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Angle-Constrained Formation Control for
Circular Mobile Robots

Nelson P. K. Chan

and Hector Garcia de Marina

Abstract—In this letter, we investigate the formation con-
trol problem of mobile robots moving in the plane where,
instead of assuming robots to be simple points, each robot
is assumed to have the form of a disk with equal radius.
Based on interior angle measurements of the neighboring
robots’ disk, which can be obtained from low-cost vision
sensors, we propose a gradient-based distributed control
law and show the exponential convergence property of the
associated error system. By construction, the proposed
control law has the appealing property of ensuring collision
avoidance between neighboring robots. We also present
simulation results for a team of four circular mobile robots
forming a rectangular shape.

Index Terms—Autonomous systems, distributed control,
robotics, cooperative control.

[. INTRODUCTION

ORMATION control studies the problem of controlling

the spatial deployment of teams of mobile robots in order
to achieve a specific geometric shape. By maintaining a certain
geometric shape, the teams can subsequently be deployed to
perform complex missions. Recent advances in this field focus
on the design of distributed algorithms such that the forma-
tion control problem can be solved by only exploiting local
information.

Over the years, different approaches for formation con-
trol have been studied, and these can be classified according
to the sensing and control variables that can be related to
a geometrical property of the desired deployment for the
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robots [1]. One class of formation control strategies is the
rigidity-based control strategies. In this class, rigidity theory
plays a key role in characterizing a (at least locally) unique
target deployment, which can be achieved by a systematic
design of distributed control laws. Utilizing the distance [1],
[2] (or bearing [3], [4]) rigidity theory, we can define a
specific deployment or farget formation shape in terms of
a set of inter-robot distance (or bearing) constraints. The
robots use available relative position or distance (or relative
bearing) measurements in the design and execution of the dis-
tributed control laws. Recently, new rigidity theories, such as
angle rigidity [5], ratio-of-distance-rigidity [6], and bearing-
ratio-of-distance-rigidity theory [7] have also been developed
for characterizing a (at least locally) unique target formation
shape using a set of angle, ratio-of-distance, and bearing-ratio-
of-distance constraints, respectively. These theories focus on
providing more flexibility to the target deployment by allowing
scaling or rotational motions.

In addition, several works deal with practical aspects when
implementing the proposed rigidity-based control strategies
in real world settings. Among others, [8] considers robust
distance-based formation control with prescribed performance,
taking into account collision avoidance and connectivity main-
tenance between neighboring agents while they are subjected
to unknown external disturbances; [9] considers the bearing-
only formation control problem with limited visual sensing
while [10] introduces estimators for controlling distance rigid
formations under inconsistent measurements.

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

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

This letter is organized as follows. Section II provides pre-
liminaries on graph and distance rigidity theory. Next, in
Section III, the problem setting and problem formulation are
presented. Section IV provides details concerning the control
design and the local exponential convergence of the associated
error dynamics. A numerical example is included in Sections V
and VI concludes this letter.

Notation: The cardinality of a given set S is denoted by
card(S). For a vector x € R", x| is the transpose, x* is
the perpendicular vector satisfying x'xt =0 = (xl)Tx, and
x|l = VxTx is the 2-norm of x. The vector 1, (or 0,) denotes
the vector with entries being all 1s (or Os). The set of all com-
binations of linearly independent vectors vy, ..., v is denoted
by span{vy, ..., v}. For a matrix A € R™*", Null(4A) C R",
Col(A) C R™, and rank(A) denotes its null space, its column
space, and its rank, respectively. The n x n identity matrix
is denoted by [, while diag(v) (or blkdiag(Aq, ..., Ax)) is
the diagonal (or block diagonal) matrix with entries of vec-
tor v (or matrices Aj, ..., Ax) on the main diagonal (or
block). Finally, given matrices A € R™" and B € RP*9,
A ® B € R"™>"™ jig the Kronecker product of A and B, and
we denote A = A ® I; € Rmdxnd

Il. PRELIMINARIES

This section provides the necessary concepts in graph theory
and distance rigidity theory. For a more detailed exposure of
the material, we refer to for instance, [11] on graph theory,
and [12], [13] on distance rigidity theory.

A. Graph Theory

An undirected graph G is defined as a pair (V, £), where
YV =1{1,2,...,n} and £ = {{i, j}|i, j €V} denote the
finite set of vertices and the set of unordered pairs {i, j} of
the vertices, called edges. We assume the graph does not
have self-loops, i.e., {i, i} € &£, Vi € V, and card(§) = m.
The edge {i, j} indicates vertices i and j are neighbors of
each other. The set of neighbors of vertex i is denoted by
N; = {j e V|{i, j} € £}. By assigning an arbitrary orienta-
tion to each edge of G, we obtain an oriented graph Gorient.
The incidence matrix H € {0, +1}"*" associated to Gorient has
rows encoding the m oriented edges and columns encoding the
n vertices. [H]xi = (—1)+1 if vertex i is the (tail) head of edge
k and [H]; = O otherwise. For a connected and undirected
graph, we have Null(H) = span{1,} and rank(H) =n — 1.

B. Distance Rigidity Theory

Let p; = [x;, y,-]T eR%’bea point in the plane and a collec-
tion of points, called a configuration, be given by the stacked
vector p = [plT p;—]T € R*. We can embed the graph
GV, &) into the plane by assigning to each vertex i € V, a
point p; € R%. The pair Fp = (G, p) denotes a framework
in R2. We assume p; # pj if i # j, i.e., no two vertices are
mapped to the same position. Related to F,, we define the
distance rigidity function rgig; : R2" — IR’ZO as

1 SR LI
ras®) =5 p—pil* ] vides @
with each entry of the vector being half the squared distance
between two points. Given the distance rigidity function (1),
we say a framework F, is distance rigid, if there exists a
neighborhood U, of p such that, if ¢ € U, and r4ist(p) =
rdist(q), then F, is congruent to F,. Let z; = p; — p; € R?
be the relative position vector associated to {i, j} € &, and
z € R¥ be the stacked vector of zjjs. Using the incidence
matrix H € R¥"*2" we obtain z = Hp. Besides, let Z(z) =
blkdiag({zij}{i’j}eg) e R?™™_Using these expressions, (1)

can be written in compact form as rgig(p) = %ZT (z)z. By tak-
ing the Jacobian of (1), we obtain the distance rigidity matrix
Riist(p) as

Ordist(p)

=ZT(2)H € R™?",
ap

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

Ill. PROBLEM SETUP

We consider a group of n mobile robots moving in the plane.
Let V = {1, 2, ..., n} be the index set of the robots. Each
robot has a circular shape with center specified by p; € R?
and radius by r; € R~o. For simplicity, we assume the radii
of the robots have the same value and let r € R.( represent
this common value. We assume the robots are moving with
single-integrator dynamics, i.e.,

pi(t) = ui(r), YVieV, 3)
where u; € R? is the controlled velocity to be designed. The
group dynamics is given by p(f) = u(¢f) with the stacked
vectors p = [p] ~--pﬂT eR”and u=[u] - un]T e R,
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Fig. 1. Sensing setup with robot i being the ‘observer’ and robot j the
‘observed’ robot. On the left panel, robot / detects the points p; and pjg,
of robot j and the internal angle gjj can be obtained from the bearing
measurements gj; and gjr. In the middle panel, we use geometrical
arguments to relate 0 to the inter-center distance dj; and the radius r.
On the right panel, we have a geometrical view supporting Proposition 2.

Each robot is equipped with a sensory system mounted at
the center p; of the robot. With the equipped sensory system,
we assume the robots are able to detect two points on the sur-
face of each of its designated neighbors. To illustrate this, let
us consider without loss of generality a pair of robots labeled
i and j within the group of robots, see Fig. 1. We assume robot
i has the role of ‘observer’ and robot j is the ‘observed’ robot.
Since robot i is the observer, it is able to detect two points on
the surface of robot j. We denote the position of the detected
points as pjz, and pjg, to indicate these are the positions of
robot j as detected by robot i. The measurements from robot j
that are available to robot i are the relative bearing measure-
ments g = ﬁ and gjr = TorT? with z;1 = pjr; — pi and
Zijr = pjr; — pi being the relative position from the detected
points to the center of robot i. The two bearing vectors form

an angle 6; centered at p;, as can be seen in Fig. 1. By the
inner product rule, we obtain
-
cos 0 = 8ijL8ijR- 4

Remark 1: It should be noted the lines in the direction of
the unit vectors g;; and g;g are both tangent lines from the
point p; to robot j. Hence, these lines are perpendicular to the
radius of the circle, i.e., (iji —pj) L zjr and (iji —pj) 1L
zjjg. Furthermore, the triangle Ap;p;.,p; with vertices pj, p;,
and pj;, and the triangle Ap;p;r,p; with vertices pj, p;, and
pjr; are reflections of each other with the line connecting p;
and p; as the line of reflection. Hence, the angle Zpj;.pip; =
Zpipipjr; = 303

By considering the geometry, we can obtain an alternative
expression for cos 6;;, which is related to the radii of and the
inter-center distance between the robots. To this end, we first
define some auxiliary relative state variables. For robots i and
J» let zjj = p; — p; denotes the relative position, d;; = ||zl~j|| the
distance, and g;; = 2—’; the relative bearing between the centers
of the robots. Also, gé‘ is the perpendicular vector obtained
by rotating g;; counterclockwise by 90°. We have gi = Jgi
with J = [(1) _01 ] being the rotation matrix.

Proposition 1: The internal angle 6;; is related to the inter-
center distance dj; between the robots i and j and the radii r

CO 0 = 1 - 2 i 5
S i ,J > . ( )

Proof: The desired result can be obtained by employing
the cosine double-angle identity cosa = 1 — 2sin? %a and
noting from Remark 1 that Ap;p;r,p; is a right triangle with
sin 5 9 i = dL Fig. | provides the geometric illustration. H

Note that (4) and (5) are equivalent for obtaining the
internal angle 6;;; the former is based on the available bearing
measurements while the latter is based on geometry.

Remark 2: As robots i and j are of circular shape, the feasi-
ble interval for the inter-center distance dj; is dlg-eas € (2r, 00).
This also poses restrictions on the value for 6;; and cos 0.

From (5), it follows that dlfjeas € (2r, 00) implies cos Héeas €

(%, 1) and 95-6"‘3 € (0, 60°). Correspondingly, an increase in
the value of dj; results in an increase of cos 8;; and a decrease
of 91]

We can rewrite (5) as djj =,/ W By obtaining cos 6;;
from (4) and knowing r, we can infer the inter-center distance

d;j. With this observation, we define an internal angle rigidity
ynction rypele :R?" — R™. given b
g >0 g y

Fangle (P) = [ " (6)

for describing a framework F,(G, p). By Remark 2, there is
a one-to-one relationship between the newly defined rigid-
ity function (6) and the distance rigidity function (1). The
Jacobian of (6) is

a angle
Rungie (p) = 2562 — @)
with d € R™ being the stacked vector of distances djs,
g = (diag(d)d) € R™, and D(d) = 4r2diag<{d;4} ) e
v M jjeg

R The matrix D(d) is positive definite as each dj; > 2r >
0. Thus, we have rank(Rungic) = rank(Ruis).

Now we can define the desired target formation shape by
a framework F,«(G, p*) where the vector p* € R satisfies a
set of desired internal angle constraints ragle(p*). One way to
obtain the internal angle constraints is to employ (5) when the
desired distance constraints are given. Moreover, the formation
Fp+ is minimally and infinitesimally rigid in the distance rigid-
ity sense. The formation control problem that is considered in
this letter can be formulated as follows:

Angle-constrained Formation Control Problem with
Collision Avoidance: Given a set of feasible internal angle

constraints! {0; ]

cos(6y) -], Vi, jy e €

arangle({’) dq
dq

D(d)Rdlst,

e obtained using (5) from a minimally
and inﬁnitesimall}{/l’%i}gid framework Fp» and an initial config-
uration p(0) € R i(0) —pi(0)|| > 2r,V{i, j} € €.
Design a control law u;(¢), Vi € V utilizing only the neigh-
boring measurements obtained as in (4) such that V{i, j} €&
o Collision avoidance: ”pj(t) —pi(®) H > 2r, YVt > 0;
o Convergence: 0;;(t) — 91-; as t — oQ.

IV. GRADIENT-BASED CONTROL DESIGN

In this section, we pursue a gradient-based control design
approach utilizing angle-based potential functions for solving
the formation control problem. To each edge {i, j} € £, we
define the error signal e;;(f) = cos 6;;(t) —cos 0; . By Remark 2,

Twe give a formal definition of such a set in Section IV-E.
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we deduce the feasible reglon for the error signal is ef/eas €

(—cij, fi), with cjj = cos 6 — 5 and fij = 1 — cos 67. Both ¢;;
and f;; are strictly positive.

A. Proposed Angle-Based Potential Function

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

2 2
— 1r( % ) . ®)
2 ejj + cjj

The denominator term cos 6;; — 2 ensures collision avoidance
between the neighboring robots i and j, i.e., |p;i(¥) — pi(t) ”
2r, YVt > 0 given that ||pj(0) —pi(0)|| > 2r. The function
Vij(ej) is non-negative in ¢[f*. Furthermore, Vji(e;) = 0 if
and only if e; = 0 and V,j(eij) — oo if e; approaches the
lower bound —c;; from above, i.e., when the mobile robots
are approaching each other.
The first derivative v;j(e;) =

viley) = re s

only if ¢;; = d and the sign of v;; depends on the sign of e;;.

1 [cos6; —cosd
=

cos B — %

9 V..(p: i
, 3e; Vii(eij) can be obtained as

. The value of vjj(e;) equals zero if and

The second derivative kij(eij) = %Vij(elj) is given
as kij(e;) = m( 2ei + cij). k,-j(eij)j is positive when
ej < %cij Recall ef‘-’z‘S € (—ci/, fj)' therefore, we need
to determine when 1c,j = fij. By some algebralc Computa-
. When

6’ we have the region for which k;; (e,,) is posmve is
feas

tions, we obtaln 3Cj = f,-j if and only if cos 9-- =
cos O <

, Whereas when cos 9*
feas

a subset of € > g, we have kU(e,])
is positive over the entire domain e;;
The properties of (8) will be used later for deriving the

exponential convergence of the error dynamics.

B. Gradient-Based Control Law for Each Robot

The local potential function for each robot i is Vi(e) =
Y ien; Vij(ej) with e € R™ being the stacked vector of error
signals e;;s. The control input u;(f) is then

3 T 3 9 T
ui(t) = —<—Vi(€)) =- <—Vij(€ij)> )
apl ]GM apl
Utilizing (5), the term aimvij(eij) can be evaluated as

0 4r2
uj = a—le;,'(e,;/) = —th(ez:/)gZ;-

l

(10)

Note that (10) requires relative state variables dj;, z;;, and
the knowledge of r. However, robot i has access to only the
relative bearing measurements g;;; and g;r for each j € N..
Nonetheless, we show that the gradient-control law (9) can be
implemented using these available measurements.

Proposition 2: The gradient-based control law (9) can be
implemented by each robot i € V using the set of available
measurements {{gijL}j N 18iR} e M}'

Proof: To implement (9), we need to rewrite (10) in terms
of the available measurements g;;; and g;r. To this end, first,

we seek expressions for the positions pj;; and pjg;. Let us con-
sider again Fig. 1. Denote the intersection between the lines
connecting the center of the robots and the two intersection
points as pys (marked with the x-symbol in the right panel
of Fig. 1). Let ||iji —pM” =h, Hpj _PMH = k, and
lpi — pmll = I satisfying k + 1 = dj. [ can also be writ-
ten as a fraction of the inter-center distance djj, i.e., | = sd;;
with s € (0, 1). We can now express the positions p;;, and
pir; 3 pj, = pj — kgij + hgj;, and pjr, = p; — kgij — hgj;.
Recall g;; is the unit vector between the centers of the robots.
Subsequently, the relative position z;;z, and z;g can be obtained
as zjjp = lg; + hgjf, and z;r = lg;j — hgi, while their sum
equals z;jy = z;jL +z;r = 2sz;;. Due to the reflection observa-
tion in Remark 1, we have ||ZUL“ = ||Zin || =2+ h =a.
Using the previous computations, we obtain for the sum of
the relative bearing measurements g;i+ = gL + gijr = 23 2;j-

o i 23z z .
In addition, S = —«_ =y 2% d’é 45 St Since
l Il i+ 4(3)7d; . | ||gu+||
=L ite $ ag 8 = _Lr_1 -
§ = g;» We canrewrite ¢ as o = 750 = sin 2911 cos 29,j =
L ing:: i inlg., — lg. _ a _ 1
5, sinf;; by using sin 50; = &> €08 70 = &= @ and the

sine double-angle identity sin2« = 2 sin o cos . Substituting
the obtained expressions in (10) and utilizing (5) yield

wi = —2(ey) (1

vij(ei) _
r ejj+cij
implement (9) without knowledge of the range information

and the radii of the robots. [ ]

— cos 0;) sin 6; | gij+ | _zgij+7 (11

CijCij

where Vjj(e;) = -, i.e., using (11), we can

C. Gradient-Based Control Law for the Group of Robots

The overall potential function V(e) can be expressed as
the sum of all the individual potential functions Vj;(e;), i.c.,
V(e) Z{i,/}es V,-j(eij). The control law u;(f) in (9) is

T
then u;(f) = —gaipi\/(e)) . By noting V() = W@ ey
we obtain the following compact form for the closed-loop
formation control system:

pt) = —R

with the vector v(e) € R™ denoting the gradients of (8) for
each robot pair {i, j} € €.

Lemma 1: The closed-loop formation control system (12)

has the following properties: (1.)

1) The formation centroid peent = %(ﬂ;lr ® 12)p is station-
ary, i.e., peent(!) = peent(0), Vt > 0;

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

Proof: The proof is similar to [14, Lemma 4], and thus not

provided here. u

angleV(€). (12)

D. Internal Angle Error System

Using the definition of the error vector e, and expressions (5)
and (12), we can obtain the error dynamics
—Fv(e).

. de,
=g b= —RungleR g1 v(e) = (13)
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The matrix F = RangleR;;gle = D(d)RgistR D(d) € R™™ is
symmetric and at least positive semidefinite. Moreover, for any
infinitesimally and minimally distance rigid framework F«, F
can be shown to be a function of the error vector e around the
origin by employing the law of cosines. By this observation,
we conclude the error dynamics given by (13) constitute an
autonomous system.

The main result will be the local exponential stability of the
error dynamics (13). To this end, we first construct a compact
and invariant sub-level set for the overall potential function
Ve).

Previously, we have k;j(e;;) > 0 holds if and only if ¢; <

by = mianij, ﬁj], Vi, jt € £ Leth = min{by}, , o > 0.
We define the ‘hypercube’ as
Hy =1{e € CF|lex| < b, k € K}, (14)

with CF being the Cartesian product (—cq, f1) X --- X
(—cm, fm) and K = {1, ..., m} being the ordered edge index
set. Choose g € (0, b) such that

By ={eeMpllel = q} CHp. 5)

Let o = minje|=4 V(e). As g # 0, we have V(e) > 0 and also
o > 0. Choose B € (0, @) and define

Qp ={eeBy|Vie) < B} (16)

By definition, the sub-level set 25 is closed and as Qg C
Bq, it is also bounded. Thus, g is a compact set. The time-
derivative of V(e) can be obtained as

V(e) = %V(e)é = —vT(e)F(e)v(e) <0. 17
This implies V(e(r)) < V(e(0)). Whenever ¢(0) € Qg, we
have by (17) that e(f) € Qg; therefore, the set Qg is also
positive invariant. As V(e) > 0 and V(e) < 0, the overall
potential function can serve as a candidate Lyapunov function.
We are ready to state and prove the main result.

Theorem 1: Consider a group of circular shaped robots
modeled with single-integrator dynamics (3) and having a
graph topology G such that the desired formation is minimally
and infinitesimally rigid in the distance rigidity sense. Let e(0)
be such that it is in the compact and invariant set Qg (16).
Then e = 0, is a locally exponential stable equilibrium point
of the error dynamics (13).

Proof: The proof can be divided into three main stages.
First, we consider the asymptotic stability of the origin e =
Oy. The set Qg has the property of being compact and pos-
itive invariant. In addition, the value for 8 can be chosen
such that for every vector e € Qg, the formation is mini-
mally and infinitesimally rigid in the distance rigidity sense,
and close to the target formation. Due to our choice of 8,
we have that Ryjse has full row rank. Since Rangle = D(d)Rqist
and D(d) positive definite, also Rangle has full row rank. This
in turn implies F(e) = RangleR;g]e is positive definite. Let
A be the minimal eigenvalue of the matrix F(e) in Qg, i.e.,
A = mineq, eig(F(e)) > 0. It follows from (17) that

Vie) = —v' (e)F(e)v(e) < —rlv(e)ll* (18)

holds. The value V(e) is negative definite for all e € Q \O0n};
therefore, local asymptotic stability of the origin is attained.

Next, we aim to show the following two inequalities as is
done in [2]:

cillel®> < Vie) < callel®;  Iv@|* = pllel>, (19

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

ek
\M=2Ww=2/w®m (20)
kelkC kel 0
Within the set g, we can find a value for § such that
Hs ={e e Qpllerl <8, ke K} 21

By [15, Lemma 3.2], we have the function vi(eg) is Lipschitz
continuous in Hs. In addition, the function ki(ex) is positive
within the set g, and thus also in the subset Hs. The remain-
der of the proof for obtaining the positive constants cy, ¢z, and
o of (19) follows closely [2] and for this reason, it is omitted.

Finally, we can show exponential stability of the origin as
a result of the previous two steps. Substituting (19) in (18),

we obtain
V(e) < —allv(@)lI* < —rpllell®. (22)

By [15, Th. 4.10], we can conclude that the origin is expo-
nentially stable in Hs. The error norm can be shown to be
bounded by an exponential decreasing function as

le®] < (2)2”6(0)” CXP(—%I),

with y = %’. This concludes the proof. |

(23)

E. Equilibrium Sets

Theorem 1 concerns the local exponential convergence of
the formation control system to the desired formation shape.
In general, the set of equilibrium points of the mobile robots

can be given by W = ’p € [Rz"lRLglev(e) = (Dzn}. The
set of correct formation shapes can be given by W, =
{p € R?"| e = 0,,} while the set of incorrect formation shapes
is W; := W\ W,. Considering the target formation shape is
minimally and infinitesimally rigid, we can conclude that the
formation shapes in W; are not infinitesimally rigid, since the
null space of R;l;gle also consists of a non-trivial vector v(e) #
O As in distance-based control, the set W; includes configu-
rations where all the robots’ center are collinear. Moreover,
we can obtain the following on the equilibrium set of the
p-dynamics and the e-dynamics:

Lemma 2: The equilibrium sets of the error system (13) is
the same as the equilibrium sets of the closed-loop formation
control system (12).

Proof: Since é(t) = Ranglep (1), obviously p(t) = 0, =
e(t) = Op. It remains to show é(t) = 0,, =— p() =
02,. Assume Ip(f) # 0y, such that p(r) € Null(Rangle)

holds. From (12), we also have p(r) € Col(R;gle) Since,
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(a) Robot trajectories (b) Inter-center distances (c) Internal angle errors
Fig. 2. Simulation with a team of 4 circular mobile robots having radii r = 1. On the left panel, we have the robot trajectories; dashed circles

represent initial configuration while solid circles are final robot positions. The solid lines are the robot center trajectories. In the center panel, the
convergence of the distances dj; (dashed) to their desired values d (solid) is depicted. The black solid line represents dpin = 2 between the robots.

The right panel shows the convergence of the internal angle errors. The black solid line depicts the value b = 0.08 for the hypercube #.5,.

Null(Ringie) L Col(R],

angle

), we obtain Null(Rypgre) N

Col(R;gle) = {02,}, contradicting the assumption p(t) # 02,.
This concludes the proof. |

V. NUMERICAL EXAMPLE
A. Simulation Setup

We apply the proposed control law to a team of 4 circular
robots with radii » = 1. The collective goal is to form a rect-
angular shape with the inter-center distances given as d}, =

§4 =3, df3 =d;, = 4, and dj, = 5. Using (5), we obtain
cos 0}, = cos03, = 0.7778, cos 6}, = cos 63, = 0.8750, and
cos 07, = 0.9200. The initial configuration, depicted as dashed
circles in Fig. 2(a), has center positions p;(0) = [0, 0]T,
p2(0) = [2.05, 017, p3(0) = [—2.05, 0.05]7, and p4(0) =
[—1, 1.85]T. Using this initial configuration, we can illustrate
the collision avoidance feature of the proposed control law and
the convergence to the desired formation shape, even though
p(0) € Hp. We can obtain » = 0.08, and set the gain K = 50

for speeding up the convergence.

B. Simulation Results

The trajectories of the robots are depicted in Fig. 2(a). In
addition, the inter-center distances and the internal angle errors
between the robots are given in Figs. 2(b) and 2(c), respec-
tively. Let us focus on robot 2, the green robot in Fig. 2(a).
It has the neighboring robots 1 (red robot) and 4 (magenta
robot). From the figure, we observe that since robots 2 and
1 are close to each other initially, robot 2 quickly moves
away from robot 1, and almost attains the desired constraint
with robot 1. However, due to this motion, its distance to the
neighboring robot 4 has increased to about 4.9. This can also
be observed from Fig. 2(c), where we see an increase in the
magenta colored signal representing error |ex4|. Since robot 2
is now sufficiently far from robot 1, it then tries to satisfy the
internal angle constraint with robot 4 as can be observed in
both Figs. 2(b) and 2(c). By zooming in on Fig. 2(c), we can
observe exponential convergence of the error signals starting
around ¢t = 3s. All the error signals are then well below the
threshold value of b = 0.08.

V1. CONCLUSION

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