT Py + PyD; = —Q,. Now, for system (3.48), we design the Lyapunov function
candidate as

Vi=X"PX. (3.71)

Taking the time-derivative of (3.71) yields

)\min(Ql)

=-XTQX <~
Vl Ql )\max(Pl)

Vi. (3.72)

Amin (@

. Vi(t Vi) —jminl@uy
Then, it follows that HX(t)||2 < )\mii((})Dl) < )\miln((}ll)e Amax(P1) ", Since ||X(t)||2 =

24 e34 el +-+ed +edy+ 3 |Jui]|?, one has that for (4,4, k) € A,

Vl (O) _ Amin(Ql) t
)

() —ak | <X @) € 4/ ——L—e Pmax(P1) 3.73
|ajzk() aj1k| ” ()” )\min(Pl)e 1 (3.73)
Similarly, for the velocity of agent i, one has
Vl (0) _ >‘min(Q1) t
v <X @) € )| ——5~€ Pmax(P)", (3.74)
o < IX < 4 5 oy
Note that (3.73) implies
A — 7 < i < o, .
Qjik Amin(Pl) X a.71k(t) S ik + )\min(Pl) (3.75)
According to (3.74), one has
t t
10 = 50) + [ ls(r)dr =150 + [ 250y - war
0 0
t
> 1500) = [ (ol + lelar
P _ 2min(Q1)_
> l”(O) _y Vl(()) )\max( 1)(1 —e ZXmax(Fﬁ)t). (376)

)\min (Pl) >\min (Ql)
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Therefore, if

V1(0)

a;ik - m and a;ik + AInin(jjl) < i (377)
then no collinearity happens among j, i, k. If
)\max P
1;;(0) > 4 Vi(0) (P) (3.78)

)\min(Pl) /\min(Ql)’

no collision will happen between agents i and j. Because a7, is bounded away
from zero and =, and /;;(0) is bounded away from zero, and X (0), V;(0) are suf-
ficiently small, (3.77) and (3.78) holds for ¢ € [0,T7). Assume that there exists a
collision or collinearity in [7}, co) and denote the first time that it happens by T, .
Then, one has the following two cases.

e A collision between ¢ and j happens at T, . Since no collision and collinearity hap-
pens in [0, Ty ), the closed-loop system is well-defined in [0, T5 ). Following the cal-

culations in (3.71)-(3.76), one has that [;;(T,) > [;;(0) — 4 /\:11](((}),1) % >0
which is bounded away from zero. This implies a contradiction with the assumption
that collision happens at T3, . Thus, no collision between agents ¢ and j happens at
Ty .
oA collinearity among j,, k happens at 7;, . Then, one has that «a;;;(75 ) will
approach zero or 7. Since no collinearity and collision happens in [0, 7, ), using
(3.75), one has that a;; (7, ) is bounded away from zero and 7 which implies a
contradiction. Therefore, no collinearity will occur among j,¢, k at T,, .

Since none of the above two cases is possible, no collision and collinearity will
happen in [0, c0) given that the initial formation is sufficiently close to the desired
formation. O

Remark 3.15. According to the parameters given in Example 1, we can check that
F*,i =1,4,5 are Hurwitz which make the single-integrator dynamics stable in Fig.
3.4. However, A} < 0 but 4k2Re()\;;) — AF > 0,5 =4,5,j = 1,2, i.e., (3.70) does
not hold for i = 4,5, which make the double-integrator dynamics unstable in Fig.

3.5.

3.3.2 The case of distinct control gains

The designed formation stabilization law (3.40) in the previous section requires
all agents to have the identical velocity feedback gains k,. To adapt for different
actuator characteristics, e.g., energy consumption or speed constraints in different
agents, in this subsection we design the formation stabilization law which allows
each agent to have distinct control gain k;, namely the control input for agent
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i,i =1,--- N is given by
u; = —kv; — Z(j,i,k)eA (Oéjik — a;ik)(zij + zik), (3.79)

where k; > 0 and k; can be different from k;. By choosing the same system state
variable X in (3.44), one has the close-loop dynamics of X

- |0@eN—1)x@N-1) R(X) B
7 { B(X) —diag{k;} ® I, X = Dy(X)X, (3.80)

where diag{k;} = diag{k1, - ,kn} € RV*N_ To prove the local stability of (3.80),
we consider the characteristic polynomial of D3 again, that is

Man_4 —R*

—B* diag{\ +k;} ® I|’ (3.81)

IMun—4 — D3| = ’

where diag{\ + k;} = diag{\ + k1, - , A\ + kn}. According to Schur complement
theorem, one has

N
Myn—s — D3| = [J{(\ + ki)det[A Loy s — R*diag{(A + k:)~'} ® LB"]}.
i=1

By multiplying matrix B* with diag{(\ + k;) '} ® I, then with matrix R*, it can
be observed that

'Fl* 0 0 0 7
Fy
L ~O*
Ridiag{(A + ki)"Y @ LB = |# = oo - 0 | (3.82)
| ** Kk *k Kk %_

where F} = F(X)|x=0, F1(X) = B; ?L;j and
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iy — (Na13 + N312)(—z12 — z13)  Noig(z31 + 232)

A+ ke A+ ks ’
Gy = Ns12(221 + 223) | Noisz(z31 + 2‘32)7
A+ ko A+ ks
oy = (N321 4+ Nigg)(—221 — 223) | Nizs(za1 + 232)7
oy — (N321 + Ni2s)(—221 — 223) | Nizs(za1 + 2’32).
A+ k2 A+ kg

Then, it follows that

3 N
IMun—s — D3| ={J [\ + ki) det(ALy — Fy){] [ det[A\(A + ki) I — F}]}. (3.83)
i=1 =4

Note that the stability condition of {T]_, det{\(\ + k;) I — E¥]} in (3.83) is the
same as (3.62), which implies that there is no difference for the stability condition
when agents 4 to N have identical or distinct velocity damping gains. Then, the
stability condition for agents 4 to N can be described as

E?Re(\;j) + (Im(N\;;))? < 0,i=4,--- ,N,j=1,2, (3.84)

which holds when (3.69) or (3.70) holds for 7 = 4, - -- , N. But this is not the case
for the first three agents. For the first three agents, the corresponding element in

{Hle()\ + k)Y — Fy) = {ﬁl ﬁﬂ becomes that
A1 Q29

ajy =AA 4 k) (A + k2) (A + ks3)
— (N213 + N312) (=212 — 213) (A + k2) (A + k3)
— Noig (231 + 232) (A + k1) (A + k2)][ x =0,

a5o =[AA+ k1) A+ ko) (A + k3)
— (N321 + Ni23)(—221 — 223) (A + k1) (A + k3)
— Nigs(z31 + 232) (A + k1) (A + k2)]| x=o,

afy = — [N312(221 + 223) (A + k1) (A + k3)
— Noi3(z31 + 232) (A + k1) (A + k2)]| x =0,

a5 = — [(N321 + Ni2z) (=221 — z23) (A + k1) (A + k3)
— Ni2s(z31 + 232) (A + k1) (A + k2)]| x=o-

By letting {Hle()\ + k;)}det(\Iy — Fy) = 0, the stability condition of the first
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three agents becomes that the 8 solutions of the following algebraic equation all
have negative real parts

@ @5y — @joah; = bsA® + b7 AT + -+ by A+ by = 0 (3.85)

which can be checked by Routh stability criterion [66, Theorem 40.1] or some
numerical tools (e.g., Matlab). But the explicit solution of (3.85) is hard to be
obtained due to the high order of the equation (3.85). The algebraic equation
(3.85) is related to the desired triangular formation shape and the different velocity
damping gains k1, ko, k3, which implies that an inappropriate selection of first three
agents’ velocity damping gains may cause the system unstable.

Finally, we summarize the above discussion as the following result.

Theorem 3.16. Consider that N agents of double-integrator dynamics (3.39) are
governed by (3.79) with distinct gains k;, the initial errors X (0) are sufficient small
and initial distances are bounded away from zero. The formation stabilization defined
in (3.4)-(3.8) can be locally achieved if and only if all the solutions of (3.85) have
negative real parts and (3.84) holds. Moreover, (3.84) holds if and only if for each
1=4,---,N, (3.69) or (3.70) holds.

The proof of theorem is followed by the above analysis. The analysis of collision
and collinearity is similar to Theorem 1.

Remark 3.17. The formation stabilization laws (3.40) and (3.79) can be imple-
mented in each agent’s local coordinate frame, i.e., the alignment of all agents’
local coordinate frames is not needed.

Remark 3.18. Note that in the stabilization of distance rigid formations with
double-integrator dynamics [85], the fact that their control law is the gradient
of a potential function helps their stability analysis, see e.g., the multiplication
of rigidity matrix and its transpose being positive semi-definite, and symmetric
structure in the Jacobian matrix of linearized system. However, for the control
law (3.40) designed for the stabilization of angle rigid formations with double-
integrator dynamics, it can be proved that it is not a gradient-based control law
due to the asymmetric/directed direction measurements, which makes this work
challenging and essential. The relationship between single-integrator and double-
integrator dynamics for angle rigid formations is connected through the relationship
R(p)B(p) = A(e,) obtained in (3.61).

Remark 3.19. Note that all the designed formation control algorithms in this chapter
require the angle measurements to be noiseless. Now, suppose in 2D that all the
angle measurements are subjected to an additional noise 4(¢) € R which is bounded.
According to the calculation of interior angle a;;x = (¢ir — ¢i;) mod 2, one has
that the interior angle remains the same under the noisy angle measurements
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Gir + 6(t), ¢ij + 6(t),j, k € N;. However, the direction of the bearing vector
b — {COS(%' +4(1))

97 sin(gy + 5(1))
bounded, it is still possible that the angle-only formation collides into one common
point if the noise takes specific values. Thus, the general convergence analysis
under the existence of noise is challenging and is left as future work.

} is influenced by the noise 4(¢). Although the noise is

3.4 Simulation examples

In this section, we first provide a simulation example to validate the effectiveness of
the proposed angle rigidity-based control law (3.36). Then we compare the angle
rigidity-based formation control law with bearing rigidity-based formation control
law. To begin with, we give the desired formation shape in Fig. 3.6.

;1 O
(a) Angle-based (b) Bearing-based

Figure 3.6: Desired formation shape.

3.4.1 Angle rigidity-based control law

Consider 5 agents in the plane with the following initial positions
p1(0) = [08702}1‘7272(0) = [017 14]Tap3(0) = [_14703}1‘7
pa(0) = [0.1,2.3]%, p5 (0) = [-1.7,1.6]",

which are also used for other simulation examples. According to the form of A in
(3.36), we consider the desired angles shown in Fig. 3.6(a) as

13 =T[4, Qlqg = T/4, 0591 = T/2, a4y = arctan(0.5),

aky, = arctan(=), ad-, = arctan(=), -, = arctan(—),
241 t (2) 254 tan(3), 5o tan )

2 V10

which leads to a globally infinitesimally angle rigid formation according to Proposi-
tion 2.12 and Theorem 2.17. To demonstrate the coordinate-independent property
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illustrated in Remark 3.11, we introduce a misalignment §; = 5° in agent 1’s coor-
. cosfy —sinf , .
dinate frame Ry (0) = | . ' '|, and the other agents’ coordinate frames
sinf;  cosb;

are the same as the XOY shown in Fig. 3.6.

Under the control law (3.36), the simulation results are given in Fig. 3.7-Fig.
3.8.

Figure 3.7: Formation trajectories under angle rigidity-based control law with misalignment.

)
02k - - - =321
=132
L —— i=241}]
i=342
| i=254
01 i=152]]

t/s

Figure 3.8: Angle errors under angle rigidity-based control law with misalignment.

3.4.2 Bearing rigidity-based control law

According to [101], a bearing rigidity-based control law is described by

pi = - Zjej\ﬂ- Pzij Z;‘jv (386)
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where the desired bearing constraints in this simulation are defined as

i = [L0) 25, = [77 _T]Tazgz = [77 7]T7
' VB sy L VB 2V
G = 01 = = e = [ -
« _12V5 Vo . 3VI0 —VI0
254 = [?, 5 1T, 22, = [1,0]T, 25, = [T’ 170]T

Then, we introduce the misalignment into agent 1’s coordinate frame. By
defining ||z;; — z;;|| as bearing error, the simulation results are given in Fig. 3.9-Fig.
3.12.

2.5 -2 -15 -1 -0.5 o 0.5 1 15

x/m

o 5 10 15 25 30 35 40

t/s
Figure 3.10: Bearing errors under bearing-based control without misalignment.
According to the above simulation results, one has that the angle rigidity-based

formation control algorithms do not require the alignment of all agents’ coordinate
frames, while bearing rigidity-based control law in [101] does.
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Figure 3.11: Formation trajectories under bearing-based control with misalignment.
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Figure 3.12: Bearing errors under bearing-based control with misalignment.

Appendix A

In view of (3.9), it follows

P,
212 = 7 2 (ug — uq) (3.87)
12
PZ * *
27;2[—(042 — 042)(223 + 221) + (Oél — al)(zlg + 212)].
So
T
212713 (3.88)
P,
=[(1 — a}) (213 + 212) — (@2 — a5) (223 + 221)] " =2 213
12

(sin? o) (aq — a) — (cos az + cos o cos ao) (g — ab)

l12
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Since
cos g + cos avg cos g =— cos(ag + ag) + cos ag cos ag
=sin aosin (3.89)
it follows
. sin o s K.
3T215 = I ! [(aq — af)(sinay) — (ae — @) sin as].
1
Similarly, one gets
. sin o s Ky
2T, 513 = I Ll(on — al)(siney) — (o — a3) sin ag].
By using (3.10), agent 1’s closed-loop angle dynamics are
. . 1 1 .
&y = — (sinay)(5— + 7—)(a1 — of)
lia  hi3
sin av sin o
2 (oo — o) + 2 (g — o). (3.90)
l12 l13
Similarly,
. , 11 .
o = — (sinag)(— + —)(ag — a3)
la1 a3
sin o N sin o N
“(on = af) + —— (a3 — 03), (3.91)
l21 la3
. , 11 .
Gy =— (sinag)(— + —)(az — af)
l31 32
sin av sin «
Lan — o) + 52 (g — a). (3.92)
I31 l32

Writing (6.11)-(3.91) into a compact form, one has the closed-loop triangular
formation dynamics given in (3.11).

Appendix B

Note that

d(cos araq1)

dt

= —(sin apq1 ) Groa1 =

= (241) 242 + (241)" a0,

d(z1; 242)

dt
(3.93)
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First, we calculate

Z41 = T(Zh —P4) = ZZ“ u ZZ“ Ug, (3.94)
1 41
and
. wy P,
(241)TZ42 = — 74(]2 — 2412’;{1)242 + u¥ 41 Z42 (3.95)
la1 la1

By substituting the control law for agent 4, one has

[(qvoq1 — a4q)(cos agqq + cos? a241)}
la1
[(a342 — @45)(cos? aiaq1 + COS Qaq1 COS (341

(2a1) 240 = —

la1
" [(0241 — 0541)(008 o41 + 1)]
la1
349 — Q% 1 + cos azgo P,
+ [( 842)( )] o ZIQ Z41 (212 + 213)61
la1 la1
)
(co41 — 4q) SIN® aagy r P
= — zpp (212 + 213)€1
la1 la1
* 2 2
n (orga2 — 045)(SIn” argq1 + sin” a4y COS (i342)
la1
Q349 — Quh 40 ) COS (igg1 SIN (i9gq SIN (U349
+ ( 342) , (3.96)
a1
and
P. Iy — 2402}
T . T T 12 42<42
231242 =251 —lz“z Uz — 2y
42 42
P 241 — ol SiIl2 241
— _ 211 242 (221 —|-223)62 + ( 241)
la2 L2
342 — ol —sin 241 sin 342

l42
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Then, it follows

.T T .
s = 1 d(cosansr) 241242 + 241240
241 = — — =— -
sin aaq1 dt sin aigq1

. 11 )
= — (sinoq1)(— + — ) (41 — Adyq)
lan lao

(a2 — o) (sin ang1 + sinagar)
a1
(342 — (v3yo) Sin g4 n 241 Peysy (201 + 203) .
Lz l42 sin apgy
21 Pesy (212 + 213)
l41 sin aiogy

+ 2

er. (3.98)

Analogously,

} . T T .
. 1 d(cosassz) Za2%43 + Z4p%43 (3.99)
342 = — — - i .
sin aizao dt sin aizqg

, 11 .
= — (sinaga2)(— + 7—) (342 — a3y)
l43 l42

B (241 — a4y ) (sin aigqo + sin agqn)
laz
(241 — 05y4y) sin a2 . 243 Py (221 + 223)
la2 l42 sin 340
2Py (231 + 230)
l43 sin Q342

€2

(61 —+ 62).

By combining (3.98) and (3.99), one has the compact form (3.25).

3.5 Concluding remarks

Based on the developed angle rigidity theory in 2D, we have also demonstrated
in this chapter how to stabilize a multi-agent planar formation using only angle
measurements, which can be realized in each agent’s local coordinate frame. The
exponential convergent rate of angle errors and no collision between specified
agents have also been proved.



Chapter 4

Formation maneuvering in 2D

his chapter investigates how to maneuver a planar formation of mobile agents

using designed mismatched angles. The desired formation shape is specified
by a set of interior angle constraints. To realize the maneuver of translation,
rotation and scaling of the formation as a whole, we intentionally force the agents to
maintain mismatched desired angles by introducing a pair of mismatch parameters
for each angle constraint. To allow different information requirements in the
design and implementation stages, we consider both measurement-dependent
and measurement-independent mismatches. Starting from a triangular formation,
we consider generically angle rigid formations that can be constructed from the
triangular formation by adding new agents in sequence, each having two angle
constraints associated with some existing three agents. The control law for each
newly added agent arises naturally from the angle constraints and makes full use of
the angle mismatch parameters. We show that the control can effectively stabilize
the formations while simultaneously realizing maneuvering.

4.1 Introduction

Two types of formation control problems, i.e., formation shape control and for-
mation maneuvering control, have been extensively studied recently [7, 71]. The
works in [17, 63, 101] realized the control of desired formation shapes by using the
measurements of relative positions, distances and bearings between neighboring
agents, respectively. At the same time, in many practical applications, formations
are expected to be “maneuverable”, e.g, capable of translating, scaling and rotating
to adapt to complex environments. For instance, when a team of flying unmanned
aerial vehicles aims at going through some areas containing obstacles, they need to
change the velocity, orientation, and even the scale of the whole formation. There-
fore, researchers have studied the formation maneuvering problem which requires
the achievement of not only the desired formation shape but also simultaneously
the translation, rotation or scaling of the formation [99].

To achieve formation maneuvering, some researchers have proposed several
approaches given different types of formation shape descriptions and available sens-
ing information. When a desired formation shape is described by relative positions,
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formation translation was achieved in [75] requiring the measurements of relative
positions. For rigid formations with distance constraints, the formation maneu-
vering algorithms were designed in [32, 85] by introducing a pair of mismatches
per distance constraint, in which the rotational and translational maneuvering
was achieved by using the measurement of relative positions in each agent’s local
coordinate frame. For a desired formation shape described by inter-agent bearings,
based on the bearing rigidity developed in [101], the work in [99] achieved the
scaling and translational formation maneuvering using relative positions. Note that
these works [32, 75, 85, 99] cannot fully achieve the formation maneuvering of
scaling, rotation and translation easily at the same time. The reason is that, because
of the dependence of coordinate frames, displacement constraints vary during rota-
tion and scaling, distance constraints vary during scaling, and bearing constraints
vary during rotation. Note that for most of the proposed formation maneuvering
algorithms [29, 31, 32, 41, 42, 61, 64, 75, 85, 99, 100], the measurements of
relative positions are required. Compared with relative position measurements,
angle measurements are cheaper, more reliable and accessible. With the rapid
development of sensor technologies, angle information can be obtained from the
locally equipped passive radars, sonar systems or cameras [89, 103].

Motivated by the facts that interior angle constraints are invariant during trans-
lation, rotation and scaling, this study aims at realizing the formation maneuvering
enabling translation, rotation and scaling, under the conditions that the formation
shape is described by interior angle constraints and the measurements are chosen
angles. To be more specific, based on the angle-based formation stabilization
law [11, 22], we employ the mismatches in prescribed angles, and propose to
use “designed mismatched angles” after the angle mismatches are added to each
agent’s desired interior angles. This is a different approach than designing distance
mismatches between two neighboring agents in the existing literature.

4.2 Problem Formulation

4.2.1 Angle measurements

Each agent ¢ has its own fixed coordinate frame }, which may differ from }_ .
Let p; denote agent j’s position in ) _;. To simplify notation, whenever causing no
confusion, we drop the superscript reference to ) , e.g., p; = p?. Agent i measures
the angle ¢;; € [0,2n),Vj € N; towards agent j evaluated counterclockwise from
the X-axis of >, and here \V; denotes the set of the neighbours of agent 7 that do

. L . ; L —pl COS Qi
not coincide with i. We call the unit vector 2}, := 24—+ = { 0

from i to j which starts from p!, points towards p;, and can be uniquely determined

} the bearing
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by ¢;;. For the agents ¢,¢ + 1, and ¢ — 1 shown in Fig. 4.1, the interior angle «; can
be calculated by

o =AL>0E—-1)i(i+1) = arccos(ziT(iH)zi(i,l)). 4.1)

Note that even when ), are chosen differently, o; remains the same but 2}, = RY 2]},

where z;; is the bearing from p; to p; described in ) " and RY € SO(2) denotes
the rotation matrix from }, to > .

i+l

Figure 4.1: The angle measurements.

4.2.2 Problem formulation

The goal of this chapter is to design the control input for each agent i such that

the N-agent system achieves a desired formation described by interior angles, and

at the same time realizes desired maneuvering. First, we study the triangular

case when N = 3, and then extend the obtained results to generically angle rigid

formations when N > 3. For the triangular case, the objective stated separately is:
(i) to achieve the desired triangular formation shape, i.e.

limy oo €i(t) = 0,Vi = 1,2, 3, (4.2)

*

where the formation-shape error signal e; are defined to be ¢;(t) = «;(t) — af,
af € (0, 7) denotes agent ’s desired interior angle, and naturally o} + of + aj = 7;
(ii) to achieve one of the following separately defined maneuvering:

(ii.A) translational formation maneuver
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where v} € R? is the desired translational velocity described in PP

(ii.B) rotational formation maneuver
limy o0 (Pi(t) — w* Epe;(t)) = 0, (4.4)

where E = [{ '] is a skew-symmetric matrix, p.; = p; —p. denotes the vector from
the maneuvering reference point p,.. to agent #’s position p; (thus Ep,; corresponding
to rotating p.; by 7/2 counterclockwise), and w* € R is the desired rotational
angular speed, with w* > 0 corresponding to rotating counterclockwise. The
formation reference point p. can be chosen differently, e.g., the centroid p. =
+ Zf\; 1 Pi; in applications, it can be chosen to be the position of a well recognized
landmark in the environment.

(ii.C) scaling formation maneuver
limtﬁoo (pl (t) — S(t)pci (t)) = 0, (45)

where s(t) € R is the modulation factor for the scaling speed which can be typically
chosen as s(t) = kse~ 7,y > 0, ks € R. Note that s(¢) > 0 or ks > 0 corresponds to
enlarging the formation, while s(¢) < 0 or ks < 0 shrinking the formation.

If the translation, rotation and scaling maneuverings are required to be achieved
simultaneously, then by combining (4.3)-(4.5) together, the maneuvering control
objective becomes

limy_y o0 [pi(t) — (0 + " Epes(t) + s(t)pes(t))] = 0. (4.6)

When N > 3, we aim to control those multi-agent formations that are angle
rigid. Here we briefly mention a few concepts from angle rigidity theory. The multi-
point framework that we consider consists of a set of points and angle constraints,
and it is said to be angle rigid if under appropriately chosen angle constraints, the
framework can only translate, rotate or scale as a whole when one or more of
its points are perturbed locally. An angle rigid multi-point framework with the
configuration p = [pf,--- ,p%|T € R?N being generic, e.g., no three points are
collinear and no four points are on a circle, is said to be generically angle rigid. For
more details about angle rigidity, readers can refer to [22].

To construct a generically angle rigid N-agent formation, according to [22],
one can grow the formation by N — 2 steps as introduced in Subsection 3.2. Then,
for agents i,7 = 4, ..., N, the formation control objective is to achieve

limy o0 €41 (f) = limg o0 (v 45, (8) — @ 45,) = 0, 4.7)
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Figure 4.2: Formation maneuver velocity vectors: translation, rotation and scaling.

limy o0 €i2(t) = limy—y o0 (@jyijs (1) — @f,5,) = 0, (4.8)

where ji < 4,j2 < 4,j3 < i, and o ;;, € (0,7),a},,;. € (0,7) denote agent i’s
two desired angles formed with agents ji, j2, js € {1, 2, ...,4 — 1} respectively, and
to achieve the maneuvering of translation, rotation and scaling as described in

(4.3)-(4.6).

Therefore, the desired formation shape is described by a set of angle constraints
* * * * * * * * * * :
o = {af,ad,af, 0, Abag, - s O pins Xholjgs " ’ailNi27ai2Ni3}‘ The goal is to
achieve these angles and the maneuvering objective (4.6) simultaneously.

4.3 Formation maneuvering for single-integrators

Consider in this section that for an N-agent system moving in the plane, the motion
dynamics of its agent 7 are modeled by single-integrators

ﬁi :uivi:17"'7N7 (4-9)

where p; € R? denotes the position of agent i described in a fixed global coordinate
frame }° , and u; € R? is the control input to be designed.
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4.3.1 Triangular formation maneuver

In this section, we aim at achieving the triangular formation maneuvering for
the first three agents. First, we will present a formation maneuver algorithm by
introducing a pair of mismatches per angle constraint. Then, for the cases of
measurement-dependent and measurement-independent mismatches, the forma-
tion maneuver control algorithms and the corresponding stability analysis will be
given respectively.

A. Formation maneuver algorithm design

In [11], using bearing measurements, three agents achieved a triangular formation
shape described by three interior angles of,i = 1,2,3. The control algorithms
designed in [11] can be equivalently written as

Zi(i+1) T Zi(i—1)

U; = —]{71‘(041‘ o (410)

‘ ||Zi(i+1) + Zz‘(i—1)H7

where k; > 0, z;(;11) is the unit vector starting from p; and pointing towards p; 1,
and we assume (i+1) = 1 wheni = 3, and (¢—1) = 3 when ¢ = 1 in this subsection.
Now, we modify the control algorithm (4.10) into

u; = —ki(a; — a;‘)(zi(iﬂ) + Zi(ifl))- 4.11)

Now, we introduce a pair of designed-mismatches per angle constraint « into
(4.11) such that the formation maneuvering with translation, rotation, and scaling
can be realized. By following [21], we design the formation maneuvering law as

U; = — ki(ai —a; — &)Zi(H»l) - ki(ai —a; — &)Zi(iq)
= —ki(oi — o) [Zigi41) + Zigi—)] + izigi1) + Rizii—1))
=Uf; + Umi, (4.12)

where p; € R and fi; € R are the designed-mismatches associated with agent i’s
desired angle o, uy; is the formation shape control part and u,,; is the maneuver
control part. From (4.12) and (4.6), the steady-state velocity p; of agent ¢ at the
desired triangular formation shape («; = o) with the desired maneuver can be
decomposed into three parts

pr :pz(translation) + p:(rotation) + pz(scaling) (4.13)
=v. + W Epei + 8(t)Pei = pizi(iy1) + RiZii-1)s

Note that in (4.13), 2;(;41) is determined by the bearing measurement ¢;(; 1),
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but p.; is the vector from the reference point p. to agent i’s position p; which
needs to be additionally measured. In the following two subsections, we introduce
two techniques to design the mismatches to realize the desired maneuvering,
which include the measurement-dependent mismatches p;(2;;, Pes), fi(Zij, Pei) OF
wi(t), fui(t) for short that require the real-time measurements of z;;(t) and p.;(t),
and the measurement-independent mismatches p;(a*), fi;(a*) or u;, fi; for short
that are not related to the real-time measurements but calculated in the design
stage based on the desired formation shape «o*.

B. Measurement-dependent mismatches

Now, we use the measurement-dependent mismatches to realize the desired ma-
neuvering under the measurements of z;; and p,;, in which we assume that all the
agents’ coordinate frames ), have the same orientation as »_ . In the following,
we first illustrate how to design u;(¢) and fi;(t), then analyze the stability of the
closed-loop system. Note that the desired maneuvering velocity p; in (4.13) is a
linear combination of translation velocity v}, rotation velocity w* Ep.; and scaling
velocity s(t)pc.;. We first show in the following how to design u; and j; in (4.12) to
achieve each maneuvering separately, then simultaneously.

(1) Translation

According to (4.13), only considering translation maneuvering with v, one requires

vr = pi(t)z12 + fu1 (t) 213, 4.149)
vy = pa(t)zes + fia(t) 221, (4.15)
’U: = /Lg(t)231 + ﬂ3(t)232, (4.16)

where we assume that the three agents’ positions are not collinear. Then, u;(¢), fi;(t),
i =1,2,3 can be calculated by

= Ziti+1) (1) 2i—1)(1) - vi(1)
|:Zi(i+1)(2) Zi(il)(2):| { y 4.17)

pi(t)
fi(t)

where z;(;11)(1) and z;(;11)(2) denote the first and second elements of vector z;(; 1.
Note that (4.14)-(4.16) are equivalent to adding the same v to all agents. To make
(4.17) well-defined, the matrix [2;(;41) 2;;—1)] should always be invertible, which
can be guaranteed if there is no collinearity among agents 1 to 3.
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(2) Rotation

Only considering rotation around p,. in (4.13), one has

W Eper = pa(t)z12 + fu (t) 213, (4.18)
W Epea = po(t)zeg + fio(t) 201, (4.19)
W' Epes = ps(t)zs1 + fiz(t)z3z. (4.20)

Similarly, p;(t), fi:(t), 4 = 1,2, 3 can be calculated by

-1
_ | Zia+n (1) Zi(i—l)(l)} {W*pci(2):| 491
|:Zi(i+1)(2) Zi(i—l)(2) w*pei(1) | “-20)

(3) Scaling

Only considering scaling with respect to p. in (4.13), one has

5(t)per = pa(t)z12 + fir (t) 213, (4.22)
s(t)pea = pa(t)zo3 + fia(t)za1, (4.23)
5(t)pes = p3(t)za1 + fiz(t)z32. (4.24)

Also, p;(t), f1;(t),4 = 1,2, 3 can be calculated by

0] _ [z () 2] [s®pa()
Lli(t)} N Li(i+1)(2) Zi(i—l)(2):| { } : (4.25)

Then, by applying translation, rotation and scaling simultaneously, one has

7 t — * *
{528} =[2i(i+1) Zi(i—1)) " (v} + w* Epei + s(t)pes) (4.26)

=[Zi(i+1) Zi(z’—l)rl {

V(1) — w*pei(2) + s<t>pc,;<1>}
V2 (2) + W pei(1) + s(t)pei(2) )

which is well-defined when [z;(;11) 2;(;—1)] is invertible. By applying the designed
mismatches (4.26) into control law (4.12), we are ready to give the following
result.

Theorem 4.1. Consider a 3-agent formation described by (4.9), with the control
signal (4.12) and mismatches p;(t), ;(t),i = 1,2,3 as designed in (4.26). If the
initial angle errors e;(0) are sufficiently small, ;(0) # 0, and ||p;(0) — p;(0)|],% # j
are sufficiently away from zero, then the 3-agent formation converges exponentially to
its desired shape and maneuvers with the combination of the prescribed translation
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(4.3), rotation (4.4) and scaling (4.5) .

Proof. Note that the angle error dynamics ¢; are affected by the combination of
formation shape control part us; = —k;(a; — o )(2i(i+1) + 2i(i—1)) and maneuver
control part w,; = pizi(i+1) + flizii—1)- According to Appendix A, the angle error
dynamics can be described by

o7 -0 fiz  fiz] [e
é= |az| = Fi(e)e= | for —g2 fa3| |ez2|. (4.27)
a fa1r fa2  —gsl les

where fi; = kj(sina;)/lij, gi = (sina;) (ki /lii+1) + ki /lii—1)), and li; = [|p; — p; |
denotes the distance between agents i and j. According to Appendix A and (4.27),
the maneuver control part u,,; has no contribution to the angle error dynamics é¢;,
which is reasonable since the whole formation’s translation, rotation and scaling
will not change its interior angles.

First, we prove that the 3-agent formation will not become collinear under
(4.27) if it is not initially collinear. If for a fixed i, o; — 7, one has a;_; — 0 and
a;+1 — 0 because a; + ;1 + ;41 = 7. Note that of,i = 1,2,3 are bounded
away from zero and =, which implies that e; > 0 and e;.1 < 0, ;-1 < 0. Then,
since g; > 0 and f;; > 0,5 = ¢ — 1,7 + 1, from agent ¢’s angle error dynamics
¢ = —gi€i + [iti+1)€i+1 + fii—1)€i—1, one has é; < 0, which implies that ¢; makes
it impossible to achieve a; = 7. Similarly should «; — 0, one would obtain the
contradicting result that o; increases. Since «; has to be 0 or 7 in the collinear
situation, the contradictions we have constructed imply that the three agents will
not become collinear if their initial positions are not collinear. Therefore, it follows
that the calculation of (4.26) is well-defined.

Since e; + e + e3 = 0, the angle error dynamics (4.27) can be reduced to

. e (g1 + fizs) fiz— fis er]
o LJ - { for = fas _(92+f23)} LJ = Fales)es. (4.28)

Let U € R? denote the neighborhood of the origin {e; = e; = 0}, in which we
investigate the local stability of (6.15). Linearizing (6.15) at the origin, we obtain

és = Ares, (4.29)
where A; = Fs1(es)|e,—0- Then, under e; = 0, i.e., o; = o, one has

tr(Ay (o)) = —g1 — fi3 — g2 — fa3 <0, (4.30)
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det(Ai(a®)) =(g1 + f13)(g2 + f23) — (fa1 — f23)(f12 — f13)
>g1 fa3 + g2.f13 + fa1f13 + fi2faz > 0, (4.31)

where we have used the fact that g; g2 > fo1f12. According to (4.30) and (4.31),
one has that A; is Hurwitz. By following the Lyapunov Theorem [54, Theorem
4.6], for an arbitrary positive definite matrix @, € R?*2, there always exists a
positive definite matrix P, € R?*2 such that —Q, = P, A; + AT P,. We then design
the Lyapunov function candidate as

T
‘/1 :eSP1857

whose time-derivative is

y Amin(Ql)
Vi=—el < -, .32
1 e; Qres Nenae (P1) 1 (4.32)
where A\in() and Apax() denote the minimum and maximum eigenvalues of a
square matrix, respectively. Then, one has

Vi Vi(0) - jmnGue

i +e5 = |les| < (4.33)

Also, one has

€5 =€ + €5 +2e1e2 < 2(ef 4 €3) < me_mt,
which implies that e; under the dynamics (4.27) is exponentially stable when the
initial states lie in U. Then, according to (4.9) and (4.12), one has lim;_, o, p;(t) =
i (t) Zii1) (t) + i (t) 2 (i—1) (t). Therefore, if (4.14)-(4.16), (4.18)-(4.20), or (4.22)-
(4.24) are applied separately in (4.13), one has that the maneuvering defined in
(4.3)-(4.5) is achieved separately. Meanwhile, if they are applied simultaneously
by (4.26), the maneuverings consisting of translation, rotation and scaling are
achieved simultaneously. O

C. Measurement-independent mismatches

Now, we consider that agent 7 can only measure z;(; 1) and z;;_) in (4.12). The
mismatches p; and fi; are calculated in the design stage by using the information of
the desired formation shape. Towards this end, we first define a body frame }_, )
whose origin is fixed at the position p; (¢) of agent 1, and X -axis points from the
position p; (t) of agent 1 to the position p»(t) of agent 2, and Y'-axis follows the
direction under right-hand rule.
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p3 (0

z b(0)

b(t)
p3(t)

*
Ps
- p -

Figure 4.3: Relationship between several coordinate frames.

At the initial design stage ¢ = 0, consider the static and reference formation
configuration p”* = [(pt*)", (P5*)", -, (p§)"]" € R*" described in 37, ), which
satisfies all the desired angle constraints a*. As shown in Fig. 4.3, according to the
definition of 3=, one has p}* = [0,0]", p§* = [z,;,0]" where x,; can be chosen
as an arbitrary positive number; then, one can calculate p%*, ..., p% using the angle
constraints o*. If one has a reference configuration p* = [(p1)T, (p5)T, -+, (p3)T]T
of the desired formation described in 3~ with pj = [0,0]", p5 = [z,;,0]", then one
directly has p** = p*. Now, we use p”* for the design of measurement-independent
mismatches.

(1) Translation
Only considering translational maneuvering, similar to (4.14)-(4.16), one has
v = RZ(O)UZ = uiz%ﬂ) + /lizf-’(jfl),i =1,2,3 (4.34)

Py —p?
Tob o]

be calculated by

where 20* = is the bearing calculated by p®*. Then, u;, fi;,i = 1,2,3 can

b b -1 bk
Hi| _ Zi(i+1)(1> Zi(¢1)(1)} {UC (1)} . (4.35)
/7‘2} Lféﬂ)(?) -] (@) '

Since the bearing vectors zf(*l 1) zf(*i_l) are not collinear in a generically angle
rigid formation according to [22, Definition 4] and Assumption 3.1, the matrix
[2¥i41) #i;_1)) is invertible. Since the desired velocity v* is described in 37,

in (4.34), the control objective (4.3) for translation maneuvering in this case is
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modified to
limy o0 (REp; () — 02%) = 0, (4.36)

b(t) - . .
where Ry is the rotation matrix from > to 3.

(2) Rotation
Considering rotation around the centroid in (4.13), one has
W Epg; = Hizi(ypn) + Bz i = 1,2,3, (4.37)

where plf = pb* — pb* = pt* — L ;.V:l ph*. Then, p;, fi;,i = 1,2,3 can be similarly

calculated as (4.25).

(3) Scaling
Only considering scaling with respect to the centroid in (4.13), one has
s(t)p% = uizf(*iH) + ﬂizf’(*i_l). (4.38)

Then, u;, fi;,© = 1,2,3 can be calculated. Then, by applying translation, rotation
and scaling simultaneously, one has

2%

12

=[2¥ 0y 2Tt (0 + Wt Bl + s(t)pl)) (4.39)

which is well-defined since [zf(*Z 1) 2%71)] € R?*2 s invertible. Now, we apply the

constant mismatches designed in (4.39) into control law (4.12).

Theorem 4.2. Consider the 3-agent formation described by (4.9), with the control
inputs (4.12) and mismatches p;, fi;,i = 1,2,3 as designed in (4.39). If the initial
angle error e;(0), and the designed-mismatches are sufficiently small, a;(0) # 0 and
llp:(0) — p;(0)||, % # j are sufficiently away from zero, then the 3-agent formation con-
verges exponentially to its desired shape and maneuvers with the prescribed translation
(4.36), rotation (4.4) and scaling (4.5) simultaneously.

Proof. To analyze the convergence of e;, we first aim at obtaining the angle error
dynamics ¢;,7 = 1,2,3. Note that the analysis method of angle error dynamics
given in [11] cannot be used in this case because of the part 1;2;(;+1) + flizii—1) in
control law (4.12). Instead, we derive the angle error dynamics by using the dot
product of two bearings. According to Appendix B, one has the following angle
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error dynamics

—g1 fi2 fiz] [ar—of ha
é=[d1 co )" = Fale)e+ Ha(e,p, i) = | for —g2  fo3 | |a2 —a3| + |ha],
fsr fz2 —g3] Llag— a3 hs
(4.40)

where g¢; and f;; have the same forms as (4.27), and

b Sin o — fhi4q Sin o4 g n L sin o, — fi;—1 sin o1

hi =
Licit1) liti—1)

Now, we analyze the local stability of (4.40). Since e; + es + e3 = 0, one has the
following sub-dynamics

) é
€s = {6;:| = FSQ(es)es + HSZ(BS)U2

_ |+ f13)  fi2—fis | |n— o] n hii hi2 hiz his his his Uy
fo1 — fo3 —(92 + f23) Qg — 043 hoi  hoo  haz hos hos  hog ’
(4.41)
where U2 = [p1, p2, p3, fin, iz, fis] ", b1 = Smal , hia = bmaz , his = his = 0,
hig = 573, hig = *Smm > hor = hag = 0, h22 = Sl%wé h23 = Slzg‘g hoy =
S‘l“;“ hos = % It can be verified that H3(0, i, i) = 0 which implies that

e = 0 is an equilibrium of (4.40). To obtain the local stability of (4.41), we linearize
the dynamics (4.41) at the origin. The linearized system of (4.41) at the origin can
be written as

€s = Ales + Bles = (A1 + Bl)es,

where B; = ce=0 = [M%f%) M]( I,®Us)|e.—0, and Ay = Fyy(es)|e,—o0
which implies that for an arbitrary positive deﬁmte matrix @, € R?*2, there exists

a positive definite matrix P, € R?*? such that Qy = —(P,A; + AT P,). Since Us(t)

is bounded, we then check the stability of (4.41) when e, lies in a neighborhood
region U, of the origin e, = 0. Consider the Lyapunov function candidate

_ OHy(es)Us
Des

Vo = e Pres,
whose time-derivative is
VQ < *)\min(Q2>HesH2 + e;r(BlTPQ + PQBl)GS g (*)\min(QZ) + Q1)H65||27 (442)

where ¢; = 2|| By || Amax(P2). For a neighborhood of the equilibrium, one can obtain
)\min(Q2) 2 q1 by ChOOSing
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o small designed-mismatches p;, i; since d2(p) in ¢; grows with p continuously
and 02(u) > 92(0) = 0, which in general require that the maneuvering speed
|lvE]l, w*, ks should be small according to (4.39);

e big feedback gain k; when ki = ko = ks which only makes

Amax (P2) smaller but not A\, (Q2) because Q- is given and d,(u) is not related to
k’i.

When A\pin(Q2) > ¢1, the sub-dynamics (4.41) are locally exponentially stable.
By following (4.32)-(4.33), one has

Vo _ Va(0)  dum@nom,

2 2 2
er +e5 =|le < e Amax (P2)
! 2 H S” h Amin(P)Z) h /\min(PQ)

(4.43)

Since e; = es = 0 implies e3 = 0, the overall dynamic system (4.40) is lo-
cally exponentially stable, i.e., lim;_, ., ¢; = 0, which implies that lim;_,, p;(t) =

limy o0 (1i2igi41) () + fizii—1) (). Then, it follows that lim, ., Ry p,(t) =

limg o0 Ro" (t132igi1) (£) 4 i zigi—1) (£)) = Timy oo (pizys ) (8)+ iz 1 (1)) = 02

where we have used the facts that }_,, is rigidly attached at the real-time

formation and zf}t) (t) — z}¢ when a; — aj. For rotation and scaling, since
kspP = uizf(*iH) + ﬂiszé_l) implies that kspe; = 11i%i(i+1) + HiZi(i—1), one has that
the rotation and scaling are also achieved. Therefore, the maneuvering defined in
(4.36), and (4.4)-(4.5) is achieved. Note that the formation’s eventual orientation
Ré’(oo) is not necessarily equal to RZ(O) and the overall maneuvering velocity de-
scribed in Zq is limy o0 pi (t) = limy_ o0 [Rg(t)vf,* + w*Epe;i(t) + kspei (t)] where the
formation’s eventual orientation Rg(oo) depends on the initial states of the agents
and the rotation maneuvering that the formation conducted. Finally, we analyze

the non-collinearity in this case. Note that (4.43) implies that Vi = 1,2, 3

QVQ(O) - Amin(@2)—a1, < 2‘/2(0)

2Xmax (P2)

Amin(P2) )\min(PZ)’

lei] = Ja; — af] <

If we choose initial formation errors e;(0) such that V5(0) is sufficiently small
(corresponding to local stability), one has that «;(¢) will be bounded away from
zero and 7 because «,i = 1,2, 3 are bounded away from zero and . This implies
that no collinearity will occur in this case. O

Remark 4.3. Each agent’s position in (4.9) is described in the global coordinate
frame, but it is not used in the maneuver control algorithm (4.12). For the case of
measurement-independent mismatches, (4.12) can be realized in each agent’s local
coordinate frame which can have different orientation from p since (4.12) can
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be equivalently written as

Rf“é =— k(o — af)Rf(zf(iH) + Zf(iﬂ))
+ iRz} 0y + 1Rz, ), (4.44)

where RY € SO(2) is the rotation matrix from agent i’s local coordinate frame ),
to the global coordinate frame Z 9 ul is_ the controller input applied in agent i’s
local coordinate frame ), and Zi(i41)r Zi(i—1) AT€ the bearings measured in agent
i’s local coordinate frame. Since (a; — ) and p;, fi; are scalars, (4.44) can be

reduced to

uj = —ki(o — a;)(zg(i+1) + 22(1—1)) + Mvﬁzf(iﬂ) + ﬂizf(i—l)

which is equivalent to (4.12). Note that the measurement-independent mismatch
design in (4.39) can be calculated in the design stage which uses the formation of
the desired formation shape p®* described in 2 _1(0)- However, the implementation
of (4.12) is completely distributed, i.e., no aligned coordinate frames or global
information is required to be shared among agents.

Remark 4.4. Note that the desired translation velocity in (4.14)-(4.16) is described
in a global coordinate frame, but in (4.34) is described in Zb(o)- To achieve
a desired translational velocity described in the global coordinate frame in the
measurement-independent mismatch case, one can align one real-time bearing
z;; to the bearing zf;‘ described in Zb(o) [32]. However, the mismatch design for
rotation and scaling in both time-varying and constant cases is not influenced by
the global or local coordinate frame because the rotation and scaling is conducted
with respect to the formation’s reference point p. instead of an external reference
frame, see Fig. 4.2 and (4.3)-(4.5).

Remark 4.5. For the case of measurement-dependent mismatches, one can also
add the desired maneuvering velocity v} + w*Ep? + s(t)p? directly into (4.11).
The reasons for designing measurement-dependent mismatches are supported by
two facts. The first is that the controllers for the cases of measurement-dependent
and measurement-independent mismatches have the same form (4.12). Therefore,
when the measurements of relative position are available, the formation maneu-
vering can be realized with measurement-dependent mismatches, but when they
are unavailable, the formation maneuvering can be realized with measurement-
independent mismatches whose control law has the same structure as measurement-
dependent case. The second is that the analysis of angle error dynamics (4.40)
in the case of measurement-independent mismatches is based on the angle error
dynamics (4.27) in the case of measurement-dependent mismatches. We show
that when the mismatches are measurement-dependent, the angle error dynamics
(4.27) are not related with the mismatches anymore, which is reasonable since the
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whole formation’s maneuvering in terms of translation, rotation and scaling will
not change the magnitude of agents’ interior angles.

4.3.2 Collision analysis

Note that the bearing vector z;; = Hij%i\l’ j € N; used in the maneuver control law
(4.12) is not well-defined if there exists collision between neighboring agents : and
j. Therefore, the analysis on the collision among the three agents is needed. Since
we are controlling interior angles, we would like to show that the distance [;; =
lpi —p;|| does not vary much, which is not obvious when maneuvering is conducted.
Therefore we need to assess the order of magnitude of how much /;; can grow or
shrink from the initial conditions. Consequently, we provide the following analysis
considering the cases of measurement-dependent and measurement-independent

mismatches, respectively.

A. Measurement-dependent mismatches

Taking agents 1 and 2 as an example (the other cases can be similarly analyzed),
one has

llg(t) = llg(O) + /t l.lz(T)dT

t _ Ty
:lu(o)Jr/ (P —p2)” (Pr = P2) 4
0 Ip1 = p2ll

t
= ll?(o) + / Z;Fl (ufl —Uufr2 + Um1 — unLQ)dT- (445)
0
First, we consider the formation part uy; — uyss in (4.45)

t t
/ Z;Fl (Ufl — Ufg)dT = / ]fgegzgl (221 + 223) — k‘1€12:2Tl (212 + 2’13)d7'
0 0

t t
g/ (2k1\61|+2k2|62|)d7<2/512/ V€2 + €3 + 2ler ||ea|dr
0 0
t
<2k / ¢ 1 e2dr, (4.46)
0

where k12 = max{k;, k»} and we have used the fact that 2|e;||es| < €2 + €2. By



4.3. Formation maneuvering for single-integrators 75

using (4.33), one has

2\ (P1) _ 2min(Q1)
/ Vel +esdr < v P m — e Pmax(P1)
rmn l rmn Ql

max Pl Vl( )
= rmn(Ql) mln(Pl)

(4.47)

Then, we consider the maneuver part w,,1 — tm2 in (4.45). By using (4.12) and
(4.26), one has

t t t
/ 231 (U1 — Um2)dT :/ 291 [W*E + 8(7) o) (per — pe2)dT = / s(7)l2(7)dT,
0 0 0
(4.48)

where we have used the fact that 23, Fzo; = 0 and p.; — pe2 = 221l12. According
to (4.54), the translational and rotational maneuvering has no impact on the
change of [15(¢), and only scaling has. Note that when modulation factor for the
scaling speed s(t) > 0, i.e., conducting formation enlargement, one always has
fo 7)l12(7)d7 > 0. By substituting (4.46)-(4.54) into (4.45), when s(t) > 0 one
has

¢ 4k 19 A max (P1) 2V71(0)
llg(t) 2 llz(O) +/0 S(T)llg(T)dT — )\min(Ql) )\min(P:L)

4];:12Arnax(P1) 2‘/1 (O)
)\min(Ql) )\min (Pl) .

> 112(0) —

(4.49)

However, the case of s(t) < 0 is also important in obstacle avoidance task
because it corresponds to shrink the formation. To achieve the task of shrinking the
formation, a typical form of s(¢) < 0 is s(t) = —e~7*. Now, we analyze the impact
of this special case of shrinking formation on the change of /15(t). By using the
integration by parts, one has

t t t
[ sra(ridr = [ 9 tha(r)de T =g e 1 [ ding(r)
0 0 0

t t
=y et — fy*l/ e Ts(m)lia(r)dT — 41 / e*”’T[zgl(ufl — uyg)]dr.
0 0
(4.50)

Note that in (4.50), v 'l12e7™7* > 0 and —v lf e 7s(T)li2(7)dr > 0 since
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s(t) < 0. In addition, by using (4.46), one has

t
- 7_1/ e 7 [z (up1 — upo)ldr
0

¢
<’7712\/§/_€12/ e T\Je? +e3dr
0

B t Amin (Q1)
<y R2vV2kg, >\V~1(((21) / e~ (P IRLETED ) dr
min 0

V1(0) 2 max(P1)
)\min(Pl) Amin(Ql) + Q’YAmax(Pl) .

<12V (4.51)

By substituting (4.46)-(4.54) and (4.50)-(4.51) into (4.45), when s(t) = —e™*
one has

4k Amax(P1) [ 2V3(0)
)\min(Ql) Amin(Pl)

‘/1(0) 2)\max (Pl)
)\min<P1) Amin(Ql) + 27Amax(Pl) '

Lia(t) >112(0) (4.52)

— v 12V2k,

Finally, we summarize the above analysis into a proposition.

Proposition 4.6. Consider a 3-agent formation described by (4.9), with the control
signal (4.12) and mismatches p;(t), f1;(t),7 = 1,2,3 as designed in (4.26) and

a;(0) # 0. For the case of s(t) > 0, if [12(0) > 4’;/1\”‘“(&5(11;1) v/ /\i}:t((?)l), no collision
will happen between agents 1 and 2. For the case of s(t) = —e™ " < 0, if l12(0) >

4k12 Amax (P1) 2V1(0) —1 T Vi (0) 2Amax (P1)
Amin(Q1) Amin (P1) +7 2\/§k12 Amin (P1) Amin (Q1)+2YAmax (P1

will happen between agents 1 and 2.

L then no collision

Proof. For the case of s(t) > 0, since [12(0) > 0, 37> > 0 such that in [0, 73], no
collision happens between agents 1 and 2. Assume that there exists a collision
between agents 1 and 2 in [T5, c0), then there must exist an escape time 7, such
that [12(7%.) = 0. Since no collision happens in [T, 7, ), the closed-loop system is
well-defined in [T5, T ). Following the calculations in (4.45)-(4.49), one has that

c

l12(T7) = 112(0) — 4’}/1\25'“(6‘5(11;1) \/ /\2‘_/1((2,)1) > 0 which is bounded away from zero.

This implies a contradiction with the assumption that collision happens at T,. Thus,
no collision happens in [0, c0). The case of s(t) < 0 can be similarly obtained. O

B. Measurement-independent mismatches

For the case of measurement-independent mismatches, the description of {15(¢) in
(4.45) still holds. By following the analysis from (4.45) to (4.47), one has the effect
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of formation part us; — u e on la(t)

4];512)\max(P2) 2‘/2(0)
)\min(QQ) —q1 )\min (PQ) .
(4.53)

¢ ¢
/ Zoq (Up1 — upe)dr < 2\/51612/ e? + e3dr <
0 0

Then, we discuss the maneuver part u,,; — un2 in (4.45). By using (4.12) and
(4.39), one has

t t
/ 201 (U1 — Umo)dT = / 2oy (1212 + i1 213 — pozoz — fizzer )dT
0 0
t
:/ (—p1 — fio — fig cos ap — g cos ag)dr. (4.54)
0
By using «; = e; + o, one has

— 1 — fl2 — fi1 COS (1 — {2 COS Qip

_ . o L . -
= — 1 — fig — fi1(cos ey cosa] — sinep sina]) — po(cos es cos ay — sin eg sin ).

Now, we use the Taylor series to describe cos e; and sin ¢;

e e (=1)mef”
cose¢:175+ﬂ+~~+ ot (4.55)
. e (1)t

Slneizei—g—Fﬁﬁ-"'—FW, (456)

where n — oo and n! denotes the factorial of n. Since ¢;(0) is sufficiently small and
e;(t) converges to zero at an exponential speed, we only focus on the first main
part in (4.55) and (4.56). Then, one has

— {1 — fl2 — [i] COS (x] — [42 COS Qvg

A — 1 — i1 cos ] — fig — o cos ah + firer sinal + paeg sin . (4.57)

On the one hand, by using (4.39) for the first part of (4.57), one has

—wwv&lw@}

H1

— p1 — fl1cos Q] — fig — pi2 COS iy = — [1 (Z?S)TZ%] fi
2

=— (35" [y ohs] [0 2t (ubr + w0 Bl + s(t)ph)

— (50T [ br] a8y 2Bt (ub + W Bl + s(t)ph)

=(213) "W E(py" — pY*) + s(t) (05" — p})] = s(t)1Vs, (4.58)
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where we have used the fact that cos af = (2%5) 7 2%%. On the other hand, for the

second part of (4.57), one has

t t
/ (finer sinaj + paeg sinad)dr < / tmax12(le1] + |ea])dT
0 0

where fimax 12 = max{|f1], |¢2|} and we have used that fact that |sina| < 1. By
following (4.46) and (4.47), one has

/(Iell+|62\ d¢<f/ Veb+eddr < Armas(F) fvz((f}). (4.59)
min 2

mm Q2) —q1

By substituting (4.53) and (4.54)-(4.59), one has

¢ 4];312/\ (P2) 2‘/2(0)
ha(t) >115(0 +/ t)5dr — o
12(t) 2112(0) . s(t)lzdr Amin(®@2) — @1 | Amin(P2)

- 2Nmax 12>\max(P2) 2‘/2(0)
Amin(@2) = a1\ Amin(P2)’

(4.60)

where fo (t)1%5dr > 0 when k, > 0. For the case of ks < 0, the conclusion can be
similarly analyzed by following (4.50)-(4.51). Finally, we summarize the above
analysis into a proposition.

Proposition 4.7. Consider the 3-agent formation described by (4.9), with the control

inputs (4.12) and mismatches p;, ji;,i = 1,2, 3 as designed in (4.39), and the initial

angle error ¢;(0), and the designed-mismatches are sufficiently small, «;(0) # 0
4k192 Amax (P2) 2V, (0) 2fmax 12 max (P2) /[ _2V2(0)

and ks > O' I'fl12(0) > )\niizn(QQ)_;l >\n]i:(P2) + ll’>\min1(2Q2)_q12 1]]1:(P2)’ then no

collision will happen between agents 1 and 2.

The proof can be similarly obtained by following Proposition 4.6.

4.3.3 Extension to generically angle rigid formation

In this section, we aim at realizing N-agent formation maneuver control by using
designed mismatches. Since the maneuvering for the first three agents is realized,
we now consider how agent i, = 4,--- , N can be added to the formation by giving
two desired angles o ;. and o ;. j1 <, j2 < i,j3 <. As shown in Fig. 3.2, we
first investigate how agent 4 can be merged with the first triangular formation, and
then we illustrate how agents 5 to NV can be similarly merged into the resulting
formations.

We can design a similar stabilization control algorithm for agent 4 to achieve
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the two desired angles a7 ,, and o,

ug = — kg1 (142 — @5 49) (241 + 242) — kao(voas — Ada3) (242 + 243), (4.61)

where k41 and k4o are positive constants. To make agent 4 also maneuver with
the desired translation, rotation and scaling, we modify the stabilization control
algorithm (4.61) as the following formation maneuver control algorithm

Ug = — k41(04142 - Oéﬁg - ]5*4)(2’41 + 2’42) - k42(04243 - 04;43 - ]/:74)(242 + 243)
41 42

= — ka1 (o142 — a7 49) (241 + 242) — kao(oa3 — d43) (242 + 243)
+ prazar + (pa + fia) 242 + [lazas
=Ufq + Umd, (4.62)

where 14 € R and iy € R are the designed-mismatches associated with agent 4’s
desired angles aj,, and a3,;.

By following the similar steps given in Subsections. IIl. B and C, we give the fol-
lowing procedure for the measurement-dependent and measurement-independent
mismatch cases, respectively.

A. Measurement-dependent mismatches

Similar to the design procedure (4.14)-(4.26), we use the measurement-dependent
mismatches p4(t), fi4(t) to realize the desired maneuvering under the measure-
ments of z4;,7 = 1,2,3 and pey = ps — pe.

(1) Translation
According to (4.13), only considering translation maneuvering, one requires
vy = pa(t)zar + (pa(t) + fia(t))za2 + fia(t)zas, (4.63)

Then, p4(t) and fi4(t) can be calculated by

{m(t)} _ {( +2)(1) (a2t 243)(1)} B {v:m}
fia(t) (201 + 242)(2) (242 + 213)(2) v '

(2) Rotation

Based on (4.13), considering rotation maneuvering, one has

W Epes = pa(t)za1 + (pa(t) + fa(t))za2 + fa(t)zas. (4.64)
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Similarly, p4(t), fi4(t) can be calculated.

(3) Scaling
Only considering scaling maneuvering in (4.13), one has

S(t)pc4 = lUg (t)Z41 + (,u4(t) + fiq (t))2’42 + [i4 (t)243. (4.65)

Then, p4(t), f14(t) can be calculated. By applying translation, rotation and scaling
simultaneously, one has

{Zigﬂ =[za1 + 242 za2 + 243] (V) + W Epeq + 5(£)pea). (4.66)

Now, we give the result for the 4-agent case.

Theorem 4.8. Consider a 4-agent formation described by (4.9), with the con-
trol (4.12) for agents 1 to 3, the control (4.62) for agent 4, and the mismatches
wi(t), i (t),i = 1,2,3 as designed in (4.26), and p4, fi4 as designed in (4.66). If
the initial angle errors €;(0),i = 1,2,3 and e41(0), e42(0) are sufficiently small,
a;(0) # 0, sinajy, > sinagyy, sinal,; > sinags,, and aj,; = aj, + af, and
llp:(0) — p; (0)||, % # j are sufficiently away from zero, then the 4-agent formation con-
verges exponentially to its desired shape and maneuvers with the prescribed translation,
rotation and scaling simultaneously.

Proof. According to Appendix C, one has agent 4’s angle error dynamics

€42
—g1  fi2 Q142 — 0‘?42 + w11 Wiz2| |€1
— )
for 02| |z — adys wor  wWo2| |e2

where g1 = kg1 sin aaa(1/l41 + 1/142), o = ko sin aogs(1/l4z + 1/142),

by = FM} = Fi(es)es + Wea)es (4.67)

__ kaz(sinaigo+sin aia3) | kao blIl a243 ks (sinapaz+sin aiaz) | kaq sinagan
fio = I + s for = las + iz W11 =
21y P.,, (z12+213) o 25 Pyyo (221 +Z23) . 2421:’243 (z314232) o 243PZ42 (z21+223)

y W12 = ,Wa1 = =

41 sin 142 l42 sin 142
T p
249 P43 (2311 232)
l43 sin @243 °

By considering a small neighborhood of the origin {e; = 0,es = 0,e41 =
0, e42 = 0}, (4.67) can be linearized to

l43 Sin aiog3 ’ l4o Sin aioqs

é4 = Aseq + Boey, (4.68)
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where Ay = Fy(e4)|e,=0,e,=0, and By = W(e4)|e,=0,e,=0. Then, one has
tr(A2) = (=91 — g2)les=0,e.=0 < 0,
det(Az)‘ 9192 — fizfa

es=0,es=0 — |€4:O,65:0
k41 k42 k41 k42

% . * . % 2 4 . % . %
_ I3, (sin oq sin ad g + sin® ady, + sinady, sinagy,)

ENEIES
l41l42l43

* . * : * s 02 % : * : *
n I35 (sin g,y sin oo + sin® b,y + sinady; sinad,,)
* * *
lalin U3
* : * : * : * : * 2 %
 Uip(sinadyy sin oy + sinagy, sinagy, +sin” agyy)

lleZZZZ3 .
Then, if det(45) > 0, one has that A, is Hurwitz. It can be observed that
det(A43) > 01if I5; > I}, and I3 > I}, hold because on the one hand

Uyssin gy sinagy > Uiy sinagyg sinagyq, g sinagyg sin gy > Uhs sinagy; sinagy,,
since sin o}, sina%,, > 0. On the other hand,

sin? o, = [sin oy, oS Ay + COS Ay, Sin A ys)?

L ain2 ok 2 % 2 % 2 % . * * * . *
= SINn" (igyq COS a342+cos Qgyq SIN a342+281na241 COS QX349 COS (g, SN (349,

and

2

.. 9 .9 .9 .
I3, 802 a0 > g sin? adyy cos® gy, Uissin® adyy > Uiy sin® ady, cos® alys,

since cos? a4, < 0, cos? aly, < 1, and

U1 sin aig g Sin oy + Uhg sin agyq Sin g > 2035 sin gy sinagy,

* . * * * . *
>205 sin a1 COS Qrgyn COS Qg SIN Ay

since sinad,; sinal,, > 0 and cosaj, cosaj,; < 1. Based on law of sines,
the conditions [}; > [}, and [}; > [}, are equivalent to sinaj,, > sinaj,, and
sin a5 > sin ads,, respectively.

Combining (4.29) and (4.68), one has the linearized 4-agent angle error dy-

namics
- 6 — A1 0 (&
64 = S = A4€4 = S

& By Al |es (4.69)

When A; and A, are Hurwitz, one has that A, is also Hurwitz. Then, for an
arbitrary positive definite matrix Q3 € R***, there always exists a positive definite
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matrix P3 € R*** such that —Q3 = P;A, + A Ps. Design the Lyapunov function
candidate as
Vs = e, Pséu,

whose time-derivative is

. _ _ _ Amin(Q3)
‘/ = — T < — s 2 < - L .
3 €4 Q3e4 X A11(1111(623) ||€4 || X )\max(Pg) 3

Then, one has

V3 < V3(0)  _2min(Qa),

5 < ~ 9 < < Amax (P3) 4-70
||€4|| H€4|| ArniIl(Pn?’) Arnin(P?))e o ( )

which implies that ||e4|| also exponentially converges to zero when the four agents’
initial angle errors are in a small neighborhood of the origin {e; = 0,e2 = 0,e4; =
0,e42 = 0}. To make the calculation of (4.66) valid and W (e,) well-defined,
one has to guarantee that z41(t) # £242(t), z42(t) # £2z43(t),¥t > 0, which are
equivalent to a42(t) # 0,7 and angs(t) # 0,7, Ve > 0, respectively. From (4.70),

one has |eq1(t)] < 4/ A,:i((%lg)’ which implies

[ V3(0) . [ V5(0) .
—\ =+ < t) <y ~— 5~ + .
)\min(PB) age < a142(t) Amin (P5) Qg2

\/V3(O) < \//\min(P3) *MIn{m — afy0, A0, T — Q3y3, Aoy3},

Therefore, if

one obtains 0 < ay42(t) < 7,0 < ag43(t) < m,Vt > 0, which guarantee the valid-
ness of the calculation of (4.66) since the first three agents are not collinear for V¢ >
0. Then, according to (4.9) and (4.62), one has lim;_, o P4 (t) = limy_ o0 Upma(t) =
limt_mo[,uél (t)Z41 + (,LL4(t) + ,L~L4 (t))242 + ,l~144(t)243} = limt_wo pz (t) By USiIlg (463)-
(4.65), one has that the maneuvering defined in (4.13) is achieved. O

To guarantee that || (e4)| is bounded and control law (4.62) is well-defined,
the collision between agent 4 and agents 1 to 3 needs to be avoided. Similar to
the 3-agent formation case, we conduct the collision analysis by considering l4; (¢)
which takes agent 1 as an example

t
l41(t) = 141(0) + / Z:fl ('U,fl —Ufq + Um1 — um4)d7'. “4.71D)
0
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On the one hand, by using (4.33) and (4.70), one has
t t
/ (s — upa)dr < / 2kaler] + kaslear| + kazleas])dr
0 0

t
g/ 2(k1v/€2 + €3 + V2kyr/€2, + €2,)dr

< 4k1 max Pl 4k4)\max PS 2V3
b rnln Ql )\mln Pl IIlll’l Q3 )\mln

where ky = max{ky1, k42 }. On the other hand, by using (4.26) and (4.66), one has

¢ t
/ z:fl(uml — Upg)dT = / z:fl (W'E + 8(7)12) (pe1 — Pea)dT
0 0
t
= / s(T)lg1(T)dT >0 (4.72)
0

when s(t) > 0. For the case of s(¢) < 0, the conclusion can be similarly analyzed by
following (4.50)-(4.51). Similarly, one has the following proposition.

Proposition 4.9. Consider a 4-agent formation described by (4.9), with the con-
trol (4.12) for agents 1 to 3, the control (4.62) for agent 4, and the mismatches
wi(t), i (t),i = 1,2, 3 as designed in (4.26), and p4(t), 14(t) as designed in (4.66)
and s(t) > 0. If the initial angle errors ¢;(0),i = 1,2,3 and e41(0), e42(0) are
sufficiently small, o;(0) # 0, sinafy, > sinadyy, sinaj,; > sinads,, and aj,s =
Oy + 3y If 141(0) > 4k1,::::?xQ(fl) VX n‘]/,ln((OPl) 4k41i\:::axQ(fS) VX i‘ﬁ(P )’ then no colli-

sion will happen between agents 4 and 1.

Now, we design a general formation maneuver control algorithm for arbitrary
agenti,4 <t < N

i fii
U; = — kil(aj1ij2 - O‘;’;ijs kll )(Zwl + Zl]z) — ki2 (O‘jQijs - Oé;(QijS k; )(sz + les)
1 1
= — ki1 (ayijo — OF,45,) (Zijs + 2ija) — ki2(Qnigs — 5,45, ) (Zigo + 2ijs)
+ pizigy, + (i + 1) 2ig, + fizigs
=Uf; + Umgi, (4.73)

where p;(t), f1;(t) can be similarly designed according to (4.63)-(4.66), and j1, ja, j5 <
i. Under the fact that 4-agent formation achieves the desired shape exponentially,
we suppose for a 4 < k < N, the k-agent formation converges to the desired shape
exponentially. We need to prove that for (k + 1)-agent formation, the angle errors
E(k+1)1 = Oy (k1)js — OF, (1), AN €kt 1)2 = Xy (kb 1)j5 — O, (541, CONVEIZES tO
zero exponentially. Similar to the proof from (4.61) to (4.70), one has that the an-
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gle errors ;1)1 and e(;41)2 exponentially converge to zero. Therefore, the control
algorithm (4.73) can locally stabilize agent k£ + 1, i.e., the (k + 1)-agent formation
converges to the desired shape exponentially. So, by using induction, N-agent for-
mation converges to the desired formation shape exponentially. Similarly, the forma-
tion maneuvering is achieved since lim;_, o0 P; () = lims—s o0 Ui (t) = limy o0 P ().

B. Measurement-independent mismatches

Similar to the design procedure (4.63)-(4.66), we use the measurement-independent
mismatches to realize the desired maneuvering under the measurements of z4;,7 =
1,2, 3, and the information of desired formation shape p®* described in Zb(o) is
required to be known in the mismatch design stage.

By applying translation, rotation and scaling simultaneously, one has

paziy + (pa + fua)285 + fazis = o2 + W Epgy + s(t)pli, (4.74)
bx _ bx
where ZZJ* = Hzé*fg‘:;”. Then, mismatches 4, fi4 can be calculated by

] g G B ) @7)
4

which is well-defined when [24} + 255 255 + 255]~! is invertible. Since no three
points are collinear in the desired generically angle rigid formation[22, Definition
4], the matrix [257 + 285 245 + 283] is invertible. Now, we present the main result.

Theorem 4.10. Consider a 4-agent formation described by (4.9), with the con-
trol (4.12) for agents 1 to 3, the control (4.62) for agent 4, and the mismatches
Wiy iyt = 1,2,3 as designed in (4.39), and g4, 4 as designed in (4.75). If the
initial angle error €;(0),i = 1, ..., 3, €41(0), e42(0) and the designed-mismatches are
sufficiently small, ;(0) # 0 and ||p;(0) — p;(0)||,% # j are sufficiently away from
zero and sin ajy, > sinady,, sinajss > sinads,, and aj, 5 = afss + 5,4, then the
4-agent formation converges exponentially to its desired shape and maneuvers with
the prescribed translation (4.36), rotation (4.4) and scaling (4.5) simultaneously.

Proof. According to Appendix D, one has agent 4’s angle error dynamics

é4 = F4(64)64 + W(64)65 + H4(64)U4 (476)
—5 fio | |ona2 — afys 4| w2 e
fo1 —02| |43 — adys wWor  wWa2| |e€2

hir hiy his hia his hig hir hls} Uy

+
haoi  hoa  haz hos hos has hor  hog
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where Fy(e4), W (eq) have the same definitions as (4.67), h11 = z42l41§zﬁzlg,
hia = Z:fluzizﬁzz& hiz =0, hia = Zz2l41§TmZ42 + 241m241, his =
—Zio s —213, hig = *2211425;714&“2221, hiz = 0, g = Z;?gm:hm(az +
243) + 24?11425%243’ ha1 =0, hoe = ngmgzﬁzz& has = 2‘12[43,5%231,
hog = Zzzm(zu + 242) + 243l42§m241, has = 0, hag = 2531425%221;
ho7 = zfzngz, hos = 23, Toa oo 242 + Z4gmﬁﬁ2’43,

U4 - [:ula M2, 143, 4, ,Lle ,u27 /137 /14]T
Note that |les|| and ||Uy| are sufficiently small. Therefore, the angle error

dynamics (4.76) are locally stable when Fy(ey)|e,—0 is Hurwitz. To obtain the local
stability of (4.76), by using the similar analysis steps from (4.68) to (4.72), one
has the local stability of angle error dynamics (4.76). Also, when the initial angle
errors are sufficiently small and the initial distances are sufficiently away from zero,
no collision will happen. Similarly, it can be proved that the prescribed formation
maneuvering in terms of translation, rotation and scaling can be achieved. For
agents 4 < i < N, under the formation maneuver algorithm (4.73) with constant
mismatches which are similarly designed according to (4.66), one can also prove
that the formation shape and maneuvering can be achieved simultaneously. O

Remark 4.11. Note that the formation shape given in Fig. 3.2 is described by the
angles £ijk, which will be maintained by agent j under the bearing measurements
of z;; and z;;. Therefore, the bearing measurements among the first three agents
are undirected, while for agents from 4 to N, the bearing measurements are
directed. In addition, since p? — pb = p; — p. — (p; — pc) = pi — p;, the maneuvering
reference point p. can be set as other well-selected point of interest, which is not
necessary the centroid of the formation. Although the results in Theorems 1-4
and Propositions 1-3 are local, this work first realizes formation maneuvering by
controlling interior angles and using bearing measurements.

4.4 Formation maneuvering for double-integrators

Consider in this section that for an N-agent system moving in the plane, the motion
dynamics of its agent 7 are modeled by double-integrators

Pi = Vi, (4.77)
'l.)i = Ui,i = 1,...,N,

where v; € R? denotes the velocity of agent i. Note that the maneuvering reference
point p. used in rotation (4.4) and scaling (4.5) is usually set as the formation
centroid or a leader agent’s position in practical tasks. Considering the cascading
construction of desired angle rigid formation in section 2.3, we assume in this
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section that agent 1’s position is the maneuvering reference point of the rotational
and scaling motions, i.e., p. = p1. Then, the desired maneuvering velocity for agent
1,Vi € V can be described by

Vmi(t) = v + ke pi +wiEpa, (4.78)

where p;; = p1 — p;. Therefore, the objective of this section is to design control
input u; under the available information of z;;,j € A; and v; — v,,; such that the
formation maneuvering defined in (4.3)-(4.5) can be achieved. In the following,
we consider two cases that the relative velocity v; — v; can or cannot be measured
by agent i,i = 2,--- , N, respectively.

4.4.1 The case with relative velocity measurement

Now, we design the maneuvering control algorithm as
U =Vpi — ks(Vi — Umi) — Z(j,i,k)eA (qvjik — i) (2ig + Zik), 4.79)

where ©,,; is the feedforward term for the agent’s double-integrator dynamics
which can be calculated by

Omi =(Vi L + WEE)pi — vie 'pa (4.80)
=(vi L+ wiE)(v1 —v;) —vie 'pa.

Note that the relative velocity information v; — v; is included in (4.80).

Theorem 4.12. Consider that N agents of double-integrator dynamics (4.77) are
governed by (4.79), the initial angle and velocity errors are sufficiently small, and the
initial distances are bounded away from gzero. The formation maneuvering defined
in (4.2), and (4.6)-(4.8) can be locally achieved if and only if (3.63) holds for
Vi=1,4,---,N.

Proof. First, we analyze the angle error dynamics and velocity error dynamics of
the closed-loop system under the designed maneuvering control algorithm. In this
maneuvering case, we define the following system state variables

T T T T T
Y =le1,e2,€41, €42, - ,EN1,EN2,V] — Uppis© s UN — U] - (4.81)

Our objective is to prove that Y = 0 is a locally stable equilibrium under (4.79).
Similar to the formation stabilization case, p;(0) is bounded if the initial velocity
v;(0) is bounded and [;;(0), {;x(0), sin ;% (0) are bounded away from zero. There-
fore, 3T > 0 such that ;;(t), lix(t),sin ojix(¢),V(4, ¢, k) € A are bounded away
from zero for ¢ € [0, 7). We first analyze angle error and velocity error dynamics
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for ¢t € [0,T5). According to (3.43), one has

L r Py v P
Qjik = — Zik : Uj — Zij :
li; sin oz, lir, sin aujp,
P, . P,
+ (2 i P k), (4.82)

r— +2E—
ik lij sin o, Lk sin o

Note that the velocity error variable in this case is v; — v.,,; instead of v;. Therefore,
we rewrite (4.82) into

. _ T Pzz‘j T Pzik T Pzij T PZ'HC
Qjik = = Zip7 .~ Vi~ &7 U (Zik S
li; sin aujp, lik sin acjp, li; sin oz, lix, sin acjp,
P, P,
T Zij T Zik
= Zik - (Uj - Umj) — Zij — (Uk - Umk')
li; sin aujp, lix, sin avjsp,
P. P,
T Zij T Zik
+ (szl . +ZUZ " : )(UZ _Umi)
ij SIN Qi ik SIN QG
T Pzij T Pzik
— 2T Umj — % - Uk
li; sin aujp, lir sin g,
P, r P

2 Y (4.83)

T
+ (7 - + 27—
(zin lij sin ajig Lk sin o
In the following, we investigate the effect of the maneuverings in the last three
components of (4.83) on the angle dynamics ¢;;;. For translational maneuvering
Umi = U5, Vi € V, one has

_ T PZz‘j *_ T quk *+(T PZz‘j T Pzik *—0
Zik T sinaon Ve Zijl = Ve Zik T simaor Zijl = Ve = U.
ij S Oljik ik SHL Ok ij S Oljik ik SHL QgL
(4.84)
For scaling maneuvering, one has
* T Zij * T Zik
— e Zikil : Pj1 — Ve Zij T Smo Pk1
ij SIN Ok ik SIN Ok
P, P.
T Zi, T Zik
e Gin T 25— )pi1 = 0. (4.85)
lij sin aujp, Lir sin ajgp,
For rotational maneuvering, one has
2L P, Ep; 2IP, E TP 2P
WeRipd 2, Pj1 WeZijL 2y, LDk1 v Rikdzij ijt Zik
- ~ - ~ +UJC( X + x )Epil =0,
l3; sin o, lir; sin ajp; Lijsinog, Lk sinagg,
(4.86)

where we have used the fact that P, z;; = 0.
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Therefore, (4.84)-(4.86) imply that the maneuvering in terms of translation,
rotation and scaling has no effect on the angle dynamics &, (4,¢, k) € Ain (4.83).
This is because the whole formation’s translation, rotation and scaling will not
change the interior angle «;;. Therefore, one still has the similar angle dynamics
&k, in (4.83) as the case of formation stabilization (3.42).

Then, we analyze the velocity error dynamics of v; — v,,;. By using (4.79), one
has

i — Ui = —ks (V5 — Vi) — Z(j iiyea ik — i) (2ij + 2ik)

which is also similar to the velocity dynamics of formation stabilization due to the
usage of the feedforward term ©,,,; in (4.79). Therefore, we obtain the following
overall dynamics

0N _ R(Y)
Yy = | GN-9x(2N-4) Y = D3(Y)Y, 4.87
B(Y) —ks @ Iy 3(V)Y, (5.87)

where R(Y) and B(Y) have the same definitions as (3.46) and (3.47). There-
fore, using linearization for (4.87) around Y = 0, one can obtain the local and
exponential convergence of the closed-loop dynamics (4.87) around the desired
equilibrium Y = 0, which is the same as the local and exponential convergence
of (3.48) around X = 0. Now, we extend 75 to infinity to establish the stability
for (4.87). Similar to (3.71)-(3.77), by constructing Vo, = YT P, Y, one has that
no collinearity will happen since (3.73) and (3.77) still hold. The analysis for the
distance change /;; is slightly different. Note that (3.74) is changed to

V2(0)  _ Amin(@y,

lvi — vimsl] < Y ()] < e Pmax(P (4.88)

Also, (3.76) is changed to
t
Lij(t) = 1;;(0) +/ zi(v; — vi)dr
0

t
> 1;;(0) — / (Ilvj = vmgll + [[vi — V|| + ZZ(Umz — Upy))dT
0

‘/2(0) )\max(Pl) Amin (Q1) 4

t
> 1,:(0) — 4 1 — e Pmax(PD ') :/ e Tl (r)dr, (4.89)
J( ) Amin(Fjl) )\min(Ql)( ) k 0 J( )

where the last part v} f(f e~ 7l;;(T)dr describes the distance change under scaling
maneuvering. Therefore, when v} > 0, i.e., enlarging the formation, the satisfied
condition (3.78) is enough to guarantee /;;(¢) > 0 in this case. When +} < 0, i.e,,
shrinking the formation, we need to further analyze how much the shrinking will
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conduct in the last part of (4.89). By using the integration by parts, one has
t t
fy:/ e Tl (T)dr = —vie iy +’y:/ e tdl;;
0 0
t
= e i + 7:2/ e Tl (r)dr
0
t
+ / eftziTj (Vj — Umyj — Vi + Uy )dT, (4.90)
0
where —yfe~!l;; + )2 fot e~271;;(T)dr > 0. For the last part of (4.90), one has
t
o /0 e_tzg;(vj — Upmj — U + Uy )dT

t
<h] / (1105 — Vg | + 105 — vmill)dr
0

Vo (O) >\Inax(P1) _ 2min(Q1) 4
1 — e Pmax(PT). (4.91)
Amin (P1) )\min(Q1)( )

<Al

By summing up (4.89)-(4.91), one has that if

VQ(O) /\max(Pl)
)\min(Pl) )\min(Ql)’

then [;;(¢t) > 0. Since V2(0) is sufficiently small, the right side of (4.92) is also
sufficiently small. Therefore (4.92) holds and 75 can be extended to infinity. Then,
it follows that lim;_,, Y'(t) = 0, which implies that eq, e; and e;1, €;2,i = 4,..., N
are locally and exponentially achieved. By summarizing the above analysis, we
come to the conclusion that the formation maneuvering in terms of translation,
rotation and scaling can be achieved under (4.79). O

li;(0) > 4(]ve[ + 1) (4.92)

4.4.2 The case without relative velocity measurement

Now, we consider that the relative velocity information v; — v; is unavailable for
agent i, = 2,--- , N. First, we rewrite (4.80) into

omi =(va Lo + wiE) (01 — v;) —vie 'par
=(yile + wiE)[(v1 — vm1) = (Vi — Vi)
— (L +wiE+vie  h)pa. (4.93)

Note that if the formation achieves the desired collective motion, then (vq — v;,1)
and (v; — vm;) converge to zero. This motivate us to investigate whether the
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following control law

w; =— (Vi +vie ' + wiE)pin — ks(vi — Upmi)
_ Z(j,i,k)e.A (Oljik - a;k)(z” + sz),l ey (494)

is sufficient to achieve the desired formation shape together with the desired
collective motion. In comparison to the maneuvering control law (4.79), no
relative velocity measurement (v; — v;) is needed in (4.94).

Theorem 4.13. Consider that N agents of double-integrator dynamics (4.77) are
governed by (4.94), the initial angle and velocity errors are sufficiently small, and the
initial distances are bounded away from zero. The formation maneuvering defined
in (4.2), and (4.6)-(4.8) can be locally achieved if (3.63) holds for Vi = 1,4,--- N
and the rotational w; and scaling speed ~* are sufficiently small.

Proof. By following steps from (4.82)-(4.87), the linearized closed-loop dynamics
under (4.94) will become

Y —(D + Dy)Y = (Dt 4 |Vev-vxen-y Uy (4.95)
0 Dy
0 0 O 0
where D, = :g g g 8 and B = v} I, + w}E + vy:e 'I,. According
-B o 0 --- B

to the conclusion in Theorem 1, under condition (3.63), D7 is Hurwitz. Now, we
design the Lyapunov function candidate
1

Vi = §YTP1Y. (4.96)

Taking the time-derivative of (4.96) yields

Va=-YTQ,Y +YT (D3P, + PLDT)Y (4.97)
< i (@)Y TY + 2| A[[| D3 [YTY
< = Pamin(@1) = 16(N = 1)(|7z] + |wz DI YTY,

where we used the fact that || Ds||a < (4N — 4)||D3||lmax = 8(N — 1)(2]7%] + |wi]).
Because () is an arbitrary given matrix, one can select sufficiently small || P; || and
2|7k 4 |wk| such that Apin(Q1) > 16(N — 1)(2]v| + |wi])|| Py || holds. According to
(3.71), one has P = [ ¢Pi"1Q,ePi*dt where Re(\(Dj)) < 0 since D7 is Hurwitz.
According to (3.50), one can select proper kg to obtain smaller || P;||. Therefore,
by properly choosing ks, v*,w?, one obtains that V3 < 0. Since (4.97) implies

co
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exponential stability, the convergence analysis of the closed-loop dynamics can
be extended to infinity, which implies that lim;_, ., Y (¢) = 0. By following similar
steps as Theorem 4.12, one also obtains that the formation maneuvering in terms
of translation, rotation and scaling can be achieved under (4.94). O

Remark 4.14. To make the formation maneuvering laws (4.79) and (4.94) imple-
ment in all agents’ local coordinate frame, the desired translational maneuvering
velocity v} needs to be described in each agent’s local coordinate frame in the
design stage. But this is not required for rotation and scaling maneuverings since
w?’ and v} are scalars which are independent on the orientation of coordinate
frames.

4.5 Simulation examples

In this section, to verify the effectiveness of the proposed formation maneuver
control algorithms, we present numerical simulation examples by conducting the
4-agent obstacle avoidance task. The desired angles describing the formation
shape are set as of = 7/4, of = 7/2, of = 7/4, aige = arctan0.5, agg3 =
arctan 0.5. The initial positions of all agents are p;(0) = [0.8; —3.2], p2(0) =
[0.1; —4.4], p3(0) = [—1.4;—3.3], pa(0) = [0.1; —5.3]. The positions described in
>y, are pb* = [0.9619;4.6234], p5* = [—0.1706; 3.1289], pb* = [—1.6666;4.2629],
p4* = [0.0134; 1.8154], which satisfy all the desired angle constraints. The control
gains are set tobe k; = 1,7 = 1,2,3, k41 = k4o = 1. For the case of time-varying
mismatches, the maneuvering command velocity is v} = [0;1.2],¢ € [0,9]; v} =
[1;0], € [11,20]; w* = —Z,¢ € [7,11]; s(t) = —0.8e 04712 ¢t € [12,13]; s(t) =
0.8¢~04(t=16) t € [16.5, 17]. The corresponding simulation results are shown in Fig.
4-5.

For the case of constant mismatches, the maneuvering command velocity is
vP* = [0.5795;0.9933], ¢ € [0,9]; v2* = [[1.2957;0.7558], ¢ € [13,20]; w* = —%,t €
[9,13]; s(t) = —0.4e~94¢=12) ¢ € [14,15]; s(t) = 0.4e~04(¢~12) ¢ € [16.5,17].

The corresponding simulation results are shown in Fig. 6-7.

From the above simulation results, it is clear that in both the constant and
time-varying mismatch cases, the translation, rotation and scaling maneuvering
can be conducted simultaneously. The angle errors converge at an exponential
speed in both cases.

4.6 appendices

Appendix A: For Section III. B, we use the dot product of two bearings to obtain the
angle error dynamics. In the following, we consider the maneuvering of translation,
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Figure 4.4: The formation maneuvering trajectories under measurement-dependent mis-
matches.

05 T
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Figure 4.5: The evolution of angle errors under measurement-dependent mismatches.

rotation and scaling simultaneously. Take agent 1 as an example,

T
d(C(()istal) = —sin(ay)d; = d(zﬁtmg) = (212) 213 + (212) T 213 (4.98)
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Initial
Maneuver

Figure 4.6: The formation maneuvering trajectories under measurement-independent

mismatches.

0.5

031,
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Figure 4.7: The evolution of angle errors under measurement-independent mismatches.

T
. . Io— o 1 . :
Considering that for z € R?,z # 0, %(ﬁ) = 2”%33 and denoting P, || =

T
I, — 2 £ one has
27 Tal Tl

o P12
212 =
l12

(P2 — p1)- (4.99)
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By using (4.12), one has

Z1g = ZZ” (ug —uq) (4.100)
12
P212 * ~
:ﬁ[—k‘z(% — ) (223 + 221) + pa(t)223 + fia(t) 221
1

+ ki(ar — af) (213 + 212) — pa(t)z12 — fir (t)213].
According to (4.26), one has

po(t) 223 + fiz(t)z21 — pa(t)z12 — fur(t) 213
=v; + (W'E + s(t)[2)pe2 — vi — (W'E 4 s(t)I2)per
= (W*E + S(t)lz) (pcg — pcl)- (4101)

Substituting (4.101) into (4.100) yields

(212) 213 =[k1 (1 — af) (213 + 212) — k(a2 — a}) (203 + 221) (4.102)

P,
+ (WE + s(t)I2) (pe2 — per)] ™ 11;2 213

1 1 * 3 : * *
:E[kl(SIHQ 1) (o — ) — ka(sinag sinag)(ap — a3)] — w* 215 EP.,, 213,

where we have used the fact that P,z = 0 for all x € R? and s(t)l12255P.,, 213 = 0.
Since 2T Ex = 0 for all z € R2, one has

_UJ*Z;FQEPZQIZl?, = _W*Z;FQEZ13.
Similarly, one can get

. * 1 . *
(212)T213 =w ZlT2E213 + E[lﬁ (sin® a1)(ag —aj) (4.103)

— ks(cosag + cosay cos az)(ag — a3)].
Substituting (4.102) and (4.103) into (4.98), one has the angle error dynamics of
agent 1

sin aig

li3

. . k k . sin &
G = — (smal)(é + i)(al —a)) + ko " 2

(a3 —ag).

(4.104)

(OLQ — OL;) + k3
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By using the same analysis steps, one has

. . ko K . sin «v sin « .
by = — (sinan) (1= + ) (as — ab) + ki Hon — af) + ky——2 (o — ad),
l21 l23 l21 23
(4.105)
. . ks ks . sin ay sin ag .
as:—(smas)(EJrl;)( 3 —az)+ ki ™ (a1 —aj) + ko——(a2 — a3).
(4.106)

Writing (4.104), (4.105) and (4.106) into a compact form, one has the overall angle
error dynamics (4.27), which are independent of the time-varying mismatches p;(t)
and fi;(t).

Appendix B: For Section III. C, to obtain the angle error dynamics of agent 1
under constant mismatches, by using (4.99) and (4.12), one has

P,

212 =—2[—ka(a2 — a5) (223 + 221) + pozes + fi2zo1

112
+ ki(a1 — o) (z13 + 212) — p1z12 — flaz13].

Then, one has

(Zlg)Tzlg, =7 [k (sin2 a1)(ag — af) — ka(cos ag + cos ay cos ag) X
12

(g — o) — jig sin®(ay) 4 pa(cos as + cos oy cos o).

Similarly, one can get

(z12)T 213 = (k1 (sin? o) (o — @) — ks (cos ap + cos g cos az) X
13

(o3 — a) — puy sin® () + fiz(cos ag + cos oy cos az)].

Using (4.98), one has

) . k1 k
041:—(51n041)(5+i)( 1—al)+ko——

sin ao
l12
[i1 sin ;. — o Sin aig + w1 sinag — figsin ag

(a2 — a3)

sin a3

k
Jr3113

ag — ak) +
(as 3) l12 l13

(4.107)
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Similarly, we can also get

. . k k sin o
g = — (smag)(i + é)(a2 —ab) + lell(al — k)
+ k3 S as (g —a3) + HaSIMQ2 7 [ Sion + (2 sinag — figsinas)/lag
l23 l21
. . k k sin a
i3 :7(slna3)(ﬁ+é)(a3 fozg)Jrlell(al —ab) (4.108)
4k sin oy (as — a3) + [i3sin g — g Sin ag n s sinasg — fie SiIlOlg.
I32 I31 I32

Writing (4.107)-(4.108) in a compact form, one has the angle error dynamics
given in (4.40).

Appendix C: For Section IV. A, we use a similar approach to obtain the angle
error dynamics of e4; and e4o for agent 4 under the control algorithm (4.62). In
the following, we consider the maneuvering of translation, rotation and scaling
simultaneously. According to (4.98), one has

T 4 T 4
Z42Z41 + 241242

Q40 = - (4.109)
— SIN (142
By using (4.12) and (4.62), one has
. P, . ) P,
241 = i(271 —P4) = i(Ufl —Ufq + Um1 — um4)-
a1 lay

By substituting the definitions of uy; and w,,;, one has

T P (w1 — upa) = — 215 Poyy (212 + Z13)e1 + kar (Q1a2 — 0 4p) sin® o4
42 4l41 f f I
ka2 (coa3 — ady5)(sin ay42) (sin arggg + sin ags)

+ : (4.110)

l41

On the other hand, one has

P 1Py (WE I _
z;lf2 1411 (uml - Um4) = Z2lza (W + S( ) 2)(p1 p4)

la1

= w25 Ezy, (4.111)

where we have used the fact that P,,, z4; = 0 and z}, Fz4; = 0. Similarly, one also
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has

P
T . T =~ Z42
241742 :,2'41@('&1‘2 —Ufq + Uma — um4)

T .2
=241 P2y, (221 + 223)e2 + kar (a142 — 0 45) sin” g

la2
k42 (a243 — a§43) (— sin 142 sin OZ243)

+
l42

+ w23, B2z, (4.112)

By substituting (4.110), (4.111) and (4.112) into (4.109), one has the dynamics
of 142

. . ka1 ka kas(aoa3 — 0,5)(sin 142 + sin a143)
Ga2 = — (Sinagge) (— + — ) (142 — A 49) —
lygn  lag 41
n ka2 (043 — a3 4q) Sin ciogs n 241 Peyy (221 + 223)€2 n 235 Psyy (212 + 213) €1
laz l42 sin a1 40 l41 sin ay40
(4.113)
. . kaz ka2 Ufo P.yy 243
Qg4 = — (sinagaz)(— + - ) (@243 — ag43) — 77—
laz lao l42 sin cgy3
ka (142 — @ 49)(sin cvag3 + sin a143)
lu3
. T
ka1 (apao — ' 4o) Sin Q142 U 3Pz 3442
+ ( 142) __f 43 (4.114)

lao l43 sin ag43

By combining (4.113) and (4.114), one has the angle error dynamics given
in (4.67), which are independent of the time-varying mismatches p;(t), fi;,i =
1,4

Appendix D: For Section IV. B, by using the same approach, one has

PZ41

l41

Z41

. . P
(p1 —Pa) = 7 (upr —uypq) +
41

241

l41

Z41 = (uml - um4)~

Then, one obtains

T 2
Up Poyy 210 kyp (0140 — aye) SIn s

P,
T - za1
+ Z42 141 (Uml — um4)

(241) 240 =
141 Z41

« .9 .9 . .
ko (o243 — b g5)(sIin” a2 + SIn” (42 €OS (iagg + €OS 142 SIN (142 Sin aiz43)

la1
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By using the same approach, one can also has

T
Z41PZ42uf2 _,T P,

T - 242 T = Z42
241742 = 41 Ug + 2417(Um2 - Um4)
la2 la2 lao
ka1 (o142 — afys) sin® o P
142 142 T 2
= + 25 = (um2 - um4)
l42 l42
k4o (05243 — 04343)(— Sin o149 sin 04243) u?2PZ42 241
+ + . (4.115)
142 l42
Using (4.109), one has the dynamics of a142 and aoy3
ka1 ka1 k4o (04243 — ol )(sina + sin « )
] i 243 142 143
Gia2 = — (sinogag)(—— + — ) (142 — alys) —
la1 lao a1
. T T
n kio(coaz — a3yq) sinagyy  UpoPrppzar up Pry 2ao
laz lyosinaigy a1 sinoign
P. P
T 24 T z
! (“ml - um4) 42 (um2 - Um4)- (4.116)

T R427 i TR
l41 SN (Y142 l42 S111 (X142

) . kao ki ka1 (ovia2 — 0 49) (sin aroag + sin ava3)
Gio43 = — (sin a243)(l— + T)(azzxs — Qiy3) — ]
43 42 43
. T
ks (oiao — afgo) sinaggy UpgPaygza0 v P
+ - - — Zjg (U3 — Uma)
L2 l43 sin aag3 l43 sin aag3
u}‘QPZ42 243 T PZ42
— = 2 (Um2 — Um4)- 4.117)

l42 sin 243 43 142 sin 243

By substituting w,,,;,7 = 1,---,4 from (4.12) and (4.62) into (4.116) and
(4.117), one has the angle error dynamics given in (4.76).

4.7 Concluding remarks

This chapter has realized the formation maneuver control in 2D by using the
designed-mismatch angle approach. The formation has been described by angles
and constructed from a triangular shape and grown with two angle constraints for
each newly added agent. Two types of designed-mismatches have been investigated:
measurement-dependent case and measurement-independent case. For both cases,
the formation maneuver control algorithms have been proposed to realize the
desired maneuvering. To analyze the stability of the angle errors, the angle error
dynamics have been derived by using the dot product of two bearings.
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Chapter 5

Angle rigidity in 3D

his chapter establishes the notion and properties of 3D angle rigidity for

multi-point frameworks, and then designs control laws to stabilize angle rigid
formations of mobile agents in 3D. Angles are defined using the interior angles
of triangles within the given framework, which are independent of the choice of
coordinate frames, can be conveniently measured using monocular cameras, and
thus are fundamentally different from the bearings, which depend on the choice of
coordinate systems. We show that 3D angle rigidity is a local property, which is in
contrast to the 3D bearing rigidity as has been proved to be a global property in the
literature. We show how to construct some classes of 3D angle rigid frameworks
by adding repeatedly new points to the original small angle rigid framework with
carefully chosen angle constraints. Furthermore, we also investigate how to merge
two 3D angle rigid frameworks. We pay special attention to angle rigidity of convex
polyhedra.

5.1 Introduction

Distance rigidity has been first defined for frameworks in a d-dimensional space
whose only allowed smooth motions are those that preserve the distance be-
tween every pair of its points [9]. The necessary and sufficient condition for a
generic framework’s rigidity is closely associated with the dimension d [9]. For
the necessary and sufficient condition for global rigidity, it has been proven that
Hendrickson’s conjecture is true for d = 1,2 but false for d > 3 [26, 50]. Bearing
rigidity has been established by using bearing constraints [101]. When all bearings
are described in the coordinate frames in R¢ with the same orientation, it has been
shown that local bearing rigidity implies global bearing rigidity for an arbitrary
d. However, this is not the case for angle rigidity, which has been developed in
2D in Chapter 2. When signed angles are employed in 2D, it has been shown in
Chapter 2 that the resulting angle rigidity is in fact not a global property. Note that
angle rigidity in 3D is more complicated and its related properties have not been
adequately studied before in the literature.
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5.2 Angularity and its rigidity in 3D

The notion of “angularity” has been introduced in Chapter 2 to study angle rigidity
in 2D. We now extend it to 3D. All the discussions in this chapter are confined to
3D and the right-hand rule applies to all rotation operations of vectors.

5.2.1 Angularity

The definitions of vertex set V, angle set A in 3D have the same definitions as in 2D.
Now consider the embedding of the vertex set V in R? through which each vertex i
is associated with a distinct position p; € R® and let p = [pT, - ,pL]T € R3Y be
the configuration of all the vertices. Then the combination of the vertex set ), the
angle set A and the position vector p is an angularity A(V, A, p) in 3D. As shown
in Fig. 5.1, an element (4,4, k) in .A, when p;, p; and p;, are distinct, corresponds
to the interior angle formed by the rays i and %; more specifically, using the
position vector p, the angle «jik € [0, 7] corresponding to the triplet (7,4, k) in A
can be calculated by

T (-
Ajik = arccos ((p] pi) (Pr pZ)) . (5.1
lpj = pillllpr — pill

where £ jik = £kij which is different from the 2D case. In 3D, we define the

direction vector b;; = ﬁ starting from p; and pointing towards a different
i—pi

position p;.

’ Zjim

Figure 5.1: Angles used in defining 3D angle rigidity

5.2.2 Angle rigidity

Before defining angle rigidity, we give the definitions of equivalence and congruence
for two angularities in 3D.
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Definition 5.1. [22] We say two angularities A(V, A, p) and A’ (V, A, p’) in 3D with
the same V and A are equivalent if

We say that A and A’ are congruent if

Although Definitions 5.1 is similar to Definition 2.1, they are inherently different
because the angle in 2D is defined with direction but not in 3D. Then, we have the
same definitions for global angle rigidity and angle rigidity in 3D as Definitions 2.2
and 2.3. Note that global angle rigidity always implies angle rigidity in 3D; however,
the inverse is not necessarily true. Note that this is different from bearing rigidity
for which global bearing rigidity and bearing rigidity are equivalent [36, 101].

Theorem 5.2. An angle rigid angularity A(V, A, p) in 3D is not necessarily globally
angle rigid.

We prove this theorem by constructing an angularity that is angle rigid but
not globally angle rigid. Consider the angularity A(V, A, p) in Fig. 5.2 with

Figure 5.2: Flex ambiguity in angle rigid angularity

Vv =1{1,2,3,4}, A = {(1,3,2),(3,1,2),(1,4,2),(1,4,3),(2,4,3)}, and the embed-
ding p; = [0,0,0]%,p2 = [0,3,0]%,p3 = [4,5,0]T,ps = [2,4,2.5]T. Then, the
corresponding angles £132, £312, £142, £341, £243 can be calculated by using
(5.1).

We first check that A(V, A, p) is angle rigid. In A123, one can uniquely deter-
mine £123 = m — £132 — £312, which implies that the interior angles in A123
are uniquely determined. Should point 4’s position be uniquely determined by
£142, £143, £243, the other angles formed by 4 and 1,2,3 would also be uniquely
determined. To check the uniqueness of point 4 under £142, £143, £243, we first
show the surface which satisfies the angle constraint of £142 given points 1 and
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2. The angle constraint of £142 in 3D gives rise to a closed surface (Fig.5.3 (b))
formed by rotating the major arc 12 along the line 12 in Fig.5.3 (a). Given points 1,

A142=a

N
[

(a) Angle in 2D (b) Angle in 3D

Figure 5.3: Angle in 2D and 3D

2 and 3 and angles £142, £143, £243, point 4 can be determined by three surfaces.
By numerically checking the intersections of these three surfaces in Fig. 5.4, one

Figure 5.4: Intersection of three surfaces

can see that there are four separate intersection points on these three surfaces.
Therefore, when p1, p2, p3, p4 are locally perturbed, there is only one unique posi-
tion for 4 in the neighborhood of its current position because these four intersection
points are separate. So, the angularity is angle rigid.

We now show that A(V, A, p) is not globally angle rigid. By perturbing p, in R3,
one finds another point p); = [0.0802, 4.0778, 1.4765]T which satisfies all the angle
constraints associated with A together with p1, po, ps. This flex ambiguity implies
that A is not globally angle rigid. O

Note that non-generic embeddings of p in R® may change the rigidity of an
angularity. Consider the three different embeddings of the following 4-vertex
angularity.

When «£213 = 0, £143 = 0 as shown in Fig 4.(a), the angularity is angle rigid
but not globally angle rigid since if 2 and 3 swap their positions, £213, £143 remain
the same but £234 changes by 7. On the other hand, Fig. 4(b) shows that when the
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@ (b) ' (©

Figure 5.5: Non-generic p changes rigidity

same two angles are assigned to be £213 = 7, £143 = 7, the angularity becomes
globally angle rigid according to Definition 2.2. Note that in the above two cases,
all the four points are collinear. When only three points are collinear as in Fig
4(c), this angularity is in general flexible if fewer than 4 angle constraints are given
according to 2D angle rigidity in Chapter 2 since points 1,2,3,4 are in a plane in
this case. By giving three generic angles (e.g., not 0 or 7) for £213, £143, £413
and one non-generic angle £234 = 7 in Fig. 4(c), the angularity becomes globally
angle rigid because £124 = 7 — £213 — £143 — £413, £132 = £413 + £143 and
£134 = m — £132 are all uniquely determined. However, 4 vertices in general form
a tetrahedron in 3D. To rule out non-generic situations for p, the notion of generic
positions can be utilized [22, 28].

When p is generic, e.g., no three points are collinear and no four points are on a
circle, angle rigidity only depends on V and A, which is also called generic rigidity of
AV, A, p). Now we provide some sufficient conditions for an angularity to be angle
rigid or globally angle rigid. First, for two angularities A(V, A, p) and A'(V', A, p'),
we say A is a sub-angularity of A’ if V ¢ V', A C A’ and p is the corresponding
sub-vector of p’. For the smallest angularities with only three vertices, there is no
difference between generic angle rigidity and generic global angle rigidity.

Lemma 5.3. For a 3-vertex angularity in 3D, if it is generically angle rigid, it is also
generically globally angle rigid.

Proof. This is straightforward by following the proof in 2D angle rigidity in Chapter
2. O

Now, we develop the vertex addition operations for 3D angle rigidity to construct
an angle rigid angularity from the smallest 3-vertex angularity. Towards this end,
we first define some related notions.

Definition 5.4. For a given angularity A(V, A, p), we say that a new vertex i posi-
tioned at p; is linearly constrained with respect to A if there is j € V such that p; # p;
and p; is constrained to be on a ray, which is fixed once p; is fixed, starting from p;;
we also say i is conically constrained with respect to A if there are j, k € V such
that {p;,p;,pr} is generic and p; is constrained to be on a cone, which is fixed once
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p; and py, are fixed, with p; as the cone’s apex and ﬁ as the cone’s axis; finally we
say i is near-spherically constrained with respect to A if there are j, k € V such that
{pi,p;, pr} is generic and p; is constrained to be on a near-spherical surface, which is
fixed once p; and py, are fixed, with jk in the surface’s rotation axis. For convenience,
we also simply say i’s angle constraint is linear, conic and near-spherical in the above
three cases, respectively.

Definition 5.5. For four generic points p;,p;, Dk, Pm, We say 1, j,k are in a coun-
terclockwise (resp. clockwise) direction with respect to m if the signed volume

of the tetrahedron formed by p,, and p;,p;,px is positive (resp. negative), i.e.,
(Pi—pm) " [(p; pm) (Pe—Pm)

Vin—ijk = | S 0 where x denotes the cross product. Corre-
spondingly, when the Slgn of the tetrahedron is fixed to be positive (resp. negative), we
say the four points are under a counterclockwise (resp. clockwise) constraint.

Remark 5.6. Two non-coincident conic constraints sharing the same apex p; will
lead to two cones intersecting at no more than two rays, denoted by ji; and jis.
Since j_zl> and j? are symmetric with respect to the plane formed by the two cones’
rotation axes jk; and j_k;, one has that V;, _;, 1, and Vi, _j, 1, have different signs.
Therefore, each linear constraint can be obtained by two conic constraints with a
common apex and an associated counterclockwise constraint.

Definition 5.7 (Type-I vertex addition). For a given angularity A(V, A, p), we say
the angularity A’ with the augmented vertex set {) U {i}} is obtained from A through
a Type-I vertex addition if the new vertex i’s constraints with respect to A contain at
least one of the following:

Case 1: two linear constraints, not aligned but intersecting, each of which is associated
with three vertices in V, e.g., j11 and B in Fig. 5.6.(a);

Case 2: one linear constraint ji¢ and one conic constraint whose rotation axis j,ja
passes through the linear constraint ray’s starting point p;, .

Definition 5.8 (Type-II vertex addition). For a given angularity A(V, A, p), we say
the angularity A’ with the augmented vertex set {V U {i}} is obtained from A through
a Type-II vertex addition if the new vertex i’s constraints with respect to A contain at
least one of the following:
Case 1: three near-spherical constraints associated with three vertices {j1, jo, k1 } in V,
and {pi, pj,, P, Pk, } are generic;
Case 2: two near-spherical constraints and one conic constraint associated with three
vertices {j1,j2,k1} in V, and {p;, pj,, pj,, Pk, } are generic.

Now we are ready to present a sufficient condition for global angle rigidity

using Type-I vertex addition.

Proposition 5.9. An angularity in 3D is globally angle rigid if it can be obtained
through a sequence of Type-I vertex additions starting from a generically angle rigid
3-vertex angularity.
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(c) Case 1 in Type-11 vertex addition (d) Case 2 in Type-II vertex addition

Figure 5.6: Type-I vertex addition and Type-II vertex addition

Proof. According to Lemma 5.3, a generically angle rigid 3-vertex angularity is
globally angle rigid. Consider the two cases in the Type-I vertex addition. If
case 1 applies, each linear constraint corresponds to a ray according to Definition
5.5. Then the position p; of the newly added vertex i is unique since two rays,
not aligned, starting from two different points may intersect only at one point;
if case 2 applies, p; is again unique since a ray starting from the axis of a cone
can have only one intersection with the cone. Therefore, p; is always globally
uniquely determined, after which all the involved angles are also globally uniquely
determined. Then, iteratively, after a sequence of type-I vertex additions, the
obtained angularity is globally angle rigid. O

In comparison, type-II vertex additions can only guarantee angle rigidity instead
of global angle rigidity.

Proposition 5.10. An angularity in 3D is angle rigid if it can be obtained through a
sequence of Type-II vertex additions starting from a generically angle rigid 3-vertex
angularity.

The proof can be easily constructed following similar arguments as those for
Proposition 5.9 and Theorem 5.2. The only difference is that p; now may have
multiple isolated solutions and is only unique locally. Also note that only two types
of constraints are defined in Type-II vertex addition operation in Definition 5.8, but
there are more possible combinations of constraints which can also guarantee a
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locally unique point p;.

Remark 5.11. Note that in Type-II vertex addition, we further require the positions
of the three associated vertices in A to be generic. Otherwise, the position of the
added vertex i is not locally unique. For example, in Fig. 5.6(c), if j1, j2, k1 are
collinear, then the solution of p; under the given three near-spherical constraints
will be a circle which can be obtained by rotating ¢ in the triangle Aij,j> along
Corollary 5.12. For an angularity A(V, A, p), if there exists an angle rigid (resp.
globally angle rigid) sub-angularity A'(V, A’,p) with A" C A, then A(V, A, p) is also
angle rigid (resp. globally angle rigid).

Proof. Since the vertex set in the sub-angularity A’ is the same as A, it is straight-
forward from Definitions 2.2 and 2.3 that angle rigidity of the sub-angularity A’
implies angle rigidity of A. O

Remark 5.13. The associated counterclockwise direction constraint introduced in
Definition 5.5 can be used to remove the reflection ambiguity such that the position
of the added vertex i in the Type-I vertex addition operation (Definition 5.7) can
be globally uniquely determined. But this constraint is not sufficient to make the
position of the added point in Type-II vertex addition operation (Definition 5.8)
globally uniquely determined. An example is given in Fig. 5.2, where points 1,2,3
are in the clockwise direction with respect to both points 4 and 4’. In other words,
not only reflection ambiguity but also flex ambiguity may exist in Type-II vertex
addition operation.

5.2.3 Merging two angle rigid angularities

After introducing how to add one vertex to an angularity in Propositions 5.9 and
5.10, we now investigate how to add 3 vertices to an angularity, which becomes
useful later for merging two angle rigid angularities.

Definition 5.14 (3-vertex addition operation). For a given angularity A(V, A, p) and
three new vertices {i1, i2, 13}, we say that the angularity A’ with the augmented vertex
set {V U {i1,42,i3}} is obtained from A through a 3-vertex addition operation if the
new vertices’ constraints with respect to A contain: two unaligned linear constraints
for iy, two unaligned linear constraints for i, and one conic constraint and one
associated counterclockwise constraint Vi, _;,:, k, for is with i, or i being the cone’s
apex and ky in the cone’s rotation axis. We further denote the angle set corresponding
to these added angle constraints by Ati1-i2/is},

Now we merge a 3-vertex generically angle rigid angularity to a globally angle
rigid angularity by the 3-vertex addition operation.
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Figure 5.7: The 3-vertex addition operation

Proposition 5.15. For a globally angle rigid angularity A(V, A, p) and a 3-vertex
generically angle rigid angularity As({i1,i2,is}, As, [}, ps,, pi,]"), if one merges A
and As by adding the vertices i1, 12,43 to A through the 3-vertex addition operation,
then the merged angularity A'(V U {iy, i3, i3}, AU Az U Aliviziia} [pT pT pT T 1T)
is globally angle rigid.

Proof. Note that the positions of the added vertices i; and is are globally unique
according to Proposition 5.9 (case 1 of Type I vertex addition). After p;, and p;,,
are fixed, the vertex i5 is constrained on the intersection of two cones with 7,15
as those two cones’ rotation axis because A3 is generically angle rigid and £i3iyio
and <igisiy are fixed. By further using the given conic constraint for i3 together
with the associated counterclockwise constraint, one has that the position of the
added vertex i3 is also globally unique according to Proposition 5.9 (case 2 of
Type-I vertex addition). O

Fig. 5.7 also shows the original angle constraints to realize the 3-vertex addition
operation. Note that the number of these angle constraints in Fig. 5.7 is 7. This is
because the total degrees of freedoms for vertices i1, 2,93 in 3D is 9, and at least
2 angle constraints are needed to make A3 generically angle rigid. Thus, at least
9-2=7 angle constraints related to iy, is, i3 are needed to merge Az with A. Now
we are ready to discuss how to merge two angle rigid angularities as shown in Fig.
5.8.

Proposition 5.16. Suppose that the angularity A, (V1,.A1, p) is globally angle rigid
and Ax(Va, Ao, p') with V1 N Vo = & has a sub-angularity AL (Va, Ab, p') which can
be obtained through a sequence of Type-I vertex additions from a generically angle
rigid 3-vertex angularity As({i1,i2,i3}, As, [p, , piy, P ] ). If one merges Ay and A,
by adding the vertices i1, 12,13 to Ay through the 3-vertex addition operation, then
the merged angularity A" (V; U Vy, Ay U Ay U Alivizis} [pT 5/ TTY is globally angle
rigid.
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Figure 5.8: Merging two angle rigid angularities

Proof. First, by adding the vertices i1, 3,43 to A; through the 3-vertex addition
operation, one has global angle rigidity of the merged angularity with augmented
vertex set {V; U{i1, 42,43} } according to Proposition 5.15. Since A}, can be obtained
through a sequence of Type-I vertex additions from A3, one has global angle rigidity
of the angularity A;_,(VyUVa, A; UA,UAL L3} [pT p'T]T) after merging A, and
A}, according to Proposition 5.9. Because the angularity A _, is a sub-angularity
of A”, the merged angularity A” is globally angle rigid according to Corollary
5.12. O

5.2.4 Angle rigidity of convex polyhedron

Note that Type-I, Type-II and 3-vertex addition operations are developed in Subsec-
tions 5.2.2, 5.2.3 to check angle rigidity of the angularity which can be sequentially
constructed from a triangle. However, not all angularities can be constructed
through such sequential operations, e.g., a convex polyhedron! with angle con-
straints? all on its surfaces. As is well known, distance rigidity of convex polyhedra
is one of the oldest geometric problems and has been studied by Euler [38], Cauchy
[18], and Gluck [40], to name a few. Although many distance rigidity-related
results have been obtained for convex polyhedra, the problem of angle rigidity of
convex polyhedra has not been investigated so far. In this subsection, we discuss
angle rigidity of convex polyhedra. Before presenting the results, we first define
the angularity corresponding to a convex polyhedron and provide some related
lemmas.

For a convex polyhedron P, we define the corresponding angularity A(V, A, p),
where V is the vertex set consisting of all the vertices of P, A is the angle set
consisting of all the angles of the faces of P, and p is the position vector of the 3D
embedding of the vertices in V. Define the angle function fa(p) := [f1,--- , fm]T €

1We only consider closed polyhedra in this thesis.

2Note that for a closed polyhedron, one can easily distinguish the inside that its surfaces enclose
from its outside, so it is possible to define the positive directions of the faces to be the normals pointing
outwards. Therefore, the angle constraints on the surfaces of such a polyhedron can be associated with
the clockwise or counterclockwise directions.
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RM for the angularity A(V, A, p) where M = |A|, f, : R = [0, 7], m=1,--- , M,
is the mapping from the position vector [p,p},p;.]" of the mth element (4, j, k) in
A to the angle £ijk € [0, 7).

Lemma 5.17 ([6], Section 10.3.2, Theorem 1). If all angles on the faces of a convex
polyhedron P remain constant when A is perturbed, then all dihedral angles of P
remain constant as well.

Lemma 5.18 ([6], Section 10.4.1, Theorem 1). If all edge lengths, angles in faces
and dihedral angles of a convex polyhedron P remain constant under a perturbation
of A, then the perturbation must be a translation or rotation of A.

Now, we have the following result.

Theorem 5.19. The angularity A(V, A, p) obtained from a convex polyhedron P with
all faces being triangles is angle rigid.

Proof. Following Definition 2.3, we consider A’s equivalent angularity A’(V, A, p’)
with ||p’ — p|| < €,e > 0, and denote by P’ the corresponding polyhedron. Since A
and A’ are equivalent, each two corresponding face angles in A and A’ have the
same value (i.e., f4(p) = fa(p')). According to Lemma 5.17, one has that each
two corresponding dihedral angles formed by two adjacent faces in P and P’ have
the same value.

Considering an arbitrary face triangle Aijk, i, j, k € V, one has Aijk(p;, pj, pr) ~
Nijk(p, p}, py,)- Now, we scale A’ to obtain A" which satisfies ||p; —p; | = [[p}' —p/ I,
Ipi = pell = llpi — pill and |lpx — p;ll = [lpy — pjll. We denote the scaled poly-
hedron by P”. Since the scaling will not change all (face or dihedral) angles
of a polyhedron, one has fa-_4(p') = fa-—a(p") and f4(p') = fa(p”), where
A* = {(i,5,k)|Vi,j, k € Aji # j # k} is the complete angle set. Now, we check
A and A”. First, all the face angles have the same values in A and A” because
fap) = fa®') = fa(p”). Secondly, all the dihedral angles in PP and P” have the
same values because P and P’ have the same dihedral angles and A" is a scaling of
A'. Thirdly, because ANijk(ps,pj, pr) = Aijk(p],p},py), the lengths of the edges in
P have the same values as the lengths of the corresponding edges in P” which can
be obtained by using the law of sines iteratively for the face triangles in P and P”.
From the above three facts and using Lemma 5.18 for A and A”, one has that A” is
the translation or rotation of A, under which the values of all triple-vertex angles
remain unchanged. It follows that f 4+ 4(p) = fa—a(p”) = fa-—a(p’). Therefore,
A and A’ are congruent, and A is angle rigid. O

However, the above result about convex polyhedra with triangular faces is
restrictive. We now study the case of convex polyhedra whose faces are not
necessarily triangles by using the operations of the polygonal triangulation and
surface triangulation.
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Definition 5.20 (Polygonal triangulation [27]). Polygonal triangulation is the de-
composition of a polygon into a set of triangles where any two of these triangles
intersect at a common vertex, edge, or empty set.

Definition 5.21 (Surface triangulation). Surface triangulation for a polyhedron P is
the decomposition of the surface of P using polygonal triangulation for each face of P
and at the same time any two decomposed triangles from two faces of P only intersect
at a common vertex, edge, or empty set.

Then, we define the corresponding triangulated angularity.

Definition 5.22 (Triangulated polyhedral angularity). Let K be a surface trian-
gulation of a polyhedron P with the vertex set V = {1,2,..., N} and embedding
p=[pT,...p§]T. Then we call A(V UV’ A, [pT,p'T]|T) a triangulated polyhedral
angularity, where V' is the vertex set consisting of the vertices added in the surface
triangulation K, p' is the corresponding embedding of the vertices in V', and A denotes
the angle set consisting of the interior angles of all polygonal faces of the polyhedron
with vertices V UV’ and embedding [pT, p'"]|T and all the interior angles of triangles
obtained by K for the surface of P. Then, the polyhedron corresponding to K is called
a triangulated polyhedron P.

Note that if P is convex, we say its corresponding A is a convex triangulated
polyhedral angularity. Then, we present the result about the convex triangulated
polyhedral angularity.

Theorem 5.23. A convex triangulated polyhedral angularity A(V UV, A, [p*,p'T]T)
without any vertex of V' lying in the interior of a face of P is angle rigid.

We first give two lemmas which will be used in the proof of Theorem 5.23.

Lemma 5.24. When locally perturbing the convex triangulated polyhedral angularity
AWV UV, A, [pT,p'T|T), the vertices of V U V' that are on a face of P are always
coplanar under the angle constraints given in A.

Proof. We first prove that under the given angle constraints all the triangles
in a face of P will be coplanar under the local perturbation. Consider an ar-
bitrary face S of P whose vertices consist of 7 = {i1,...,im} where m > 3.
Suppose that ix,1 < k < m is one of the vertices in S and is involved in
face triangles Ajyirjo, Njoirjs, -, Njn_1ixjn Where ji, ..., j, € Z and jq, ..., jn #
ix. Note that if j3 = j,_1 and jo = j,, i.e., ix is only involved in one tri-
angle Ajyigjo in S, then one has that ji, i, jo are coplanar since three arbi-
trary points in 3D are coplanar. When i, is involved in more than one triangle
in S, one has {(j1, ik, J2), (J2, %k, J3)s s (-1, %k, Jn)} € A, (J1,%k,7Jn) € A and
Ljrigga + £joirjs + .. jn_1irjn = £j1irjn. Therefore, under the local perturba-
tion, i, j1, j2, .-, jn Must be coplanar; otherwise £ j1ixjo+ £ joirjz+ .. L jn—_19kjn >
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£ j1ixjn which violates the given angle constraint. Note that for each triangle Aijk
in face S, there always exists another triangle in face S which shares a common
edge with Aijk. Without loss of generality, assume that the another triangle is
Aijk and the intersected edge is ij. Consider the first case that ¢ is only involved
in these two triangles in face S. Then {(j,i, k), (j,i,k)} € A, (k,i,k) € A and
4jik + £jik = £kik. Under local perturbation, these two triangles are coplanar.
The second case is that 7 is involved in multiple triangles, using the same argument
for the shared vertex as ix, one has that these triangles are coplanar.

Now, consider that vertex i, is involved in n — 1 coplanar triangles in face S
and its neighboring vertex i, is involved in 7 coplanar triangles in S. Note that
those n — 1 triangles from 4, and 7 triangles from 4, must share at least common
triangle because of the existence of edge ixi;+1. Then, those n+n —2 triangles of iy,
and iy, 1 should be coplanar, and thus all the these triangles’ vertices are coplanar.
Next, if i), + 1 has a different neighboring vertex than i, we consider this vertex
and label it i;». Using the previous argument again, one has that all triangles of
ik,ik+1, i+ are coplanar. Using this argument repeatedly for new neighboring
vertices until one reaches all vertices in Z, one has that all the triangles in SN KC
are coplanar since the vertices of each triangle in S N K lie in Z. Because all the
triangles in S N K cover all the vertices in Z, one has that the vertices of V U V' that
is in S are coplanar under the perturbation. The same holds for the other faces of
P. O

Lemma 5.25. When locally perturbing the convex triangulated polyhedral angularity
AWV UV A, [pT,p'T|T), if the scale of a triangle in a face of P remains constant, then
all the edge lengths of P remain constant.

Proof. Note that after triangulating the faces of the polyhedron P, the surface of
P becomes K, in which each triangle Aijk € K has three neighboring triangles
and each of them shares a different edge with the triangle Aijk. When the scale
of this arbitrary triangle Aijk in K is fixed, its three neighboring triangles also
have the same fixed scale using the law of sines. Now, we show why the scales
of all the other triangles in K are fixed as well. Let the face where Aijk lies be
S; and the total number of triangles in S; is m. Then, after fixing the scale of
the three neighboring triangles of Aijk, one can fix Aijk’s neighboring triangles’
neighboring triangle; such a propagating fixing process will fix the scales of all
the triangles in S;. Now consider S;’s neighbouring face S, which shares at least
one edge with S;. Since the scales of all triangles in S; are fixed, the length of
this shared edge is fixed and the scale of the triangle containing this edge in S,
is also fixed. Apply for S, the same argument for S;, all the triangles in S, can
be fixed. Because the polyhedron P is closed, under the triangulation K, one can
always fix the neighboring triangles from those triangles with fixed scale until all
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the triangles in K are fixed. Therefore, all the edge lengths are constant provided
that one triangle’s scale is constant. O

Proof of Theorem 5.23 We prove Theorem 5.23 following the proof of Theorem 5.19.
According to Lemma 5.24, one has that the vertices of V U )’ that are involved in a
face of P will be coplanar under the perturbation. Therefore, using Lemma 5.17,
each corresponding dihedral angle formed by two adjacent faces keep constant
under the perturbation. On the other hand, Lemma 5.25 implies that all the edge
lengths of P keep constant under the given conditions. Based on these two facts
and the proof of Theorem 5.19, one has that A is angle rigid. O
Instead of triangulating the surface of convex polyhedra, we now give the result
when each face of the convex polyhedron is infinitesimally angle rigid. A face in a
convex polyhedron is said to be infinitesimally angle rigid if it can only translate,
rotate and scale as a whole under any local perturbation of the polyhedron.

Corollary 5.26. A convex polyhedron with infinitesimally angle rigid faces is angle
rigid.

The proof of this corollary follows the proof of Theorem 5.19. On the one hand,
all angles in each face will remain constant under a perturbation according to the
definition of infinitesimally angle rigid face. On the other hand, translation and
rotation of a face will not change the lengths of its edges. When one edge length is
fixed under the perturbation, the scale of the infinitesimally angle rigid face is also
fixed which implies that the lengths of the other edges of the face are fixed. Note
that each face of the convex polyhedron has at least three neighboring faces and
each pair of them share a different edge with the original face. Therefore, by fixing
edge length iteratively, all the edge lengths of the polyhedron will be fixed given
one fixed edge length in the polyhedron. From the above two facts and Lemma
5.18, one has that the convex polyhedron is angle rigid.

5.2.5 Angle rigidity matrix

Note that the above proposed checking conditions do not work when the angularity
cannot be constructed by Type-I, Type-II, merging operations or is not a convex
polyhedron. To develop a general checking condition, taking an angle 5 = £ijk €
(0,7) in fa(p) as an example, one has

B = Nijibi — (Niji + Niji)p; + Nijkbr, (5.2)
b§kpbji

- ljisin g3

matrix R(p) = %p(p) € RM>3N "which has the same structure as it in the 2D case.

where Ny;; = € R34, 5,k € V. Then, one will have the angle rigidity
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Now, we study the null space of the angle rigidity matrix R(p). First, we introduce

1 0 0
a=Inv® (0] ,@2=1In® [1]| ,g3=1n® |0}, (5.3)
0 0 1
qa = [(Q1P1)T7 (Qp2)*, -+, (Q1PN)T}T, (5.9
@ = [(Qap)", (Qap2)"s - (Qapn)] (5.5)
@ = [(Qp)", (Qsp2)"s - (Qapn)] (5.6)
T
q7 = [p'{’ pgv Ty p};{} ) (57)

0 1 0 0 0 1
where ® represents Kronecker product, Q1 = [—1 0 0} , Qo = [ 0 0 O] , Q3 =
0 0 0 -1 0 O

0 0 O

[O 0 1} and 1 denotes the N x 1 column vector of all ones. Note that ¢y, ¢-
0 -1 0

and g3 correspond to translation, ¢4, g5, g rotation, and ¢; scaling. Now we present

the theorem.

Theorem 5.27. For an angle rigidity matrix R(p), it always holds that

Span{q1, g2, g3, 44, 45, 96, 97} < Null(R(p))
and correspondingly Rank(R(p)) < 3N — 7.

Proof. Because each row sum of R(p) equals zero, one has R(p)q1 =0, R(p)g2 =0
and R(p)qs = 0. Taking an arbitrary row £ijk in R(p) as an example, one has the
corresponding row in R(p)qy

NijiQ1(pi — pj) + NijuQ1(pr — pj)
:bjT-kaj,;lejz‘ + bJT-inijlbjk- _ b}lebji + b]T-inbjk
—sin g —sin 8

207

where we have used Q7 = —Q; and b};Q1b;; = 0. The case for Q2,Qs can be

similarly obtained. Then, for R(p)g;, one has Nij;(p; — pj) + Nijr(px — p;) =
b Py, bii+bT Py big
7k 24 ~ i f 1 7% = (0, where we have used the fact that P, ,b;; = 0. Therefore,
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Span{qi, g2, g3, 44, 45, 96, g7} < Null(R(p)).

Because each vertex i, Vi € V has a distinct position p;, one has that g4, g5, s, ¢7
are linearly independent from ¢, g2 and ¢s3; otherwise the linear combination of ¢,
g2 and g3, i.e., y1q1 + Y292 + 7V393,7; € R, i = 1,2, 3 will give the same coordinate
components p; = py = - -+ = py. Since g7 ga = 0, g1g3 = 0 and ¢2g3 = 0, one has
that ¢, g2, g3 are linearly independent from each other. Since the Z-coordinate of
the vector Q1p;,7 = 1,--- , N is always zero and the Y-coordinate of the vector
Q2pi, it =1,--- , N is zero, one has that ¢4 and g5 are linearly independent, which
is similar to the cases of g4 and ¢g, and g5 and ¢g. Then, g4, g5, q¢ are linearly
independent. Also, qg7 = 0, ¢tgz = 0 and ¢lq; = 0 imply that g4, g5, g¢ are linearly
independent from ¢;. Therefore, one has that ¢1, ¢o, ¢3, 44, ¢5, s, g7 are linearly
independent, which implies Rank(R(p)) < 3N — 7. O

Based on Theorem 5.27 and Chapter 2, one can also define infinitesimal angle
rigidity in 3D and its checking condition using the rank of angle rigidity matrix.
The main purpose of defining angle rigidity matrix and infinitesimal angle rigidity
is to check angle rigidity of angularity which cannot be explicitly constructed by
type-I or type-II vertex additions.

Remark 5.28. In 2D angle rigidity in Chapter 2, several combinatoral necessary
conditions are developed for infinitesimal angle rigidity (including cyclic angles,
angles with the same middle vertex and over constrained angle subset), which are
not necessary anymore in 3D angle rigidity. However, to check the generic rigidity
of A(V, A, p), one can use the rank condition by a random realization of p [43].

5.3 Concluding remarks

In this Chapter, we have studied angle rigidity in 3D case. First, we have shown that
angle rigidity in 3D is a local property because of the existence of flex ambiguity.
Two types of vertex addition operations have been developed to construct a globally
angle rigid angularity or an angle rigid angularity, respectively. We have also shown
how to merge two globally angle rigid angularities into one globally angle rigid
angularity. Angle rigidity of convex polyhedra has been studied.



Chapter 6

Formation stabilization in 3D

sing the developed 3D angle rigidity theory in Chapter 5, we propose formation
U control algorithms in this chapter for a team of mobile agents to achieve a
desired angle rigid formation in 3D, in which only local direction measurements
are needed. The formation is constructed based on the proposed vertex-addition
operations which start from a triangular formation and then add each new vertex
into the existing formation by three new angle constraints. We will also show how
to achieve convex polyhedral formations in which angles constraints are in the
surfaces of the formations.

6.1 Introduction

Different from the 2D formations for ground robots in chapters 3 and 4, in the
applications of autonomous aerial refueling [91], drone swarm’s group display [3]
and satellite formation keeping [90], a desired spatial formation is usually required
to be formed by those teams of vehicles. Similar to the motivation of 2D formations,
to make full use of low-cost, lightweight, and low-power onboard sensors [22, 102]
and avoid the requirement on the alignment of coordinate frames [52, 55, 72, 85],
there is a great need to further study multi-agent formations in 3D. In this chapter
we design a control algorithm to stabilize a multi-agent formation by only using
direction measurements with the help of 3D angle rigidity theory that we have
developed in Chapter 5.

6.2 Multi-agent sequential formations

Consider a group of N agents, labeled by 1,2,--- , N, in 3D, each of which is
governed by single-integrator dynamics

pi:uiaizlv"'7N7 (6.1)

where p; € R? denotes agent i’s position, and Ui, is the control input to be designed.
Each agent 4 can only measure the direction ij,j € N;, where N; denotes agent
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i’s neighbor set. We consider that the desired formation is constructed through
a sequence of Type-I or Type-II vertex additions from a generically angle rigid
triangular formation, which is globally angle rigid or angle rigid according to
Propositions 5.9 and 5.10, respectively. Correspondingly, we propose to control
the first three agents to form the desired triangular formation and then control the
remaining agents following the sequence of Type-I or Type-II vertex additions.

6.2.1 Formation control for the first three agents

In this subsection, we show how to achieve a desired triangular formation for the
first three agents. The control objectives for agents 1 to 3 are

limt_)oo €1 (t) = limt_)oo(amg(t) — a§12) 0, (62)
limg o0 €2(t) = limy o0 (123() — afa3) =0, (6.3)

limg_ o0 €3(t) = limy o0 (231 (t) — 0551) (6.4)

where o7, € (0,7),4,j,k € {1,2,3} denotes agent ¢’s desired angle formed with
agents j, k. Motivated by [16], we design the following cyclic pursuing rule

uy = —(ag12 — a55)b12, (6.5)
uy = —(a123 — 0f93)ba3, (6.6)
ug = — (231 — Q537)b31, (6.7)

where o, = arccos(b}; b;) and each agent i,i = 1,2, 3 only needs to measure the

directions Z and ZZ in its own coordinate frame to implement (6.5)-(6.7). Note
that the direction Z in 3D has a unique correspondence to azimuth and altitude
angles described in agent i’s coordinate frame. Now, we study the angle error
dynamics.

Suppose ;;(0) # 0 and sin a;;5(0) # 0,4, j, k = 1,2, 3, then 377 > 0 such that
for t € [0,11), 1;;(t) # 0 and sin aj;x(t) # 0. Then for t € [0,77), taking e; as an
example, according to (5.2), one has

_ 5?3512 + 5?3512
sin a3
_ Pbl:s(pB _1.91)]

€1 = Q312 = (6.8)
Tl)12 o bT Pb12

. 7 p2 7151 .
113 S111 (X312 13 112 SN (Y312 ( )
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By substituting (6.5)-(6.7) into (6.8), it follows

T 7 brlI‘BPblz * *
bisb12 :T[(asu - a312)b12 — (123 — a123)b23]
sin a3 sin a "
= %(am — alys). (6.9)
Similarly,
. bL P, . , X
bisbia ZIQT:U[(O@H — az12)biz — (@231 — a53q)bai]
.2
sin® ae
:Tm(oé312 — ). (6.10)

By substituting (6.9) and (6.10) into (6.8), one obtains

sin 312 sin 123
— ey + €2

6y — (6.11)
' his hiz
By following the steps similar to (6.8)-(6.11), one has
é2 __ SN (123 e + SN (231 es, (612)
121 123
6y = —Smo2m | siNGgs (6.13)

l32 l31

Writing (6.11)-(6.13) into the matrix form, one has the overall angle error
dynamics of the first three agents

ér=le1 & e3]" = Fi(eg)es

—g312 9123 0 Q312 — Q3qp
= 0 —g123 9231 Q123 — Qo3| (6.14)
g312 0 —g231] Lozt — g3y

sin

where g, = %, i,7,k € {1,2,3}. Since e1 + ez + e3 = 0, (6.14) is equivalent
to
) é1 —g312 9123 e1
és=1|. | = = F,(eg)es. (6.15)
° LJ {—9231 —(g123 + 9231)} LJ s(es)es
Although (6.15) is derived for ¢ € [0,T}), we now show that 7} can be extended to
infinity.

Lemma 6.1 (Non-collinearity). For the 3-agent formation under the control law
(6.5)-(6.7), if the formation is not initially collinear; it will not become collinear for
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Yt > 0, and thus (6.15) applies for any t > 0.

Proof. We prove by contradiction. Suppose collinearity may occur for ¢ > T3, and
let T, be the first time at which the three agents approach being collinear. Then
at T, it must be true that for the triangular formation formed by these three
agents, two interior angles approach zero and the third approaches w. Without loss
of generality, assume that agent 1 is the agent associated with the interior angle
approaching 7, and thus a1 (7)) = 7 — €1, a2(T, ) = €3 and a3(T, ) = €3 for some
infinitesimally small positive numbers €;, €5 and €3 satisfying ¢; = €3 + e3. For
t €[0,Ty), one has

€1 = —gzi2€1 + g123€2. (6.16)

Since af is bounded away from 7, e;(T,") > 0; since o} is bounded away from zero,
e2(T;) < 0. In addition, one can further check that at 7, g312 > 0 and g123 > 0.
Hence, é,(T,) < 0, which implies that at T, if time further evolves, «; decreases
away from 7, which contradicts the assumption that at T, the three agents become
collinear and thus «; becomes 7. So we have reached the contradiction and the
proof is complete. O

Now we present the convergence result for the first three agents.

Theorem 6.2. For the three-agent formation under the control law (6.5)-(6.7), if
as312(0), a123(0), aa31(0) are not zero, the initial angle errors ¢;(0),i = 1,2,3 are
sufficiently small and the initial distances l12(0), l23(0), 131 (0) are bounded away from
zero, then the angle errors e;(t) converge exponentially to zero.

Proof. To show the local convergence of ¢;, we use linearization to analyze the
angle error dynamics (6.15). By taking e; as an example, the linearized dynamics
around the desired equilibrium e; = 0 are

61— {8(_931261 +9123€2) B } e 4+ |:a(—931261 +9123€2) e
1 861 es=0 1 882 es=0 2
_ 09312 09123
= || —9g312 — Telel + e, €2 | le.=0| €1
09123 09312 > }
+ {(9123 + ey ez — e, e1 ) le.—o| €2
= — g312€1 + gia3€2; (6.17)

where g%, = gjikle,=0.J # i # k and j,4,k € {1,2,3}. Then, by following the
same step as (6.17) for e,, the linearized dynamics of (6.15) can be written as

és = Ajes, (6.18)

where A; = Fi(es)|e.—0 iS @ 2 x 2 constant matrix. Then, it is obvious that
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tr(A1) = —g512 — 9i2s — 9331 < 0, det(A1) = g315(9723 + 9531) + 91239531 > 0, where
tr() and det() represent the trace and determinant of a square matrix, respectively.
It follows that A; is Hurwitz. Then, for the 2 x 2 identity matrix I, € R?*2, there
always exists a positive definite matrix P, € R?*2 such that —I, = P A; + APy
[54, Theorem 4.6]. Consider the Lyapunov function candidate

Vi = el Pre,. (6.19)

Taking the time-derivative of (6.19) yields

Vi

—_— 6.20
)\max(Pl) ’ ( )

Vi=—eles < —
where \,.x() denote the maximum eigenvalue of a real symmetric matrix. Then
p— 7t . o, . . .
one has that V() < V1(0)e *max(P1) . Because P is positive definite, one has

1% < V1(0)
Amin(Pl) = )\min(Pl)

2 2 2 7%@)
er +e5 = les” < e~ Xmax(P1) (6.21)
where \,in() denote the minimum eigenvalue of a real symmetric matrix. Since
el + es + e3 = 0, one has
2

2V1(0
e3 = e% + e% + 2eje9 < 2(6% + 6%) < (P 1(<P))
min 1

—_—t_
e Amax(P1)

which implies that e;, 7 = 1,2, 3, under the dynamics (6.14) is locally exponentially
stable. O

In the following subsections, we study the control of the overall formation.

6.2.2 Formation control for the remaining agents by Type-I ver-
tex addition

In this subsection, we show how to control the remaining agents to the formation
by Type-I vertex addition (case 2) developed in Definition 5.7. To be specific, the
control objectives for agent ,4 < ¢ < N, are

limy 00 €41 (8) = limy o0 (v, 5, () — O‘;‘kjljz) =0, (6.22)
limt_,oo €;2 (t) = limt_ﬂx(Oéiijl (t) - a;jzjl) = O, (623)
limt_mo €;3 (t) = limtﬁm(aijzh (t) — Oé;kajg) = 0, (624)
where | = 47 T )NJ jl 7& j2 7& j3 jl < i’j? < Z'aj3 < 7:) and a?jljz € (0,7’(’),0[:]‘2]‘1 €

(0,7),af;,;, € (0,7) denote three desired angles that agent i aims at maintaining
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with its neighboring agents j1, jo, j3.
We first illustrate how to control agent 4, and then extend the result to the
N-agent case. We propose the following control law for agent 4

ug =(u12 — @)19)baz + (21 — 09y )bar + (a3 — o3)bas. (6.25)

Note that in (6.25), the real-time angle information a5 = arccos(b];b12) cannot
be calculated by agent 4’s own direction measurements, but can be calculated via
agent 1’s direction measurements ﬁl, 3. Therefore, the implementation of control
law (6.25) relies on not only agent 4’s direction measurements 4 74@7 ﬁ, but also
the real-time angle information c412(¢), a401(t), cisae3(t) which can be sent to agent
4 through wireless communication. Now we present the convergence of agent 4.

Theorem 6.3. For the four-agent formation under the control law (6.5)-(6.7) and
(625), l:falgg (0),0&231(0),&312(0), C¥412(0),Oé421(0),04423 (0) are not zero or T, the ini-
tial angle errors €;(0),e4,(0),7 = 1,2,3 are sufficiently small, the initial distances
Lik(0),5 # k, j, k € {1,2,3,4} are bounded away from zero and p4(0) is sufficiently
away from the plane formed by p1(0),p2(0), p3(0), then the angle errors e4;(t) con-
verge exponentially to zero.

Proof. Since [;,(0) # 0 and sin a412(0), sin aa2:1(0), sin as23(0) are not zero, 375 >
0 such that for ¢ € [0,1%), l;x(t) # 0 and sinoui2(t), sinouoi(t), sinauss(t)
are not zero. Now we study the dynamics of angle errors eqs; = as12 — Ao,
€42 = Qo1 — (a7, €43 = Quy23 — (ljeg. Taking ey4q as an example, by using (5.2), one
has

Pb14
l14 sin Q412

T Pb12

4] Sinoms (b2 —p1).  (6.26)

€41 = Q12 = — | (pa — p1)]Tb12 — b

Substituting (6.25) and (6.5)-(6.7) into (6.26) yields

: T
S11 04142( % b12Pb14b43
Q12 — Qpp) —

€41 = — (423 — ja3)

l14 li4sin ay12
bLP, b bL, Py b
1246 12 14176 23
- — 1 —2 ="y (6.27)
l148in agq2 l12 sin 412
Similarly, one can compute ¢45 and é43 to obtain
. . . . T
€4 = [641 €42 e43} = Fy(es,eq)es + Gules, eq)es (6.28)
i b1y Py, bas
__Sini42 __ 2127 514725
Tia 0 Nsmans | [€a1 Gui Gia .
— 0 __sinagas _ bsy Pb24 bas €49 + G21 G22 1
T l2g l24 sin aq21 ) ’
bosPoysbar  _ sinasss €43 G311 G3o

" 124 sin agas [
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- br{QPb14 bi2 b"1r4Pb12 bas b;PbM bag

WThere Gu = larsin iz’ G2 = Tiasnaga’ G =0 G = — (i smem
b24 Py, bas — b2a Poy3b31 — bas Py, b2s baa Py3b31
l21 sin cig21 )’ 31 = T lhssinoazs’ 82 T _(l24 sin ago3 + l23 sin aa23 ) Now, we check

the local stability of the 4-agent formation for the region close to the desired equi-
librium {es = 0,e4 = 0}. Linearizing (6.28) around {e; = 0,e4 = 0} by following
(6.17), one has the linearized dynamics

é4 = Ayey + Byey, (6.29)

where Ay = Fy(es,€4)|e.=0,e,=0, Ba = Ga(es, €4)|e.—0,e,=0 are constant matrices.
Now, we check whether A, is Hurwitz.

det(AJz — Ag) =(A+ 12y 4 S0 Gazy | B Dos
14 24 124
sin a{42 (bz?PbabZ?,) (b;ng;l 521)

* * * * Q1 * ’
34 [3ysinajy  154sinajys

_ *
Sin a3

— (A

where A € C denotes the eigenvalue of Ay, [7; and b};, j,i € V are the distance
and bearing evaluated at {e; = 0, e4 = 0}, respectively. Checking the eigenvalues
of A4 by letting det(AI5 — A;) = 0, one has that A, always has an eigenvalue
—% < 0. However, it is quite challenging to check the sign of the real parts of
the remaining two eigenvalues of A4. Here, we first calculate

(bZ?Pb;4bZ3)(b§?TPb;4b21) (6.30)
133057 Pug ) Uiy (038 P i)

* *
43 23

=[CO8 (] 93 — COS (j93 COS Aoy ][COS O 45 — COS O] 45 COS O3],

where we have used the facts that bys = W, Py,,(p2 — ps) = 0, and

bo3 = W' Then, the other two eigenvalues of A, satisfy

)\2 + (Sin Cq42 4 sin a§43))\ +e1 = 07 (631)

* *
24 24

where g1 — — [cos a] 55 —COS At)ng COS afoq] [cOS af 13 —COS O] 45 cOS O] 45]
1 I3, sinal,; 15, sin o
+ T Ma2 %245 If ¢ > 0, then the remaining two eigenvalues of A, have negative
24 24 . . . . . . .
real parts, which implies that A4 is Hurwitz. Note that ¢; > 0 is equivalent to

sin ajjyq Sin agq sin a 4o sin ag,g > (6.32)

* * * * * *
[COS O] 55 — COS (g3 COS (igq |[COS Q] 43 — COS A 45 COS O ys].

Now, we prove that (6.32) holds for arbitrary tetrahedron formations formed by
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agents 1-4. Splitting (6.32) into two inequalities sin oy, sin afqs > | cos gy —
COS (g3 COS O}y | @and sin o 4o sin adyg > | oS afyq — cOS A 45 COS 0d45], We first illus-
trate how to prove the first inequality by using the facts that aj,5 € (0,7), ajy3 €
(0,7), sy € (0,m), and oy + alpg + lyy < 27, 27 > Q. + O > Qg >
04,7, k,m € {1,2,3,4}.

e Case 1: cosajys > COSQjq3C080ly. When 0 < oy — oy < m, by using
0 < ajy < afgs + adys < m, one has that 0 < oy — adyy < afyy < m. It fol-
lows that cos(ajy; — ala3) > €Os afys, Which gives sin oy sinafyg > cosajys —
COS (tjo3 COS (Whoy . When —m < afy; — s < 0, by using a3 < ajoq + o3, One has
—T < =93 < gy — Qhas < 0. It follows that cos(ay; — @feg) > cos(—afes) =
cos(arfo3), which also gives sin oy sin afyg > €OS 0fg5 — COS Afgg COS 4oy -

e Case 2: cosajy; < COSQgsCOSQly . When m < ajyy + ooy < 2w, by using
g € (0,m), (27 — (a1 + @343)) € (0,m) and ajys < 27 — (ayy + ajys), One has
COS (fg95 > €OS(2T — (fgy + (ag)) = coS(ig; + tfag). It follows sin o}y sin sy >
COS (g3 COS (lfgy — COSQfg3. When 0 < ajy; + fys < 7, by using 0 < ajy <
Oy + Qg3 < , one also has sin a}y; sin ajjy3 > €0S a3 COS )y — COS O og.
Combining the above two cases together, one has that sin a5, sin ay5 > | cos ajqys—
COS ()45 COS 0} | holds for an arbitrary tetrahedron formation. The same analysis
can be conducted for the second inequality, which proves (6.32).

By combining (6.30)-(6.32), one has that A, is alway Hurwitz for arbitrary
tetrahedron formation formed by agents 1-4. Writing (6.18) and (6.29) into a
compact form yields

s és o _ Al 0 €s
€4 = LJ = Hyey = {34 AJ LJ ) (6.33)

Because A; and A4 are Hurwitz, one has that H, is also Hurwitz [13, Proposition
5.5.13]. Then, for the 5 x 5 identity matrix I5 € R>*5, there exists a positive
definite matrix P, € R%*® such that P,H, + H{ P, = —I5. Construct the Lyapunov
function

Vo = e, Pyéy. (6.34)

Taking the time-derivative of (6.34) yields

: T Va
V= —efes < —— 2 6.35
? cact )\max(PQ) ( )
Then, it follows that
V5 _ t
leall? < lleall? < —2— < 2O _—xto, 6.36)

Amin(PQ) h )\min(PQ)

which implies the exponential stability of |le4(¢)| for V¢t € [0,72). Note that
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77t . . .
1Pall < lear| + leaz| + leas] < V3lleal| < Airj((%)z)e max(P2) which implies

1pa(t) = pa(O)]] < Ji s (P)lldr < 2max(Pe) /225 (1 — &~ Tt ) for vt €
[0,T5). Since V5(0) is sufficiently small, ||p4(t) — p4(0)|| is also sufficiently small
for vt € [0,Tz). Since p4(0) is sufficiently away from the plane formed by
p1(0), p2(0), p3(0), one has that ps(T; ) is also sufficiently away from the plane
formed by p1(0), p2(0), p3(0) which implies that [4;(T5 ) # 0,7 =1,2,3, and

sin aq12(Ty ), sinayo1 (75 ), sinayas(T, ) are not zero. Then, one can extend 7,
to T3, T3 > T5. In fact one can check that when T5 — oo, ||pa(t) — p4(0)]| is still
sufficiently small for V¢ € [0, o0) which implies that (6.28) is always well-defined
and |le4(t)] is exponentially stable for V¢ € [0, 00). O

Remark 6.4. Note that the first three agents always lie in the plane formed by
p1(0),p2(0), p3(0) since the control actions (6.5)-(6.7) are confined in this plane.
If 375 such that p,(T3) lies in that plane, then p4(t), V¢t > T3 will always be in that
plane according to the control law (6.25). Then the angle error in (6.28) will
not converge to zero because in this case Fj(es, e4) becomes singular. Therefore,
Theorem 6.3 requires that p4(0) is sufficiently away from the plane formed by

p1(0),p2(0), p3(0).

Now, we precisely describe the requirements on 14;(0),7 = 1,2, 3, e4;(0) and the
initial distance h4_123(0) between p,4(0) and the plane formed by p;(0), p2(0), p3(0),
respectively such that (6.28) is well-defined. Taking /4; as an example, one has

t
141(t):l41(0)+/ I (T)dT (6.37)
0
t
> 131 (0) - / b, (b1 — pa)ldr

t
> 1 (0) - / (lea] + ear] + [eaz] + [eas])dr
0

t
> 141(0) — 2/ \/e§ + €3 + ey + elqdr
0

V2(0)

2 N (P)(1 — ¢ Tmaxray),
)\min(PQ) ( 2)( ¢ ’ )

> 14:(0) — 4

To guarantee that 1/ sin a2 is well-defined in (6.26), one requires 0 < ay2(t) <
7. According to (6.36), one has

V2(0)

_— 6.38
)\min(PQ) ( )

lear]| = 1o — ajyo| < lesll <
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It follows that

V2(0 V2(0)
« <« t) <« +
412 /\min( 2) 412( ) 412 )\min (PQ)
Therefore, if
VV2(0) < \/Amin (P2) ¥ min{m — afya, iy}, (6.39)

one always has 0 < a412(t) < 7.
The distance h4_123(t) between p,(t) and the plane formed by p;(0), p2(0), p3(0)
can be calculated by
Vicios  Pir(t) (pas(t) X paz(t))

h47123(t) - 512;(0) - 3l12(0)113(0) Sin 04213(0)’ (640)

where p,;(t) = p;(0) — pa(t),i = 1,2, 3. Then, one has

. 1. .
Vi_123 =6p4T (P43 X Pa3) +P4Ti [P4 % (p3(0) — p2(0))]

1
<gleal + leaz] +leas))llazgmar) lasmaz)

+ 132(0)l41(ma:c)]a (641)

V2(0)
in(P2)

have used the fact that ||p,; ()| < 14;(0 —|—f0 |lpa(T)||dT < l4Z —|—f0 lear| + |eaa] +

leas])||dm < 14:(0) + 4 V2(((}),2))\max(P2). Therefore, one has

where l4i(maz) = max{\\p4g(t)|| Yt > 0} = 141'( )-l- 4

Amax(P2), and we

¢
ha—123(t) = ha—123(0) —/ |ha—123(T)|dT
0

Lo
[Va123(7)|
> hy_123(0) — ——dr
4-123(0) 53 (0)
> h4,123(0) - 52(1 - efm), (642)

4ly2(maz)laz(maz) T132(0)41 (maz :
where e, — 2l420man43(maz) Hs2(0)lai >]/\max(P2),/#(8i2>. Now, we summarize

3112(0)113(0) sin a213(0)
the results from (6.37) to (6.42).
Corollary 6.5. Consider that the four-agent formation under the control law (6.5)-
(6.7) and (6.25), sin a1 (0) # 0, 7,4,k € {1,2,3,4} and ¢;(0) are sufficiently small.

Ifl4:(0) > 4 /\n‘fn((%) Amax(P2), then no collision between agents 1 and 4 will occur

fort > 0; if \/V2(0) < v/ Amin(P2) * min{m — a5, %15}, then no collinearity will
happen among agents 1, 2, 4; if hy_123(0) > €9, then agent 4 will never reach the
plane formed by agents 1, 2, 3.
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The proof of Corollary 6.5 is straightforward using proof of contradiction. Now,
we extend the results to the N-agent case by designing the following control law
foragenti, 4 <i< N

w; =(Qijyjy — 5 )bige + (Qijagy — a5 )bigy
+ (Qigags — O 43 )i (6.43)
Theorem 6.6. For the N-agent formation under the control law (6.5)-(6.7) and
(6.43), if sin a1 (0) # 0,7,4,k € {1,..., N}, the initial angle errors e,,(0), €, m =
1,2, 3 are sufficiently small, the initial distances ;;(0) are bounded away from zero and

pi(0) is sufficiently away from the plane formed by p;, (0),p;,(0),p;;(0), j1, j2, js €
N, then the angle errors e;,, (t) converge exponentially to zero.

The proof of Theorem 6.6 can be obtained by combining Theorems 6.2 and 6.3.

6.2.3 Formation control for the remaining agents by Type-II
vertex addition

Now, we investigate how to add the remaining agents by Type-II vertex addition
(case 1) developed in Definition 5.7. We design the following control law for agent
4

Ug = — (a2 — A49)(ba1 + baz) — (243 — y5) (bao + bag)
— (a3a1 — o341 ) (baz + baz), (6.44)

where oy, € (0,7), adys € (0,7), 04, € (0, 7) are three desired angles that agent
4 aims at achieving with agents 1, 2, 3. The implementation of (6.44) only relies
on agent 4’s direction measurements ZH, ZE, and 43. To obtain the convergence of
541 = (V142 — OLT42, 642 = (243 — 04343, 643 = (341 — OL§41, we first aim at obtaining
the dynamics of €41, €42, é43. Since the three components in (6.44) are similar, we
first analyze the dynamics of a4, ¢, k € {1, 2,3} by taking its time-derivative with
respect to time

&gk =NypaipPi — (Niag + Ngai)pa + NiarDr
=Nraipi + NiarpPr + (Niak + Niai)[eai(bai + bag)
+ €4k (bar + bam) + €am(bam + bai))
=Niaibi + NiakPr + €4i(Nianbai + Niasbar)
+ ear (Niaibar + Niakbam + Niaibam)
+ €am (Niakbam + Niaibam + Niarbai), (6.45)
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where Nyj; € R is defined in (5.2) and m = {1,2,3}/{i,k}. By defining
fijk = —Nijrbj; = *5>4% > 0 and using i = 1,k = 2,m = 3 in (6.45), one has

= 71;‘1@

i1 =— Niga(ba1 + baz)ea — Nogi(b12 + b13)er
— €41(f1a2 + foa1)
+ €42(—faa1 + N1a2baz + Nog1bag)
+ €43(— f142 + Naa1ba3 + N142bs3). (6.46)

Following the similar steps for é,5 and é43, one has the overall angle error dynamics

€y = [é41 é42 é43} = Fy(es, €4)84 + Gales, €1)es

—fia2 — faar  —faan + haez) —fia2 +haaes)] [én
= |—faas t heazy  —faus — faaz —faaz T huzay | |€a2
—f1a3 +haas2)  —faar +haase) —faa — fua3 €43

(:;11 (:;12 e
+ |G G M, (6.47)
Gy Gao) L7

whereN hijr,m) = (Nijk+Nkji)me: and Gy; = —Nag1 (b12+b13), Gao = —N142~(b21+
bas), Ga1 = —N3a2(ba1 + b23), Gaz = —[Naaz(bsy + bs2) + Naaz(ba1 + bas)], Ga1 =
—N341(b31 + b32) — N1z (b1 + baz), Gz = —Ni43(b31 + b32). Now, we present the
convergence result.

Theorem 6.7. For the four-agent formation under the control law (6.5)-(6.7) and
(6.44), if
0 < Ak jy < 2min{fry, fix}s (6.48)

i,5,k € {1,2,3},0 # j # k, sina;u,(0) # O, the initial angle errors é4;(0) are
sufficiently small, the initial distances l4;(0) are bounded away from zero and p4(0) is
sufficiently away from the plane formed by p1(0),p2(0), p3(0), then the angle errors
€4(t) converge exponentially to zero.

Proof. Linearizing (6.47) around {e; = 0,¢e4 = 0} by following (6.17), one has the
linearized dynamics

é4 = A4é4 + 3465, (6.49)

where A, = F4(es, €4)]es=0,64=0, Ba = Ga(es, e4)|e,=0,e,—0 are constant matrices.
Now, we check whether A, is Hurwitz. To obtain the stability of the linearized
system (6.49), we aim at proving that A, is Hurwitz. By using the Gershgorin circle
theorem [46, Theorem 6.1.1], one has that the three eigenvalues of matrix A4 must
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lie within the union of the following three Gershgorin discs

A+ flaz + foanl < | = faar + P(iaz,s)| + | = flaz + hliaz,)], (6.50)
A+ fous + fiaz] < | — faas + hiaaz,ny| + | — fia2 + hiaas 1, (6.51)
A+ foar 4 frasl <= flas + R{iaz,) | + | = f3a1 + hiias 2| (6.52)

where )\ € C denotes the eigenvalue of A,. Note that e >0foralli k=1,2,3.
Therefore, by using (6.48), one has

0 <|— faar + h{raz,3)| + | = flaz + h{1a2,3)| < fiaz + foa, (6.53)
0 <|— faax + P{raz,3)| + | = flaz + h{1a2,3)| < faas + fiaz, (6.54)
0 <|— fias + {1z 2)| + | = fiar + h{1as 2)| < faan + fias- (6.55)

By combining (6.50)-(6.52) with (6.53)-(6.55), one has that the union of the
three Gershgorin discs in (6.50)-(6.52) always lies in the left half of the complex
plane, which implies that the three eigenvalues of A, have negative real parts.
Therefore, (6.48) is a sufficient condition to guarantee that matrix A, is Hurwitz
which implies the exponential convergence of ¢, by following (6.33)-(6.36). [

Also, by following (6.37)-(6.42), one can precisely describe the requirements
on /;;(0), €4;(0) and the initial distance hs_123(0) in this case. Similarly, we can
extend the results to N-agent case by designing the following control law for agent
i, 4<i<N

u; = — (i, — 45, ) (bij, + i)
= (yijs — 5, ) (bijy + bijy)
— (gigy — i3, ) (bijs + bijy ), (6.56)

where o ;. € (0,7),07,,;, € (0,m),aj,;; € (0,7). Then, the result similar to

Theorem 6.6 can also be obtained.

Remark 6.8. It can be checked that to implement the proposed formation control
laws in Section IV, each agent is allowed to have its own local coordinate frame
[22]. In subsections IV. B and C, two types of formation control algorithm are
designed for the remaining agents from 4 to N by following the Type-I and Type-II
vertex addition operations developed in 3D angle rigidity theory, respectively. Note
that the control law (6.56) can be implemented by only using the local measured
bearing information, while the control law (6.43) needs additional communication.
However, (6.43) can be used to stabilize an arbitrary tetrahedron formation, and
(6.56) can stabilize tetrahedron formation satisfying (6.48).

Remark 6.9. Although the presentation structure of this 3D case is similar to the 2D
case [22], the employed methodologies are different due to the different performing
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forms of angles as shown in Fig. 5.3. In the 3-D angle rigidity part, we develop
Type-I and Type-II vertex additions, which are more challenging than 2-D case
since each angle constraint is unsigned and shows a complicated surface. Also, the
merging operation towards two angle rigid angularities is investigated.

6.3 Convex polyhedral formations

In this section, we assume that the angle constraints are only in the faces of a
convex polyhedral formation. According to Theorem 5.19, a convex polyhedron
with all faces being triangles is angle rigid. In the following, we first show how
to stabilize a convex polyhedral formation with 4 triangular faces and 12 angle
constraints. Then, we show how to extend it to more general cases. Assume that

Figure 6.1: Convex polyhedral formation with 12 face angle constraints

four agents are governed by single-integrator dynamics (6.1). The aim is to design
u;, 1 = 1,2, 3,4, such that those 12 desired angles in the four triangular faces of
the tetrahedron formation can be achieved. Towards this end, the control laws are
designed as

up = —ez12b12 — e214b14 — €413b13
Up = —e321b21 — €423b23 — €124b24
uz = —e231b31 — €432b32 — €134b34
Uy = —e341b41 — €243b43 — €142b40 (6.57)

where e, = aiji — o, and i # j £k, 4,5,k € {1,2,3,4}, and o, € (0,7) is
the desired angle between j—Z> and ﬁ,. Following the calculations and analysis in
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Section 6.2, one has the angle error dynamics

éijk =Nijr(Dr — Pj) + Niji(pi — p;)
ijk(—€ikmbrm — €jkibri + €ijmbjm + exjibji)

+ Niji(—€jikbik — €kimbim + €ijmbjm + €m;jrbjk) (6.58)

where N,;;, is defined in (5.2), and m = {1,2,3,4}/{i, j, k}. For example, when
i=4,7 =2,k =3, (6.58) becomes

€423 =Nao3(—ea31b31 — €234b34 + €421b21 + €324b24)

+ N32a(—€243b43 — €341ba1 + €421b21 + €123b23) (6.59)
where N423b24 511153423 N423b34 Sinl% and N324b43 5111134342 By spec1-
fying all possible i, j, k and using (6.58), one will have the error dynamics of the 12
face angles. However, the three angles in each face of the tetrahedron is linearly de-
pendent, e.g., e123 + €231 + e312 = 0. Therefore, we choose in each face two interior
angles to form the state variable e, = [6123, €231, €234, €243, €214, €241, €341, 6314]T
and take 4, = {(1,2,3),(2,3,1),(2,3,4),(2,4,3),(2,1,4),(2,4,1),(3,4,1),(3,1,4)}.
Then, one has the closed-loop angle error dynamics

és = Ales)es (6.60)

Following the linearization steps in Section 6.2, (6.60) can be linearized as ¢, =
Afes where A* = A(eg)|e,—0- Then, one has the result.

Theorem 6.10. For the four-agent convex polyhedral formation under the control

(6.57), if
sinaj;, +sinaf,;  sinap;;  sinogg
B 2 >| l* 2 — l*j 2|—i_| ka2m|+‘ 1gk m|

+ INgjibim| + [ Nijibim| + [ Nijibixl, (6.61)

*
5

where (i, j, k) € A;, m = {1,2,3,4} /{1, 4, k}, sinaj1(0) # 0, the initial angle errors
ei;k(0) are sufficiently small, and the initial distances 1;;(0) are bounded away from
zero, then the angle errors e;;;,(t) converge exponentially to zero.

Proof. To check the local stability of (6.60), one needs to analyze the eigenvalue
distribution of matrix A* € R&*8, Using Gershgorin circle theorem [46, Theorem
6.1.1], for each row of A%, if the sum of the absolute values of the off-diagonal
entries is less than the absolute value of the negative diagonal entry, all the eigen-
values of the matrix lie in left half-plane. Now, take the angle dynamics (6.62) as
an example. Because e4a3 + €234 + €243 = 0, the linearized dynamics of (6.62) can
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be written as

sinajys  sinagsy sinaj,, sinagsy

423 = — (—% —)eszs + (— o )e2as
l23 l23 l24 l23
— Njasb3iea31 + Njasbsqean
— N3a4bji €341 + Niggbsieanr + Nioybiseias (6.62)

Therefore, one requires

sinajys  sinags, _ sinagy, sinads,

>| | + [Niasb31| + [ Niasbss |

154 I35
+ [N324b31 | + [N324651 | + [ N340 (6.63)

* *
123 123

which is one case of condition (6.61). For the other 5 angles, using the same
analysis steps, one obtains the similar condition as described in (6.61). Therefore,
if the condition (6.61) holds for all the six angles defined in .4, one has that A* is
Hurwitz. Following similar analysis steps in Section 6.2, one has the local stability
of (6.60). O

For an N-agent convex polyhedral formation, the control law for agent ¢ < N

can be designed as
U; = — Z(j,i,k)eA 6j7;kb7;k (664)

where A is the angle set containing all the angles from the triangular faces of
the convex polyhedral formation. Using similar steps as (6.58)-(6.63), a stability
condition can be obtained to guarantee the local stability of the convex polyhedral
formation with triangular faces.

6.4 Simulation

In this section, we use numerical examples with 4 agents to validate the effec-
tiveness of the proposed formation control algorithms. The desired angles among
agents are calculated using the embedding [p1, p2, p3, p4] given in Theorem 5.2. We
initialize all agents’ positions around the embedding:

p1(0) =[0.2,-0.3,—-0.1]", p2(0) = [0.3,2.7,0.1]%,
p3(0) = [4.2,4.9,-0.2]7, p4(0) = [2.3,4.1,2.2]".

When agent 4 is governed by (6.25), i.e., Type-I vertex addition, Fig. 6.2 gives the
formation trajectories and the evolution of angle errors. When agent 4 is governed
by (6.44), i.e., Type-II vertex addition, Fig. 6.3 gives the formation trajectories and
the evolution of angle errors.
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zIm

Figure 6.2: Formation trajectories and angle errors under (6.25)
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t/s

Figure 6.3: Formation trajectories and angle errors under (6.44)

According to Figs. 6.2 and 6.3, agent 4 under the control of (6.25) moves
more directly to the desired position than the control of (6.44). The convergence
speed of angle errors under (6.25) is faster than (6.44). This illustrates the better
performance of (6.25) which owes to the availability of communication from agents
1, 2 to agent 4. Next, we simulate the case when agent 4 is controlled by (6.44) but
its initial position is close to the ambiguity position, i.e., p4(0) = [0.08,4.07,1.47]7.

50 100 150 200 250 300

tls

Figure 6.4: Formation trajectories and angle errors under (6.44) when initial states are
closed to the ambiguity formation
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According to Fig. 6.4, agent 4 finally converges to an undesired position in the
plane formed by p;(0), p2(0), p3(0), and the angle errors do not converge to zero
but nonzero constants finally. This illustrates that the formation under the control
of (6.44) is unstable when its initial formation is close to the ambiguity formation.

When the four agents are governed by (6.57), Figure 6.5 shows the formation
trajectories of the four agents and the evolution of angle errors which imply that
the desired polyhedral formation is achieved. Note that in this case, the agents 1, 2
and 3 are no longer coplanar at all the time.

- k123
ijk=231

k=
ijk=234
=

ijk=243
ijk=214
ijl=:

ijk=314

60 70 80 9 100

50
t/s

Figure 6.5: Formation trajectories and angle errors under control law (6.57)

6.5 Concluding remarks

In this chapter, using the developed angle rigidity theory in 3D, we have investi-
gated how to stabilize a multi-agent formation in 3D. First, using the two types
of construction approaches, multi-agent formations from sequential operations
have been achieved. Then, using angle constraints only in the faces of a convex
polyhedron, multi-agent polyhedral formations can also be stabilized.



Chapter 7

Conclusions and future work

his chapter summarizes the main results of this thesis and indicates the possible
future research directions.

7.1 Conclusions

This thesis has proposed angle rigidity graph theory in both 2D and 3D which
has been used to achieve multi-agent formations using only angle measurements.
We have defined a new multi-point framework, i.e., angularity, to describe the
angle constraints. We have shown the non-equivalence between global angle
rigidity and angle rigidity. Then we have developed the construction methods to
obtain a globally angle rigid angularity and angle rigid angularity, respectively. To
check whether a given angularity is angle rigid, we have also defined infinitesimal
angle rigidity. Using the developed angle rigidity theory, we have proposed angle-
only formation control algorithms to stabilize and maneuver a group of vehicles
with desired shape in collective motion, respectively. Now, we provide specific
conclusions for each technical chapter.

Chapter 2 has developed the notion of angle rigidity for a multi-point framework,
named angularity, consisting of a set of nodes embedded in a Euclidean space and a
set of angle constraints among them. Different from bearings or angles defined in a
global coordinate frame, the angles we use do not rely on the knowledge of a global
coordinate frame and are with the positive sign in the counterclockwise direction.
We have demonstrated that this angle rigidity property, in sharp comparison to
bearing rigidity or other reported rigidity related to angles of frameworks in the
literature, is not a global property since an angle rigid angularity may allow
flex ambiguity. We then have defined two types of vertex addition operations to
construct an angle rigid or globally angle rigid angularities. Further, we have
provided necessary and sufficient conditions for infinitesimal angle rigidity by
checking the rank of an angularity’s rigidity matrix. A combinatorial necessary
condition has also been developed for infinitesimal minimal angle rigidity.

Using the developed angle rigidity theory in Chapter 2, Chapter 3 has demon-
strated how to stabilize a multi-agent planar formation using only angle measure-
ments, which can be realized in each agent’s local coordinate frame. The desired
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angle rigid formation is constructed through the Type-I vertex addition operation
developed in Chapter 2. By following this vertex addition operation, we have first
designed the triangular formation control algorithm for the first three agents. Then,
we have proposed the formation control algorithm for the remaining agents to add
them into the existing formation step by step. The exponential convergence rate of
angle errors and collision-free property between specified agents have also been
proved. We have investigated the multi-agent formations with the single-integrator
and double-integrator dynamics, respectively.

Chapter 4 has realized how to maneuver a planar formation of mobile agents
using designed mismatched angles. The desired formation shape is still constructed
through the Type-I vertex addition operation and is specified by a set of interior
angle constraints. To realize the maneuver of translation, rotation and scaling of
the formation with single-integrator dynamics, we have intentionally forced the
agents to maintain mismatched desired angles by introducing a pair of mismatch
parameters for each angle constraint. To allow different information requirements
in the design and implementation stages, we have considered both measurement-
dependent and measurement-independent mismatches. Starting from a triangular
formation, we have considered generically angle rigid formations that can be
constructed from the triangular formation by adding new agents in sequence, each
having two angle constraints associated with some existing three agents. The
control law for each newly added agent arises naturally from the angle constraints
and makes full use of the angle mismatch parameters. We have also shown that
the control can effectively stabilize the formations while simultaneously realizing
maneuvering. When the formation is governed by double-integrator dynamics, we
have also achieved the formation maneuvering. Simulations have been conducted
to validate the theoretical results.

Chapter 5 has discussed angle rigidity for an angularity in 3D. The angles
have been defined using interior angles of triangles, which are independent from
coordinate frames and can be measured by using monocular cameras. We have
shown that the resulting angle rigidity is not a global property in comparison to the
case of 3D bearing rigidity. We have demonstrated that such angle rigid frameworks
can be constructed through adding repeatedly new points to the original small
angle rigid framework if one chooses angle constraints carefully. Based on the
classic distance rigidity results on convex polyhedra, we have also studied the angle
rigidity of convex polyhedral angularity. Finally, we have defined the angle rigidity
matrix of an angularity in 3D.

In Chapter 6, by using the developed 3D angle rigidity theory in Chapter 5,
formation stabilization algorithms have been designed for a team of vehicles in
3D to achieve an angle rigid formation, in which only local angle measurements
are needed. Different from the formation stabilization in 2D, we have proposed
a formation controller with a simpler structure, in which both Type-I and Type-II
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vertex addition operations have been employed to add the new agents, respectively.
Also, convex polyhedral formations have been achieved using the proposed control
law.

7.2 Future work

In this thesis we have proposed the angle rigidity graph theory and applied it to
achieve multi-agent formations. Several directions are of interest to be considered
in future research. In this section, we identify some future topics.

e Global angle rigidity: This thesis has proposed the sufficient conditions for
global angle rigidity, but they are not necessary. The necessary and sufficient
conditions for global distance rigidity have been studied for decades, and the
conditions for global distance rigidity in 3D or higher dimensions are still unknown.
A first future step in this direction can be to study the necessary and sufficient
conditions for 2D global angle rigidity.

e Infinitesimal rigidity: This thesis has proposed the necessary condition for
minimal and infinitesimal angle rigidity, but it is not sufficient. A well-known
necessary and sufficient condition was developed by Laman for minimal and
infinitesimal distance rigidity. Therefore, future study can concentrate on the
necessary and sufficient conditions for minimal and infinitesimal angle rigidity.

e Formation maneuvering in 3D: The formation stabilization task has been
achieved in 3D by using only angle measurements. However, the formation maneu-
vering has not been investigated yet, which will be useful to maneuver a team of
drones or satellites.

e Angle-only formation control with more complicated dynamics and noisy
measurements: Only single-integrator and double-integrator dynamics have been
considered in this thesis, and the more complicated dynamics have not been
considered. One may want to consider as a starter in this line of research the
unicycle model and nonlinear Euler-Lagrange dynamics. Also, the measurements
of angles are assumed to be noiseless in this thesis, and future work may take the
measurement noise into consideration.

e The other related applications: Besides multi-agent formations, there are also
other application scenarios which can benefit from the developed angle rigidity
theory in this thesis, e.g., flocking, circumnavigation and vehicle platooning.
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Summary

Rigidity theory has been studied for centuries, dating back to the works of Euler
and Cauchy. Motivated by the challenging formation problem where a vehicle
cannot measure positions or relative positions but some angles, this thesis proposes
angle rigidity graph theory in 2D and 3D and uses them to develop angle-only
formation control algorithms. We first develop the notion of 2D angle rigidity for a
multi-point framework, named “angularity”, consisting of a set of nodes embedded
in a Euclidean space and a set of angle constraints among them. Different from
bearings or angles defined in a global frame, the angles we use do not rely on the
knowledge of a global frame and are with a positive sign in the counter-clockwise
direction. Angle rigidity refers to the property specifying that under appropriate
angle constraints, the angularity can only translate, rotate or scale as a whole when
one or more of its nodes are perturbed locally. We demonstrate that this angle
rigidity property, in sharp contrast to bearing rigidity or other reported rigidity
related to angles of frameworks in the literature, is not a global property since
an angle rigid angularity may allow flex ambiguity. We then construct necessary
and sufficient conditions for infinitesimal angle rigidity by checking the rank of an
angularity’s rigidity matrix. We also develop a combinatorial necessary condition
for infinitesimal minimal angle rigidity.

Using the developed 2D angle rigidity theory, we demonstrate how to stabilize
a multi-agent planar formation using only angle measurements, which can be
realized in each agent’s local coordinate frame. The desired angle rigid formation
is constructed by the Type-I vertex addition operation defined in 2D angle rigidity
theory. By following this vertex addition operation, we first design the triangular
formation control algorithm for the first three agents. Then, we propose the
formation control algorithm for the remaining agents to add the remaining agents
into the existing formation step by step. We have also proved the exponential
convergence rate of angle errors and the collision-free property between specified
agents.
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Besides the stabilization of angle rigid formations, we also study how to ma-
neuver a planar formation of mobile agents with collective motions using designed
mismatched angles. To realize the maneuver of translation, rotation and scal-
ing of the formation as a whole, we intentionally force the agents to maintain
mismatched desired angles by introducing a pair of mismatch parameters for
each angle constraint. To allow different information requirements in the de-
sign and implementation stages, we consider both measurement-dependent and
measurement-independent mismatches. The control law for each newly added
agent arises naturally from the angle constraints and makes full use of the angle
mismatch parameters. We show that the control law can effectively stabilize the
formations while simultaneously realizing maneuvering. Simulations are conducted
to validate the theoretical results.

Then, we develop 3D angle rigidity theory. We show that the resulting angle
rigidity is not a global property in comparison to the case of 3D bearing rigidity. We
demonstrate that such angle rigid frameworks can be constructed through adding
repeatedly new points to the original small angle rigid framework if one chooses
angle constraints carefully. Based on the classic distance rigidity results on convex
polyhedra, we investigate the angle rigidity of convex polyhedral angularities. The
angle rigidity matrix of an angularity in 3D is also defined. By using the developed
3D angle rigidity theory, the formation stabilization algorithms are designed for a
3D team of vehicles to achieve angle rigid formations, in which only local angle
measurements are needed.



Samenvatting

Stijfheidstheorie wordt al eeuwenlang bestudeerd en dateert uit de werken van
Euler en Cauchy. Gemotiveerd door het uitdagende formatieprobleem waarbij
enkel en alleen hoekmetingen gemeten wordt en niet de gebruikelijke posities of
relatieve posities, stelt dit proefschrift de theorie van hoekstijtheidsgrafen voor in
twee- en driedimensionale ruimten om algoritmen voor formatieregeling te ont-
wikkelen met alleen hoeken. We ontwikkelen eerst het idee van 2D hoekstijfheid
voor een meerpuntsraamwerk, genaamd “angulariteit”; bestaande uit een reeks
knooppunten ingebed in een Euclidische ruimte en een reeks hoekbeperkingen
daartussen. Verschillend van normaal-vectoren of hoeken gedefinieerd in een glo-
baal codrdinatenstelsel, gebruiken we hoeken die niet athankelijk zijn van de kennis
van een globaal coordinatenstelsel, maar waarbij de positieve richting tegen de klok
in is gedefineerd. Hoekstijfheid verwijst naar de eigenschap die specificeert dat
onder de juiste hoekbeperkingen, de angulariteit alleen als geheel kan transleren,
roteren, of op- en afschalen wanneer een of meerdere knooppunten lokaal worden
verstoord. We demonstreren dat deze hoekstijtheidseigenschap gebaseerd is op
normale vectoren of andere bestaande hoekstijfheidstheorieén en niet een globale
eigenschap aangezien een starre hoekstijtheid buigambiguiteit mogelijk maakt.
Vervolgens construeren we noodzakelijke en voldoende voorwaarden voor oneindig
kleine hoekstijfheid door de rang van de stijfheidsmatrix van een angulariteit te
controleren. We ontwikkelen ook een combinatorische noodzakelijke voorwaarde
voor oneindig kleine minimale hoekstijfheid.

Met behulp van de ontwikkelde 2D-hoekstijfheidstheorie laten we zien hoe
een multi-agent planaire formatie in het vlakke plaat kan worden gestabiliseerd
met behulp van alleen hoekmetingen, die kunnen worden gerealiseerd in het
lokale coordinatenstelsel van elke agent. De gewenste starre hoekformatie wordt
geconstrueerd door de Type-I knooppunt-optelbewerking gedefinieerd in de 2D-
hoekstijfheidstheorie. Door deze knooppunt-optelbewerking te volgen, ontwerpen
we eerst het algoritme voor het regelen van de driehoekige formatie voor de
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eerste drie agenten. Vervolgens stellen we het formatieregeling-algoritme voor
de resterende agenten om deze stap-voor-stap aan de bestaande formatie toe te
voegen. We hebben ook de exponentiéle convergentiesnelheid van hoekfouten en
botsingsvrije eigenschap tussen gespecificeerde agenten bewezen.

Naast de stabilisatie van starre hoekformaties, bestuderen we ook hoe een forma-
tie van mobiele agenten met collectieve bewegingen kan worden gemanoeuvreerd
met behulp van ontworpen niet-overeenkomende hoeken. Om de manoeuvre van
translatie, rotatie en op- of afschaling van de formatie als geheel te realiseren,
dwingen we de agenten opzettelijk om niet-overeenkomende gewenste hoeken te
handhaven door een paar niet-overeenkomende parameters in te voeren voor elke
hoekbeperking. Om verschillende informatie-eisen in de ontwerp-en implementa-
tiefase mogelijk te maken, houden we rekening met zowel meetathankelijke als
meetonafhankelijke verschillen. De regelaar voor elk nieuw toegevoegde agent
komt op natuurlijke wijze voort uit de hoekbeperkingen en maakt volledig gebruik
van de parameters voor niet-overeenkomende hoeken. We laten zien dat de rege-
laar de formaties effectief kan stabiliseren en tegelijkertijd ook manoeuvreren. Er
zijn simulaties uitgevoerd om de theoretische resultaten te valideren.

Vervolgens ontwikkelen we de 3D-hoekstijtheidstheorie. We laten zien dat
de resulterende hoekstijftheid geen globale eigenschap is in vergelijking met stijf-
heid gebaseerd op normale vectoren. We demonstreren dat een dergelijke starre
hoekformaties kunnen worden geconstrueerd door herhaaldelijk nieuwe knoop-
punten aan de bestaande starre hoekformatie toe te voegen met de bijbehorende
hoekbeperkingen. Gebaseerd op de klassieke resultaten van afstandsstijfheid op
convexe veelvlakken, onderzoeken we de hoekstijfheid van convexe veelvlakken.
De stijfheidsmatrix van een angulariteit in 3D wordt ook gedefinieerd. Door gebruik
te maken van de ontwikkelde 3D-hoekstijfheidstheorie, zijn de formatiestabilisatie-
algoritmen ontworpen voor een 3D-team van voertuigen om starre hoekformaties
te bereiken, waarbij alleen lokale hoekmetingen nodig zijn.
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