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Behavioral-based circular formation control for robot swarms

Jesus Bautista, Héctor Garcia de Marina

Abstract— This paper focuses on coordinating a robot swarm
orbiting a convex path without collisions among the individuals.
The individual robots lack braking capabilities and can only
adjust their courses while maintaining their constant but
different speeds. Instead of controlling the spatial relations
between the robots, our formation control algorithm aims to
deploy a dense robot swarm that mimics the behavior of
tornado schooling fish. To achieve this objective safely, we
employ a combination of a scalable overtaking rule, a guiding
vector field, and a control barrier function with an adaptive
radius to facilitate smooth overtakes. The decision-making
process of the robots is distributed, relying only on local
information. Practical applications include defensive structures
or escorting missions with the added resiliency of a swarm
without a centralized command. We provide a rigorous analysis
of the proposed strategy and validate its effectiveness through
numerical simulations involving a high density of unicycles.

I. INTRODUCTION

Formation control, one of the most actively studied topics
within multi-robot systems, aims to coordinate multiple robots
spatially given the practical applications [1]. The idea of
formation can be understood in different ways. One way is by
looking at how robots are positioned in relation to each other,
like how far apart they are or the angles between them [2].
Another way, called the behavioral approach, does not worry
about exact positions but keeps cohesion and ensures robots
do not crash into each other [3]. Although the bio-inspired
and heuristic strategies fit more into the latter approach [4],
there also exist rigorous behavioral-based studies [5].

In this paper, we present and analyze rigorously a circular
formation algorithm that fits more into the behavioral-
based approach, in the sense that we aim at the order that
emerges from having a large number of robots following the
same closed trajectory rather than the classical pursuit and
organization in the circle [6]. In particular, we put together a
high density of unicycles whose mission is to follow the same
convex path while traveling at a constant but different speeds.
Our proposed strategy to avoid collisions in combination
with a guiding vector field to follow the path results into an
intricate coordination reminiscent of the emergent behavior
observed in a school of fish. Using guiding vector fields
that spiral towards a desired circle imitates how fish closely
track their neighbors’ stream with their lateral line organ for
tornado schooling [7]. Another interesting behavior occurs
when we have two groups of robots following the same
path but in opposite direction. In this case, robots organize
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themselves drawing a dynamic boundary around the path in
order to avoid frontal collisions between the two groups.

Independently of the chosen algorithm to follow the path,
one effective strategy to avoid collisions between robots is to
employ Control Barrier Functions (CBFs) [8], a mathematical
tool that guarantees robots to be away from unsafe sets for the
relative positions. To the best of our knowledge, the literature
demonstrates CBFs for mobile robots that can change their
speeds [9]-[14], i.e., braking to avoid an imminent collision.
However, demanding drastic changes in the speeds of vehicles
such as fixed-wing UAVs compromise their energy efficiency
and stability regarding keeping a leveled altitude or even
stalling and crashing, but this time into the ground.

Unfortunately, we observe that the common employed
Collision Cone Control Barrier Function (C3BF) [15]-[18]
is not enough to guarantee a collision-free environment when
unicycles cannot brake. For example, one robot might have to
take an impossible decision to avoid two robots, i.e., to turn to
the right and to the left simultaneously. To solve this problem,
we present a scalable overtaking rule, that in combination
with an adaptive-collision radius, and the guiding vector field
presented in [19], ensures a collision-free environment for
unicycles that follow the same path with constant but different
speeds. In particular, the usage of the guiding vector field
in [19], [20] facilitates one mild condition so that we can
extend the results to convex closed paths. In addition, the
decision making process is completely distributed, i.e., there
is no centralized computation with global information, but an
individual robot can figure out a safe action to avoid a collision
on its own with local information and, more importantly, it
will not harm others’ decisions concerning their safety as it
is crucial to scale up robot swarms [9], [10].

We organize the paper as follows. In Section II we introduce
the necessary preliminaries on the employed guiding vector
field and control barrier functions to formulate our problem
and objective formally. Next, in Section III, we introduce and
analyze our collision avoidance strategy. In Section IV, we
validate our results on the behavioral-based circular formation
control through simulations involving dense populations of
robots. Finally, Section V ends with some conclusions.

II. PRELIMINARIES AND PROBLEM FORMULATION

A. Notation and the unicycle model with constant speed

Let us define  := ﬁ, the rotational matrixes F =

R(—n/2) = [9%4{], and a continuous function &

(—¢,d) — (—o0, 00) that belong to (extended) class K, i.e., it
is strictly increasing and <(0) = 0. We consider a robot swarm
of N € N > 2 unicycles labeled by i € N := {1,2,..., N},
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where A is the set of robots. The dynamic state of each robot
is described by ¢; € D; C R? x S, where S := (—, 7], and
D; is the set of reachable states of robot 7. When the context
is clear, for the sake of clarity, we drop the subindex i to
refer just to a single robot. The dynamics of the unicycle are
expressed as

9.¢

P; cos 0; 0
Gi=| P | =s|sing [+]|0 [w, (1
0; 0 1

where, [p;X pY'|T =: p; € R? is the absolute position of the
robot i, s; € RT its constant linear speed and w; € R its
angular speed with 6; € S being the heading angle.

Given a pair of robots (¢, j), the relative position vector

X X
Py —Dp;

centered on ¢ is defined as p;; 1= p; —p; = oY Y } and the

relative angle from 4 as ¢;; := 0; — 0;. Then, éonsidering (1),
the first time derivative of p;; yields to the relative velocity,
i.e., vy 1= P;; = vj —v;, so the dynamical model of a relative
position with absolute heading coordinates is given by

Py)j sjcosf; — s;cosb; 0 0
Y - .
. _ | Pij | _ | sjsinf; —s;sinb; 0 0 w;i
W=\ g |~ 0 l1ol|le | @
é; 0 01
flaiz) 9(4:5)

where f : RZ2 x T2 — R* and ¢ : R? x T? = R**2 are
locally Lipschitz functions, with T? := S x S, and w; and
w; are the control laws u; and u;, respectively. Both control
laws must be in &/ C R due to inherent physical limitations.

B. Guiding vector fields

The authors in [19] present a guiding vector field for the
path following of smooth 2D curves. In particular, it is a
vector field that guides only in direction and not in speed,
making it suitable for vehicles such as fixed-wing aircraft
[20] whose ground speed depends on the wind. The path
to be followed P C R? is defined as a one-dimensional
connected submanifold corresponding to the zero-level set of
an implicit function, or desired path, P := {p : o(p) = 0},
where ¢ : R? — R is twice continuously differentiable and
regular in a neighborhood of P. This representation allows
to cover the plane R? by ¢(p) = ¢ € R, so one can employ
these level sets as a metric for the error between the robot
and the desired path P, i.e., e(p) := ¢(p) € R. Considering
this metric, it is shown in [19] that the vector field

pa(p) == 7(p) — kee(p)n(p), 3)

guides the robots to converge and travel over P. The gain
k. € RT tunes the convergence aggressiveness towards P,
where n(p) := Vy(p) and 7(p) := En(p) are the normal
and tangent vectors, respectively, to the curve corresponding
to the level set ¢(p). It is shown in [20] how to design a
heading controller u,s for a fixed-wing aircraft with constant
speed such that it aligns its velocity p(t) to the guiding vector
field pg(p), where a gain kg € RT tunes the aggressiveness
of such a convergence. For a closed path P, we note that a

small k. will make the unicycle to orbit almost in parallel to
P, e.g., a spiral towards the desired circular path.

C. Control Barrier Functions

The CBF is a mathematical tool that prevents the state
of a system from entering an unsafe set. Let us define the
following closed set C (safe set):

C ={xeDCR"” : h(z) >0}
ac ={zxeDCR" : h(zx) =0} », 4)
Int(C) :={zeDCR": h(z) >0}

where © € R” is the system state, and h : D — R is a
continuously differentiable function.

Definition 1 (Safety [8]). We say that a given system is safe
if C is forward invariant, i.e., Vz(0) € C, x(t) € C Vt > 0.

Definition 2 (Valid CBF [8]). Given a safe closed set C as
in (4), the function b : D — R with $&(x) # 0,Vz € 9C, is
a valid CBF if there exists an (extended) class K function
such that Vx € C the following safety condition is satisfied:

sup | Lsh(z) + Loh(x)u+k(h(x))| >0, Q)
—
uel h(z)

.— 9h
T Oz

_ Oh

where Lh(z) (v) and L h(x) := F2g().

For the sake of conciseness throughout the paper, let us
define the inner expression of (5) only evaluated with wu.s as

U(z) := h(z, uet(x)) + K(h(2)). (6)

Later, we will suggest a set C linked to the robots’ relative
states that does not imply a risk of collision. Hence, our
problem, to be formalized later, is to find a control law that
guarantees the safety, or no collisions, of a system consisting
of an arbitrary number of robots that follow a common path P
and with relative dynamics (2). To do so, we will use a valid
CBF. Now, let us consider the nominal input g, i.e., the
angular velocity that aligns robot’s v; with (3) [20]. We can
modify ur in a minimal way so that the inner expression of
(5) is positive via the Quadratic Programming (QP) problem

w(a) = min [l — (o)

st Lph(z) + Loh(z) w4 k(h(z)) >0,

as in [21]. The function x modulates the aggressiveness to
prevent the system state from getting out of the safe set C,
with x(h(x)) = 0 representing the most aggressive scenario,
i.e., the most significant modification of the nominal wef.

We will exploit later the following particular case. If there
is only one condition, the QP problem (7) could be feasible
with the solution u* () = urer(2) + Usate () With

0
Usafe(x) = { Loh(z)" ¥ (x)
— Loyh(2)TLgh(x)

)

if O(z) >0

if U(x) <0 ®

Note that when ||L,h(z)|| — 0 we approach to a singularity
where ||use ()] — oc.
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Fig. 1. For two non-collaborative robots, denoted as robot ¢ (blue) and
robot j (green), the overtaking rule in Definition 4 dictates that the robot
7 must keep v;; outside the collision cone generated by the virtual radius
p and p;;. Here, it is important to clarify that » € R represents the actual
collision radius and p assists with a smoother overtaking.

We say that the pair robots (¢, j) do not collaborate when
robot j is seen as an obstacle so that w; is fixed and robot
i has to do all the work modifying w;; therefore, the QP
problem is reformulated as

— ()| )
s.t.Lyh(x) + Loh' (x)u; + Loh? (x)w; + k(h(z)) > 0,

where L,h' : R" — R and L,h7 : R™ — R are the two
components of Lyh(z) = [Lyh'(x) Eghj(a:)]T.

HOEE
;

i

D. Problem formulation

Definition 3 (Collision between two robots). A robot %
collides with another robot J if Dij ¢ Xij = {pij : ||p1.7|| >
r}, where we call X;; the collision-free set and r € R™.

Problem 1 (Collision avoidance for a robot swarm of
unicycles with constant but different speeds following the
same path P). Suppose a set A of N unicycles modeled
by (1) where all robots must follow the same convex path
P. Then, given r € RT as a collision radius, and u’y as the
control law that aligns robot ¢ with (3) to follow the path P,

find, if any, a supplement u’, to add to u’, such that:

1) (Safety) If p”(O) S Xij, then ng(t) S Xij, Vi,j €
N,i#j, and Vt € RT.

2) (Path following) There exists a constant € > 0 such that
the error of robot ¢ concerning the path P is bounded,
ie., |e;(t)| <€Vt >T, for some T € RT.

3) (Feasibility) It is distributed and feasible for all robots,
ie., u' = (uly + uly,) €U, and it can be calculated by
robot ¢ with only local information.

IIT. COLLISION AVOIDANCE METHODOLOGY

For any pair of robots (4, j), where robot ¢ overtakes robot
7, and the rule to assign the roles ¢ and j will be introduce
shortly, we will work with the Collision Cone Control Barrier
Function (C3BF)

h(qi(t)) = pij" vij + Ipis| |visl] cos dij,  (10)

||pill
denotes the half angle of the collision cone of the robot

i for the obstacle j, as in Figure 1. The function p(||p;;||) :

where ¢;; € [0,7], given by cos¢;; =

)

R*T — RT is increasing and continuous with p(r) = r
and p(||pi;|l) < |lpi;l|- Thus, p can create a large virtual
collision zone while the vehicles are far away from each
other, and a similar area to the real collision radius r as they
get closer. Although counter intuitive, this strategy modulates
by design the overtaking aggressiveness, e.g., the robot ¢
starts a smooth overtaking from enough distance rather than
changing its direction aggressively once robot j is very close,
i.e., it enables to minimize |uga fels which assists with the
feasibility point in Problem 1. Nonetheless, if for a given g;;
we want h(g;;) > 0, then the designed p has to fulfill

2
p<||pz—j||>)
1- ( > —P;iVij-
\/ lpii | 7Y%

Once we present all our technical results, we will provide an
example of how to design p accordingly.

The C3BF (10) inherently operates on robot pairs; conse-
quently, we denote its associated safe set as C;;. Note that if
Ci; and Cj; are forward invariant, then X;; and X); are also
forward invariant if p(||p;;||) in (10) is designed accordingly,
i.e., collisions happen only outside the safe set. However, the
C3BF cannot be used straightforwardly; inevitably, there are
situations where (10) is not a valid candidate as a Control
Barrier Function (CBF) for a swarm of unicycle robots with
non-brake capabilities. For example, consider three robots
where one has to avoid the other two simultaneously but the
safety conditions demand © < 0 (w < 0) and v > 0 (w > 0).
The existence of such non-corner cases requests from us to
look for an overtaking rule that in combination with tracking
the direction of the guiding vector field (3) makes the robot
swarm free of conflict cases in order to scale it up seamlessly.

Before arriving at the formal overtaking rule, we need to
introduce some technicalities. Let us write the safety condition
(6) explicitly so that we can clearly identify its different terms.
Thus, we need the calculation of the derivative of (10)

Y

T ; PR
‘ ; ; Pij Vij — PP - VIpil>—p
h(aig)= piyvij + pig" 0ij + [|vis || =g + 3" 0y
pizlI> = p [[vi]|
T ) 2 2
Pij_Yij — PP . Pl = p
= UUT”Z'J' + HUHH% +pijTUj + viijj”i
HPin —p [[vij |
Lh(gi5) Lohd(gij)u;
: - lpis I = p?
—pij s — vy O (12)

[vi]|

Lgh*(qiz)us

where we can identify Lyh'(gi;)u; and Lghi(qi;)u; by
considering those terms involving ¥; and ¥; since they include
the control laws u; = w; and u; = w;. In particular, after
some straightforward calculations, we can arrive at

j . . T
Ll (qi;) = lIpisll (Bij + 05 cos ¢ij)” (—Ev;),
i ~ ~ T
Lgh*(aij) = Ipi; || (Pij + Dij cos ;)" (Evs).
It is explicit now that the inner expression in the safety

condition (5) consists of four added terms: three given by (12),
with £,h7(q;;) and L,h'(gi;) as in (13) and (14) respectively,

(13)
(14)
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and one given by x(h(z)) with h(z) as in (10). In a non-
collaborative context where robot ¢ overtakes robot j, we
note that out of the four terms, robot ¢ only has control over
L4h'(gi;)w; to ensure that the addition of these four terms
stays positive. We notice that Lyh’(g;j)u; can be split as

Lgh*(qij)ui = Lgh* (i )tges + Loh' (¢ij)ugge, (15
where the first term is given by the guiding vector field, and
ude. = —VU(gi;)/Lgh’(q;j) € R is the action that robot 4 has
to take to avoid robot 7, i.e., it will assist robot ¢ with making
the inner expression of (5) positive by solving its QP problem
(9) concerning the robot j. Now, we are ready to formulate
the overtaking rule and see how it fits into the assistance of
making positive the inner expression of (5). The overtaking
rule assumes that the robots orbit clockwise around P.

Definition 4 (Overtaking). For a pair of non-collaborative
robots (4,7), the robot i has the role of overtaking robot
7. The set of robots that ¢ can overtake belongs to the set
Ni:={j : Lyh¥(q;j) > 0,Yj # i € N'}. We say that robot
i is overtaking robot j if and only if j € N; and ¥(g;;) < 0.

Since the overtaking rule requires Lyh'(g;;) > 0, it entails
that u.?.. > 0 to assist with satisfying (5), i.e., all the overtakes
will be on the outside since the robots are following P with
the same direction. Overtaking on the outside avoids robot
the situation of an impossible decision of choosing between
ue. > 0 and ulk, < 0, with k # j € N;. In fact, we will
see that such an overtaking rule scales seamlessly for a robot
swarm of unicycles, i.e., among all the supplements u.}.’s
resulting from solving the |N;| QP Problems (9), robot 7 only
has to choose the largest supplement to turn and overtake all
the robots in N safely. More importantly, we will see that
such a rule is not harming the rest of the robots that need to
overtake as well. Our tecnical results will require to split the

overtaking into two sequential stages as in Figure 2.

Non-overtaking

Fig. 2. O.R. stands for the overtaking rule in Definition 4. When the
overtaking begins we have f)]T E?; > 0 as an initial condition.

It is worth noting that when the overtaking is not aggressive
in a convex path, as the virtual collision radius p and the
guiding vector field (3) promote, then it is common to find
pij ()T E0;(t) > 0 since it entails that robot 7 is facing at the
outside regarding p;;. Hence, the following mild assumption,
check Figure 3, is mostly necessary to discard problematic
initial conditions for the technical results.

Assumption 1. During the overtaking situation for the pair
of robots (i,5),i € N,j € N, it holds that p/; E 0; > 0.

v PJEVi>0

Fig. 3. Illustration of three robots satisfying Assumption 1. The blue
semicircle indicates all the admissible directions for v; regarding p;;.

Lemma 1. If (11) holds, then there exists a r(h(qij)) >
—h(z, urer(gi5)) such that U(g;;) > 0.

Proof. Substituting (11) in (10) yields h(g;;) > 0. Thus, since
k(h(g;;)) is an (extended) class K function, there exists a
#(h(qi;)) > —h(z,uref(gij)), and substituting such a  in
(6) leads us to ¥(g;;) > 0. O

Lemma 2. Let robots i and j with speeds s; > s; following
a convex path ‘P, where the Definition 4 rules when there is
an overtaking and Assumption 1 fulfills. Consider an initial
condition ¢;;(0) such that e(p;) = e(p;) = 0 and ||0; —
# )| = 1oy — #(p)| = 0, with e(pri zy) and (pys ) as
in (3), and (11) holds, then Lyh'(g;;) > 0 when ¥(g;;) < 0.

Proof. Note that Lyh'(g;;) in (14) consists of the sum of two
terms, and the first term ;ﬁ;f'; E 9; > 0 because of Assumption
1. Regarding the second term, we will split our analysis for
the two stages of the overtaking. For the Stagel, we have that
o] E®; > 0 by definition; thus, to ensure that Lyh’(gi;) > 0
during Stagel, we only need to show that its second term
is positive when W(g;;) changes to negative values with
e(p;) = e(ps) = 0 and [8; — #(p)l| = [[8 — #(p;)]| = 0,
i.e., both robots are on and following the path.

First, without loss of generality, let us consider a circular
path P and the initial conditions ¥;(0) = —,(0), as in Figure
4, i.e., the pair of robots starts from opposite sides of the
circular path. Hence, p;;(0) " 9;;(0) = 0 > —1 so that there
are x and p such that ¥(g¢;;(0)) > 0 according to Lemma 1.
Next, considering the previous initial condition, we analyze
the behavior of ﬁJT E ©; until ¥(g;;) < 0. Given both robots
traveling over P clockwise, when s; = s; they never approach
each other, i.e., U(g;;) is always positive, so the claim is
trivial. On the other hand, when s; > s; we have |u’, >

|uf;ef| and ui;;} < 0. Therefore, as 9;(0)” E9;(0) = 0 and

ugi ) = u;{fe’;}, we have that
d 7

a0

remains positive until E9; = ©;. Although at this point
ﬁJT E ©; begins to decrease, it can not reach zero until 9; = 9;.
However, since the path is convex and both robots are on it,
the only situation where 0; = ¥; is when p; = p;, indicating
a collision. Hence, as no collision occurs before \I/(qij) <0,
then o] E; > 0 until ¥(g;;) < 0. Then, we conclude that
when W(g;;) switches its sign to negative, {)JT E9; > 0; thus

E ;) = 0] ;(u; — u;) (16)
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Fig. 4. A pair of robots (7,5) follows an elliptical path, where s; > s; with the Definition 4 as the overtaking rule. Since p, x are designed according to
Lemma 1, and this scenario fulfills the pre-overtaking conditions of Lemma 2 and the Assumption 1, the simulation validates the prediction of having
Lyh*(qij) > 0 during the overtaking (blue colored area). Note that the stage changes at ¢ = 17.7 and Lgh*(q;;) reach their minimum value at ¢ = 21.2.

Lyhi(q;j) > 0 during Stagel. Of course, if ¥ > 0 triggers
during Stagel, the overtaking is over.

If \Il(qij) < 0, the overtaking continues and @jT Ev;
switches to negative sign eventually, i.e., the overtaking
transitions to Stage2. From this point onward, L,h’(g;;) may
get close to zero eventually. Nonetheless, since \Il(qij) <0,
as Lyh'(q;j) — 07 the value of u?a s increases the inner
expression of (5). Hence, as the time derivative of 17JT Ev; is
given by (16), before Lyh’(g;;) = 0 can happen, the control
law wu; reaches a sufficiently high value to hold u; —u; > 0,
which prevents 4] E0; decreasing further. Therefore, u), ;,

ensures L,h'(g;;) > 0 during Stage2. O

Remark 1. The conservative initial conditions of Lemma 2
ensures that L,h'(g;;) is strictly greater than zero. Thus, we
can confidently extend this result by continuity arguments to
overtakings where |e(p;)| + |e(pi)| < € and ||0; — 7(ps)|| +
|0;—7(p,)|| < 0, withe,§ € R being sufficiently small. <

Remark 2 (On the design of p and k). Since Lyh'(gi;)u; is
split as in (15), maintaining small negative values of ¥(g;;)
and a safe distance from the singularity of (8) at Lyh' =0
is an effective strategy to keep w;(t) € U, Vt. Firstly, since
(U (gi;)| = 11(gijs uyep) + £(h(gi;))|s if h(gi;) > O when
U(g;;) < 0 we can design s accordingly to bound the
minimum negative value of ¥(g;;), e.g, x = vh3, where
v € R* serves as a constant to modulate the safety
condition’s tolerance with respect to the rate of decrease
in h(g;;). However, it is essential to exercise caution when
selecting high values of v, as they increase the overtaking
aggressiveness. Henceé it is necessary to design p accordingly,
e.g., p(|lpisl) = ”f;%”l, where d € [0, 1] represents a constant
that modulates the rate of increase in the derivative of p as
the robot moves away from the obstacle. A higher value of
d implies a smooth overtake, but it also compromises (11),
e.g., d =1 yields p(||pi;||) = ||ps;|| and makes it impossible
to satisfy (11) when ﬁ;;/&ij < 0. Therefore, since p should be
designed so that Lemma 1 applies, given the set of expected

initial conditions ¢;;(0), check Figure 1, one should choose d
that fulfills (11) for such initial conditions. Another interesting
alternative for p is the sigmoid function. <

Now, we are ready to show that the CBF (10) is a valid one
for a pair of robots (i, j) given the Definition 4 as overtaking,
and the technical result in Lemma 2.

Proposition 1. Consider a pair of robots (i,7) with the
relative dynamics (2), the Definition 4 as overtaking rule and
the pre-overtaking conditions of Lemma 2; then, according
to the Definition 2, the CBF (10) is valid in C;;.

Proof. Firstly, let us suppose that ¢;; € C;;, so we can
guarantee ¢;; € X;; conservatively. Hence, as r < ||p;;|,
then (10) is well-defined. Secondly, robots do not collaborate
because of the Definition 4 on overtaking; therefore, w; is
the only control law that can be modified to make the inner
expression of (5) positive. Without loss of generality, let us
take u; = u'y+u.’;, and split Lyh'(q;j)u; as in (15). Hence,
as Lemma 2 guarantees that Lyh’(g;;) > 0, then it is always
possible to find one u.7;. that holds (5). Thus, the CBF (10)

is valid in C;;. [

Once we have confirmed that (10) is a valid CBF for non-
collaborative unicycle robot pairs following a convex path P,
we can scale up to a robot swarm with the collision avoidance
among its individuals using the following control law

uéafe - max(ugfe : -7 € '/\[Z)’ (17)
where all the ui,]a fe’s can be computed with the C3BF-QP
explicit solution given by (8). The idea of this new controller
is that each robot just focuses on its set V;, i.e., it drastically
reduces the network connectivity requirements of the swarm.

Remark 3. Although in (17) i requests w; for all j € N,
robot 4 can consider a worst-case scenario (2; = sup{U},
ie., £); > w;. Hence, since p;; and v;; can be measured by 1,
then (17) can be computed using only local information. <«
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Fig. 5. A mother ship travels vertically up at X = —80 and launches during 10 T units a swarm of 50 unicycles to orbit around an ellipse with different

speeds of around 5 L units per T unit. A robot is launched once the previous one is at 2.5 times the safety distance r. The arrows show the direction of the
GVF (3). Each robot 4 is provided with the w; of all j € N, and N; is generated by design before the simulation starts. Clusters of robots form for some
periods when the speed of the robots are similar. On the right side: a) the distances between all the robots and the safety distance (black dashed line),
during ¢ € [0, 10] many robots are together in the mother ship explaining the 0 distance in the plot; b) Lgh? when ¥ < 0, which remains positive; ¢)
the proper design of s and p as in Remark 2 promote smooth overtaking with non-aggressive w’s; d) once the last robot is launched, the cases when
f)iTj E?;; < 0 are isolated and do not compromise the overtaking, i.e., the Assumption 1 is conservative for this simulation.
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Fig. 6. Two robot swarms of 50 robots each orbiting in opposite directions an elliptical path with diverse speeds between 3 and 6 L units per T unit. The
arrows show the direction of the GVF (3) for the blue swarm, which turns in the opposite direction of the GVF for the red swarm. The red swarm starts
deployed around a lower level set than the blue swarm. The red swarm ignores the blue one, while the blues overtake the reds. The blue robots consider red
ones as fixed obstacles for triggering the overtaking rule, i.e., v; = w; = 0; thus, Assumption 1 is conservative and not necessary. An emergent behavior
occurs with a clear boundary between the two swarms. On the right: a) the distances between all the robots and the safety distance (black dashed line); b)
Lgh? when ¥ < 0, which remains positive; ¢) the design of x and p as in Remark 2 not only promote smooth overtaking with non-aggressive w’s but the
blue swarm can avoid the red one, the spike of w at the first instants is due to the alignment of the robots with the guiding vector field (3); d) the cases
when ﬁiTj E?;; <0 are isolated and do not compromise the overtaking, i.e., the Assumption 1 is conservative for this simulation.

Theorem 1 (Circular formation control for unicycle-robot  bounded during the overtaking. Consequently, for every robot
swarms). Given a set of unicycle robots N with relative i € N there exist an € > 0 such that |e;(t)| < €,Vt > T, for
dynamics (2), a q;;(0) € C;j that fits the conditions of Lemma ~ some T € R*. 3) See Remark 2 and Remark 3. O
2, and the Definition 4 as the overtaking rule. If k in (6) and
p in (10) are designed according to Lemma 1, uiafe is given
by (17) Vi € N, Uy aligns with (3) to follow a common
convex path P in the same direction, then the control law
u; = ufef + uﬁafe solves Problem 1.

IV. SIMULATIONS

We validate numerically our results by conducting two
simulations. In Figure 5, we explain how a robot swarm is
launched from a mother ship to enclose a common elliptical
path. In Figure 6, we explain how two robot swarms orbit the
same elliptical path with opposite directions. Note that the
initial conditions of both simulations are not as conservative
as Lemma 2 requires, which agrees with Remark 1.

Proof. Consider all robots ¢ € N, we first note that the
control law w; = uly + ul . solves the C3BF-QP problems
(7) Vj € N;, and following Proposition 1 we have that
Ci; is invariant if ¢;;(0) € C;;. Now, we check on the V. CONCLUSION

three objectives of Problem 1. 1) Since C;; is invariant, then We have presented a behavioral-based circular formation
¢i;(t) € X;;,Vt > 0. 2) According to the overtaking rule  control for a robot swarm of unicycles with constant but
in Definition 4 and Lemma 2, the robot with the slowest s;  different speeds. We have shown that the combination of
will not overtake any robot, i.e., the slowest robot (or robots  a guiding vector field with a C3BF can guarantee that the
with equal slowest speeds) will converge asymptotically to  overtaking on the outside is scalable and safe under a mild
P. In parallel, from Lemma 2 we can conclude that ||p;;|| i  assumption that simulations show it is not necessary.

8994



REFERENCES

[11 G.-Z. Yang, J. Bellingham, P. E. Dupont, P. Fischer, L. Floridi, R. Full,
N. Jacobstein, V. Kumar, M. McNutt, R. Merrifield et al., “The grand
challenges of science robotics,” Science robotics, vol. 3, no. 14, p.
eaar7650, 2018.

[2] K.-K. Oh, M.-C. Park, and H.-S. Ahn, “A survey of multi-agent

formation control,” Automatica, vol. 53, pp. 424-440, 2015.

T. Balch and R. C. Arkin, “Behavior-based formation control for

multirobot teams,” IEEE transactions on robotics and automation,

vol. 14, no. 6, pp. 926-939, 1998.

[4] C. W. Reynolds, “Flocks, herds and schools: A distributed behavioral
model,” in Proceedings of the 14th annual conference on Computer
graphics and interactive techniques, 1987, pp. 25-34.

[5] R. Olfati-Saber, “Flocking for multi-agent dynamic systems: Algorithms
and theory,” IEEE Transactions on automatic control, vol. 51, no. 3,
pp. 401-420, 2006.

[6] J. A. Marshall, M. E. Broucke, and B. A. Francis, “Pursuit formations
of unicycles,” Automatica, vol. 42, no. 1, pp. 3-12, 2006.

[7] Q. Bone and R. Moore, Biology of fishes. Taylor & Francis, 2008.

[8] A.D. Ames, S. Coogan, M. Egerstedt, G. Notomista, K. Sreenath, and
P. Tabuada, “Control barrier functions: Theory and applications,” 2019.

[9] L. Wang, A. D. Ames, and M. Egerstedt, “Safety barrier certificates
for collisions-free multirobot systems,” IEEE Transactions on Robotics,
vol. 33, no. 3, pp. 661-674, 2017.

[10] U. Borrmann, L. Wang, A. D. Ames, and M. Egerstedt, “Control barrier
certificates for safe swarm behavior,” IFAC-PapersOnLine, vol. 48,
no. 27, pp. 68-73, 2015.

[11] Y. Chen, H. Peng, and J. Grizzle, “Obstacle avoidance for low-speed
autonomous vehicles with barrier function,” IEEE Transactions on
Control Systems Technology, vol. 26, no. 1, pp. 194-206, 2017.

[12] D. Panagou, D. M. Stipanovi¢, and P. G. Voulgaris, “Distributed
coordination control for multi-robot networks using lyapunov-like
barrier functions,” IEEE Transactions on Automatic Control, vol. 61,
no. 3, pp. 617-632, 2015.

[13] L. Wang, A. D. Ames, and M. Egerstedt, “Multi-objective compositions
for collision-free connectivity maintenance in teams of mobile robots,”
in 2016 IEEE 55th Conference on Decision and Control (CDC). IEEE,
2016, pp. 2659-2664.

[14] Y. Chen, A. Singletary, and A. D. Ames, “Guaranteed obstacle
avoidance for multi-robot operations with limited actuation: A control
barrier function approach,” IEEE Control Systems Letters, vol. 5, no. 1,
pp. 127-132, 2020.

[15] J. Goss, R. Rajvanshi, and K. Subbarao, “Aircraft conflict detection
and resolution using mixed geometric and collision cone approaches,”
in AIAA Guidance, Navigation, and Control Conference and Exhibit,
2004, p. 4879.

[16] M. Tayal and S. Kolathaya, “Control barrier functions in dynamic uavs
for kinematic obstacle avoidance: A collision cone approach,” arXiv
preprint arXiv:2303.15871, submitted to IROS, 2023.

[17] P. Thontepu, B. G. Goswami, N. Singh, S. PI, S. Sundaram, V. Katewa
et al., “Control barrier functions in ugvs for kinematic obstacle avoid-
ance: A collision cone approach,” arXiv preprint arXiv:2209.11524,
submitted to IROS, 2023.

[18] D. Bhattacharjee, A. Chakravarthy, and K. Subbarao, “Nonlinear model
predictive control and collision-cone-based missile guidance algorithm,”
Journal of Guidance, Control, and Dynamics, vol. 44, no. 8, pp. 1481—
1497, 2021.

[19] Y. A. Kapitanyuk, A. V. Proskurnikov, and M. Cao, “A guiding vector-
field algorithm for path-following control of nonholonomic mobile
robots,” IEEE Transactions on Control Systems Technology, vol. 26,
no. 4, pp. 1372-1385, 2017.

[20] H. G. De Marina, Y. A. Kapitanyuk, M. Bronz, G. Hattenberger, and
M. Cao, “Guidance algorithm for smooth trajectory tracking of a fixed
wing uav flying in wind flows,” in 2017 IEEE international conference
on robotics and automation (ICRA). 1EEE, 2017, pp. 5740-5745.

[21] A. D. Ames, J. W. Grizzle, and P. Tabuada, “Control barrier function
based quadratic programs with application to adaptive cruise control,” in
53rd IEEE Conference on Decision and Control, 2014, pp. 6271-6278.

[3

—

8995



