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Collision Avoidance for Elliptical Agents with Control Barrier Function
Utilizing Supporting Lines

Koju Nishimoto!, Riku Funada®, Tatsuya Ibuki?, and Mitsuji Sampei'

Abstract— This paper presents a collision avoidance method
for elliptical agents traveling in a two-dimensional space. We
first formulate a separation condition for two elliptical agents
utilizing a signed distance from a supporting line of an agent to
the other agent, which renders a positive value if two ellipses are
separated by the line. Because this signed distance could yield
a shorter length than the actual distance between two ellipses,
the supporting line is rotated so that the signed distance from
the line to the other ellipse is maximized. We prove that this
maximization problem renders the signed distance equivalent
to the actual distance between two ellipses, hence not causing
the conservative evasive motion. Then, we propose the collision
avoidance method utilizing novel control barrier functions
incorporating a gradient-based update law of a supporting
line. The validity of the proposed methods is evaluated in the
simulations.

I. INTRODUCTION

Guaranteeing collision avoidance in multi-agent systems
is of significant importance to ensuring safety in many
application fields, including environmental monitoring [1],
[2], autonomous transportation [3], [4], robot navigation [5],
and precision agriculture [6]. In these challenging and com-
plex realms, multi-agent systems are demanded to embrace
agents of different capabilities, shapes, and sizes to enhance
performance [7]. In the presence of such heterogeneity,
the collision avoidance protocol should guide agents not to
collide with each other while incorporating their forms.

To achieve real-time collision avoidance for multi-agent
systems, various approaches have been developed, including
the methods utilizing artificial potential fields (APFs) [8]
and control barrier functions (CBFs) [9]. APFs were first
presented in [10], and have been employed to the multi-agent
systems in the context of the formation [11] and flocking
control [12], [13], where a repulsive potential function is
designed for steering agents not to collide with each other. A
local repulsive function activated only in the sensing regions
of each agent is proposed in [14]. On the other hand, CBFs
were recently proposed in [15], which confines the state
of the system in the set defined by the CBFs. The work
[16] developed the collision avoidance methods for multi
robot systems, which can be implemented in a distributed
fashion. The authors in [17] developed the hybrid CBFs to
achieve the collision avoidance of the agents with limited
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sensing ranges. The comparative study of APFs and CBFs
in obstacle avoidance scenarios is conducted in [18]. Most
of the mentioned papers assume the agent as a single point,
a circular disk, or a sphere. Although these methods can
be employed to any agents by overestimating the original
shape of agents to a sphere enclosing them, this approach
could render too conservative evasive behavior if they have
a nonspherical, especially elongated, body.

To mitigate this conservativeness, we propose the collision
avoidance method capable of embracing the agents with
heterogeneous elliptical shapes, as shown in Fig. [T} Because
the CBF provides the ability to synthesize the number of
safety-critical constraints [19], e.g., the constraints ensuring
the battery of the robot never depletes [20], together with
the collision avoidance, we opt for a CBF-based approach.
While, in the context of APFs, the work [21] proposes
the flocking control for ellipsoidal agents with achieving
collision avoidance, the condition used for repulsive potential
functions becomes complicated and is not straightforwardly
extendable to CBFs. The work [22] employs the result in the
computer graphics field to develop the separation condition
of elliptical agents. However, the physical interpretation of
the metric utilized in the collision avoidance law is not
readily understandable since it does not provide the distance
between agents. The extent-compatible CBF is developed
in [23], where it can prevent the collision among agents
having volume by solving a sum-of-squares optimization
(SOS) program. Although this method can be applied to
elliptical agents, the computational burden stemming from
SOS programs might prevent implementations to high or-
der systems. The work also proposes the sampling-based
methods while the designer needs to assume the bounded
control input. The complexities and limitations in the existing
collision avoidance methods for elliptical agents partially
come from the difficulties in measuring the distance between
two separated ellipses. Although the computational methods
deriving numerical solutions of the distance between two
ellipses are proposed in the computer graphics field [24],
[25], the analytical solution of the distance is difficult to
derive in a simple form.

To alleviate the difficulties of evaluating a distance be-
tween two ellipses, we propose a novel CBF that incorporates
a signed distance from a supporting line of an elliptical agent
to the other agent, as illustrated in Fig. 2] Because a naive
selection of the supporting line could yield a shorter length
than the actual distance between two ellipses, we propose a
gradient ascent-based update law, where the supporting line
is rotated on the boundary so that the distance between the



Fig. 1.  Proposed scenario. The agents characterized as ellipses with
heterogeneous shapes avoid collisions with each other.

line and the other ellipse is maximized. We then prove that
the maximum value derived from this optimization problem
is equivalent to the actual distance between two ellipses. A
novel CBF incorporating the gradient ascent input to rotate
the supporting line is designed. In addition, we prove that the
proposed CBF is a valid one, namely, there always exists the
control input to make the collision-free set forward invari-
ance. Numerical simulations demonstrate that the proposed
method achieves the collision avoidance between elliptical
agents without exhibiting conservative evasive motions.

II. PRELIMINARY
A. Problem Formulation

In this paper, we present a collision avoidance method
among elliptical agents, labeled through the index set N' =
{1---n}, in 2-D Euclidean space R?, as illustrated in Fig. 1.
We denote the world coordinate frame as >,,. We also define
the coordinate frame of agent ¢ as X;, arranged at the center
of agent ¢ so that its x;-axis corresponds with the major axis
of the ellipse. The relative pose of >; with respect to X,
is described as (p;, R;(0)) : R? x SO(2) with the position
Pi = [piz, piy)’ € R? and the orientation

o _ |cos(8;) —sin(0;) '
Ri(0:) = sin (0;)  cos(6;) |’ 0i € (—m,7l. (1)
The state of agent i is defined as @; = [piz, piy, 0T

We suppose that the motion of agent ¢ can be represented
according to a single integrator dynamics,

Ti = [Uig, Uiy, Uie}T 2

with the velocity input [u;;, u;,])7 and the angular velocity
input u;9. We denote the control input for agent ¢ as u; =
[um,uiy,uie]T. Agent i occupies the elliptical region &;
described as

&={XeR*|(X —p)" RiQ; "R} (X —p;) =10}, (3)

where the constant matrix ); = diag(giz, ¢iy) is defined
with ¢;; and g;, which specify the length of the major axis
and the minor axis.

We propose a control method that prevents a collision
between elliptical agents described with (@). If the minimum

distance between &; and &; is described as w;(xi, z;), the

(b)

Fig. 2. The supporting line I;; separating two elliptical agents &£; and &;.
(a) shows the distance h;;(¢;;) between the ellipse £; and a supporting
line [;;, the normal vector and the tangent point of which is denoted as
z;j and my;;, respectively. Although the distance h;j(¢;;) can be derived
from (T3), hs;(¢i;) could be shorter than the actual distance between two
ellipses. (b) illustrates the update law of the supporting line I;;, where I;;
is rotated on the boundary of &; so that h;;(¢;;) approaches the actual
distance between two ellipses, by maximizing h;;(¢;;) with ¢;;. Note that
hij(¢i;) takes a positive value if and only if the line [;; separates two
ellipses.

safe set restricting collisions between agents ¢ and j can be
captured by the set

Sij = {mi,z; € R® | wjj(xi, ;) > 0}, 4)

where this set has to be rendered forward invariant. For
this goal, we leverage control barrier functions (CBFs) being
introduced in the next subsection.

B. Control Barrier Functions

CBFs have been utilized for ensuring the forward invari-
ance property to the set S, in which the state « should be
confined during the task execution of agents. We assume
that a set S can be expressed as the superlevel set of a
continuously differentiable function i : R™ — R, namely,
S = {x € R™ | h(x) > 0}. Then, CBF is defined as follows.

Definition 1. [15, Def. 5] Given the control affine system
&= f(x) + g(x)u, ®)

where f and g are locally Lipschitz, * € R™ and u € R™,
together with the set S. Then, the function h is a control
barrier function (CBF) defined on a set S with S C S C R",
if there exists an extended class K function o, such that

sup [Lih(z) + Lyh(z)u + a(h(z))] >0, VxS (6)
u
where Lyh(x) and Lyh(x) are the Lie derivatives of h along
f(x) and g(x), respectively.

The forward invariance of the set S is ensured through the
following corollary.

C_orollary 1. [15, Cor. 2] Given a set S, if h is a C_‘BF on
S, then any Lipschitz continuous controller u(xz) : S — U
such that

L¢h(z) + Lyh(z)u(x) + a(h(x)) > 0, (7
will render the set S forward invariant.

The condition guaranteeing forward invariance of the
set S can be synthesized to the control law through the



Fig. 3. The parameter ¢;;, which specifies a point on the boundary of
the ellipse. The point on the unit circle is specified by v;; in (I0), which
angle from the z-axis is ¢;;. Then, a point on the ellipse is specified by
transforming v;; with the positive definite matrix Q.

optimization-based controller leveraging Quadratic Program-
ming (QP). Let us denote the nominal input as wpen, and
wish to modify it minimally invasive way so as to satisfy
the condition (7). This goal can be achieved by employing
the input u* derived from the following QP

(8a)

u* =arg min ||u — Upem (2)||%,
u

s.t. Lyh(x) + Lgh(x)u + a(h(x)) > 0.  (8b)

III. COLLISION AVOIDANCE FOR ELLIPTICAL AGENTS

In this section, we formulate a novel CBF that ensures the
forward invariance of the set S;; in (@), namely preventing
agent ¢ from colliding with agent j. As mentioned previously
and from [21], [22], it is difficult to derive the analytical
solution of the distance between two ellipses, namely w;‘j, in
a form simple enough to be employed as a CBF. Furthermore,
numerical solutions of wy;; cannot be employed as a CBE.
To mitigate the difficulties, we design a novel CBF that
incorporates a signed distance from a supporting line of agent
1 to agent j, depicted as h;; in Fig. [2| Because h;; could take
a shorter length than w;; with naive choices of the supporting
line, we propose the procedure that drives h;; to w;; based
on the gradient of an optimization problem.

A. Separation Conditions for Two Elliptical Agents

We first introduce a supporting line I;; of agent ¢, which
contacts &; at the point m;, as depicted in Fig. 2| The point
m;; can be defined as

mgj(x;, ij) = Qivij + i &)
vij(¢i5) = [cos(ei), sin(ey)]" (10)

with a positive definite matrix Qi = RiQiRiT and a param-
eter ¢;; € (—m,m|. Here, the parameter ¢;; is introduced
to specify a point on the boundary of the ellipse &;, where
the graphical interpretation is shown in Fig. Then, the
supporting line /;; is described as

Lij={X eR?® | v};Q; ' X — (1+v,Q;'p;)=0}, (1)

which is determined by x; and ¢;;.

Let us derive the separation condition evaluated with the
signed distance from the supporting line /;;, which provides
a positive value to a point in the different half-plane with
&;, and a negative value otherwise as shown in Fig. 4 The

(@) hij(¢i) <0

(0) hij(¢i;) <O (©) hij(¢iz) >0

Fig. 4. The separation condition evaluated by h;;, the minimum signed
distance from the line [;;. The signed distance h;; takes zero on [;; and
takes the larger value as a point to be evaluated moves to the upper direction
specified by the green normal vector. (a) and (b): Since the proposed signed
distance provides a negative value to a point in the same half-plane with
the ellipse &;, n;; € &; equipped with the minimum signed distance h;;
is the one furthest from /;;. (c): When the supporting line separates two
ellipses, h;; returns the distance between [;; and &;.

point n;; € &; that minimizes the signed distance from the
supporting line /;; is determined by

1
19, Q7 sl
Then, the minimum signed distance from [;; is calculated by
— [1QsQ iy |+ (p; — pi)TQ vy~ 1
Q7 v

nij(xi, T, ij) = Q5Q; 'vij +p;. (12)

hij(zi, x4, ¢ij) =

13)

which satisfies h;;(x;, j,¢;;) > 0 if and only if & and
n;; are in the different half-plane separated by the line [;;
as shown in Fig. E} In other words, if there exists ¢;; that
fulfills h;;(x;, x;, ¢i;) > 0, then two ellipses are separated
by the line /;;. Note that n;; € &; is not the closest point
to the supporting line /;; as depicted in Fig. a) and (b).
In the remaining of this subsection, we analyze the property
of hij(xi,x;,$i;) assuming two agents ¢ and j are fixed,
hence denote h;;(x;, x;, ¢ij) as hij(dij)-

The fact that h;;(¢;;) > 0 encodes the separation con-
dition between two agents motivates us to employ h;;(¢i;)
as a CBF for ensuring collision avoidance between elliptical
agents. However, the naive selection of the parameter ¢;;,
namely the line /;;, could yield a shorter distance than the
actual distance wy;; as depicted in Fig. [2(a). Because of this
difference from w;;, hij(¢i;) could overestimate the risk of
collisions and hence cause too conservative evasive motion.
To mitigate this gap, we propose the following optimization
problem that intends to rotate the supporting line /;; on the
boundary of &; so that h;;(¢;;) is maximized as

Tga_x hij(¢ij), (14a)
s.t. v;; = [cos((bij),sin(@j)]T, (14b)

where its graphical interpretation is depicted in Fig. 2[b).
While, in the next subsection, we introduce the input to
¢i; for maximizing h;;(¢;;), we first establish the connec-
tion between the optimization problem and the actual
distance between two agents, namely wy;. For this goal, we



introduce the following optimization problem, which optimal
solution [|w*|| is equal to w};.

Emin [lw]l, (15a)
nw

st. fi(§) <0, fi(n) <0, (15b)

n—§=w, (15¢)

where £,(€) = (€ )7 Q (€ —pr) — 1 < 0 signifies the
condition & € &. Then, the following theorem formalizes
the relationship between w;; and h;;(¢;;).

Theorem 1. Suppose that two ellipses & and E; have no
overlap, namely & N E; = 0 holds. Then, the optimization
problem is the dual of the problem (13). Furthermore,
the strong duality holds between the optimization problems
(T3) and (14), namely the following condition holds

wi; = hi; > hij(ig). (16)
Proof. The dual function of the problem (I3)) is
9(\i, Aj, z) = inf ([Jwl| +Aifi(€) + A, f;(n)
smw . (17)
z'(n—€-w))
: T
1r£1f ()\z‘fz'(‘f) -z f) 2] <1,
= + ir})f Nfim+2"n) XA >0 18)

—00 otherwise

where \;, A; and z are Lagrange multipliers. To simplify the
first term 1nf5 ()\ fi(&) — zT£) in (T8), we introduce § =
Q Le, pi = Q pi, and Z = Q;z. Then, the first term is
transformed as

ifglf (Nifi(€) — 27€)

Zii}f (N(€—p)T Q2 (€ —pi) — N — 27€)
- 27+ 4N
—Z'p;— o (19)

Following the similar path to (I9), the second term in (I8)
is expressed as
12]1* + 423

20
o @

i%f (N\fim) +2"n) =2"p; —

where p; = Qj_lpj and 2 = sz. Therefore, the dual
problem can be expressed as follows:

> s|12 2

s EP AN oo 2T 4T

sz/\liai\{j Z P 4N\ +2°pj Y )
(21a)

s.t. z = Qiz, z= sz, ||Z|| S ]., Ai7>\j Z 0. (21b)

Focusing on the second and fourth terms in (21a), we

define a function M (a,x) as

a + 4z?
%

and consider max, , M (a, x).

M(a,z) = — (a,z > 0), (22)

In the case of a > 0, the gradient of M is

or 472 " Ba  da

Thus, the function M (a, z) has no extremum for all a > 0,

and for z > 0 it has the maximum value at z*(a) = v/a/2.
As a result, the following equation holds.
max M (a,z) = max —/a (a > 0). (24)
a,r a

In the case of a = 0, the maximum value of M (a,z) is
as follows:

max M (a,z) = max —z = 0. (25)

Since (24)) is equivalent to (25) if we substitute ¢ = 0 into
(24), we can summarize them as

= max —/a
a

Considering that the second and fourth terms in (21a) are
equal to M (||z]|2, \;) and M (||2%, \,), respectively, we can
simplify the problem (21I) by utilizing (26) as follows:

max M (a, ) (a > 0). (26)

max —2'p; — |2+ 27p; — 12, @7)
st 2] <1, (27b)
zZ=0Q;z, 2=0Q;=z. (27¢)
Let us parameterize z as
z= Q Vij, (28)

HQ vij|
with 0 < p < 1 so that the constraint is satisfied.
Then, by substituting @ z= Qiz and 2 = sz, the dual
problem can be transformed as follows

max - HQ]Q;lvz_jH +7(7pj *Pi)TQi_l’Uij - 1’ (292)
Wy bij HQ1 lvin
hij($is)
s.t. v = [cos(¢ij), sin(e;)] 7, (29b)
0<p<l, (290)

where the objective function can be described as
phij(¢i;). Notice that if ellipses & and &; are separated,
there always exists ¢;; that satisfies h;;(¢;;) > 0. Con-
sidering the constraint and the fact p is a variable
independent of ¢;;, we should set ;4 = 1 to maximize
(294). Therefore, by substituting 1 = 1 to the problem
(29), we obtain the optimization problem (T4)). This relation
leads to the conclusion that the problem (14) is the dual of
the optimization problem (I3) if & N &; = 0. Since the
optimization problem (I3) satisfies the Slater’s Condition
[26, Sec. 5.2.3], the solution of (T3) is equivalent to the
solution of (T4), which completes the proof. O

Theorem [I] implies that the proposed update law of the
supporting line, described as the optimization problem (T4)
and Fig. 2 I renders h;j(¢;;) the actual distance w;; between
two ellipses. Furthermore, because of (16, the COIldlthIl

hij(¢i;) > 0 provides a sufficient condition for preventing



collisions even if ¢;; does not converge to the maximizer of
(T4). In the following subsection, we develop h;; as a CBF
together with presenting the update procedure of ¢;;.

B. CBFs Incorporating Rotating Supporting Lines

In this subsection, we first design the collision avoidance
methods between two elliptical agents ¢ and j, then extend
the results to the case of n agents. Hereafter, we regard h;;
as a function of x;,x;, and ¢;; as first defined in (13),
though we have dropped the dependency of h;; for notational
convenience.

As mentioned in the previous subsection, we require a
supporting line between agents ¢ and j to evaluate the
separation condition h;;. Without loss of generality, we
introduce a supporting line for the agent with a lower ID
number. Then, as the supporting line is to be updated for
maximizing h;;, the model of the agent (2) now has to
describe the dynamics of ¢;; as well. Therefore, we introduce
the augmented state x;; = [z}, x], ¢i]" to achieve
collision avoidance between two agents ¢ and j (1 < j),
where the dynamics of the augmented state is
(30)

Tij = Uij,
T T T
where u;; = [u] ,Uj Uy, |
As the nominal input for ¢;; intending to maximize h;;,
we employ the following gradient-based input
Ohi;

unom,¢i]‘ :78917’ ’Y>0
9

(3D

The input drives h;; to a local maximum point, and
hence preventing too conservative evasive motions caused by
the difference between wy; and h;;. Note that the maximizer

;; Of h;; changes as the agent ¢ and j traverse. However,
as ¢;; is a virtual variable not dependent on the physical
dynamics of the agents, we can make ¢;; converge fast
enough with large v to follow the agent movement, as we
will demonstrate in the simulations in Section [V-Al

Let us denote the nominal control input for the agent ¢
as Unom,i, which is designed to achieve its own objec-
tive, e.g., reaching the goal position. Combining this nom-
inal control input nom,; With , the nominal input
for the augmented state m%] is expressed as Unom,i; =
[uz;om,i? uz:om,j? un0m7¢i]‘}

The goal of the collision avoidance strategy is to allow
agents to execute their tasks encoded by wnom; while
ensuring collision never occurs between agents. To achieve
this objective, we propose the collision avoidance methods
that render the following set Sij forward invariant.

Sij = {xij S RS x (—7T,7T] | hij(il?ij) > O} (32)
Since wj; > h;; holds from Theorem [T} the set S;; in (@)
is also ensured to be forward invariant if we guarantee the
forward invariance of Sij. Similar to (8)), this strategy can be
achieved by u;; derived from the following QP integrating

h;; as a CBF:
uj; = arg min [lu;; — Unom,ij |1 5 (33a)
ij
ohi; T ohi; " Ohi;
L i ; y h)>0. (33b
“t ow * oz, wj 5@],“% +a(h) > 0. (33b)

Note that the constraint (33b)) is derived by calculating the
Lie derivative of h;; along fi; = O7x1 and g;; = I7 in (=IO}

As the proposed CBF h;; prevents collision between ellip-
tical agents ¢ and j, we need to confirm whether there always
exists the control input that satisfies (6) in the Definition
and it provides us the forward invariance property.

Theorem 2. The function h;; in (13) is a valid CBF when
Ui, u; € R3. Namely, for any T, T; € R3, the following
conditions hold.

oh Ohi, ™ Oy |
g |2 ST 20 34
3331- apl 3 601‘| 7& 3x1 ( )
ohi,  [ohy, T ohi |
Y| T T 20 35
oz, [apj ’89]-] # 031 (35)
Proof. Oh;;/0p; and Oh;;/Op; are given by
ahij 1 ~_1
= Lo, 36
T Torart I GO
8hij 1 ~_1
= O vy 37)
opj  [|Q; vy ’
Considering the fact ||v;;|| =1 and Q; = 0,
Hahij _ Hahij .
Op;i Op;
holds. Therefore, the conditions Oh;;/0x; # 03«1 and
Oh;;/0x; # 0341 are always satisfied. O

Theorem [2] signifies there always exists the control input
u;,u; € R? that renders the set Sij forward invariant.
Therefore, the collision is prevented if the state x;; is in
the safe set S;; at the initial time. Note that if two ellipses
do not collide with each other at the initial time, we can
easily specify the initial ¢;; that satisfies h;; > 0 by any
heuristic approach.

We then extend the collision avoidance method (33) to
the scenario with m agents. Similar to the case of the
two agents, we need to introduce a supporting line for
each pair of agents, resulting in ,,Cs numbers of CBFs
for the whole system. Since the agent with a smaller ID
in a pair owns a supporting line, a vector augmenting ¢;;
of agent i is described as @; = [Diir1, Diit2, - Din)t

with ¢, = (). In addition, we introduce a vector com-
bining hij as hl = [hii+1;hii+2a-~-ahin]T- Then, the
ensemble state and CBFs of the system are expressed
as x = [a:lT,a:QT,...,a:Z,qb?, 5,...,¢§_1]T and h =
[hT, K], ..,hg;_l]T, respectively. With the introduced en-

semble vectors, the collision avoidance method for n agents



can be achieved by u* derived from

w* =arg min ||u — Upem||?, (38a)
st. Lyh + Lyhu + a(h) > 0, (38b)
where f = O(@ny,co)x1 and gi; = I(3n4,c,) Since we

assume a single integrator model.

IV. SIMULATION RESULTS

The proposed algorithm is implemented in simulations
to verify that it guarantees collision avoidance between
elliptical agents.

A. Simulation with Two Agents

We first demonstrate our proposed algorithm with the two
elliptical agents, the sizes of which are characterized by
Q1 = diag(0.4,0.2) for a red agent and Q2 = diag(0.6,0.2)
for a blue agent, respectively. The initial condition of the
simulation is depicted in Fig. [5(a), with the initial pose
21(0) = [0,1,—7/4]", 22(0) = [2,0.1,0]". Note that we
randomly chose the initial ¢12(0) from the range that yields
a supporting line /1o separating two ellipses. Two agents
traverse the environment so that they intersect around the
center of the field. We utilize a(hiz) = 10hiy for an
extended class K function in CBF conditions and Unom,¢,, =
20 (Ohi12/0¢12) for a nominal input to ¢1s.

The snapshots of the simulations are presented in Fig. [5]
which illustrate a supporting line incorporated in agent 1’s
CBF as a black line. In addition, the distance between
the supporting line and the blue ellipse is depicted as a
green line. The snapshots demonstrate that the supporting
line on agent 7 is updated so that it separates two agents
without causing any conservative transition in their evasive
trajectories. The value of k1 is illustrated in Fig. [f] together
with the optimal solution of (]ED, namely the actual distance
between two agents. Although wj, and h;s differ at the
initial time since we set ¢12 randomly, the proposed gradient-
based input (3T) successfully drives /2 to the actual distance
wf,. Furthermore, Fig. [6] verifies that the input (3T)) rotates
the supporting line so that his follows the transition of the
actual distance between two ellipses. We can also confirm
that the value of hjo keeps in the positive value, hence,
collision avoidance is achieved.

B. Simulation with Four Agents

In the next simulation, we demonstrate our proposed
algorithm with the four elliptical agents, the sizes of which
are specified by @1 = diag(0.3,0.15) for a red agent,
Q2 = diag(0.4,0.2) for a blue agent, Q3 = diag(0.4,0.2)
for a green agent and @, = diag(0.6,0.3) for an orange
agent, respectively. The initial condition of the simulation
is depicted in Fig. [/(a), with the initial pose x1(0) =
[—0.1,1.1, —7/4]", 22(0) = [1.9,—1.1,—7/4]", 25(0) =
[—0.1,—1.1,57/4]" and z4(0) = [1.9,1.1,57/4]". All four
agents traverse the environment so that they intersect around
the center of the field. We utilize «(h) = 10h for an
extended class K function in CBF conditions and unom,¢,; =
20 (Oh;;/0¢;;) for a nominal input to each ¢;;.

y [m]
y |m)

0.5 0.5
=0 Sle=0s
0 1 2 0 1 2
z [m] z [m]
(a)t=0s (b)y t=0.8s
1 1
05>~ 0.5
E R
-0.5 0.5
=2 qli=4
0 1 2 0 1 2
z [m] z [m]
(©)t=2s (dt=4s

Fig. 5. Snapshots of the simulation, where two elliptical agent 1 and 2
are depicted in red and blue, respectively. The supporting line of agent 1 is
rotated to maximize the distance, shown in the green line, between the line
and agent 2.

—h12
E) 1 - -wiy
[}
Q
=}
3
2 0.5
a
0
0 1 2 3 4

time [s]

Fig. 6. Evolution of hi2(¢12), shown in the blue line, and the actual
distance wy, between two elliptical agents, depicted as the red dashed line,
calculated by the optimization problem (I3). The control input for ¢12
makes hi2(¢12) follow w3, while keeping the smaller value than w3,.
Since the value of hi2(¢12) remains positive during the simulation, the
collision between two elliptical agents is successfully avoided.

The snapshots of the simulation are presented in Fig. [7]
where each agent is depicted with its trajectory. As illustrated
in Fig. [(b), all agents move straightly toward their goal po-
sitions until their distances become closer at the center. Then,
the proposed methods modify the nominal input minimally
invasive way so that the collision is avoided, as illustrated
in Fig. [/[c) and (d). Note that the proposed CBF achieves
the collision-free trajectories while changing the attitude of
the agents in Fig. [7(c). Fig. [§] depicts the transitions of h,j,
where the proposed methods keep them in the positive value.

V. CONCLUSION

In this paper, we proposed the collision avoidance method
for elliptical agents that utilizes the novel CBF leveraging a
supporting line between agents. We first introduced a sup-
porting line of an agent to develop the separation condition
of agents that is implementable as a CBF. However, we
observed that a naive choice of a supporting line might
render a shorter distance than the actual distance between
two agents. To alleviate the conservativeness in this evalua-
tion, we proposed the optimization problem that rotates the
supporting line so that the distance between a supporting
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Fig. 7. Snapshots of the simulation, where four elliptical agents are depicted
together with their trajectories.

—hiy —hiz haa

time [s]

Fig. 8.  Evolution of h;;, Vj € N\i, Vi € N. The proposed methods
remains h;; in the positive value during the simulation.

line and the other agent is maximized. We then proved that
the maximum value derived from this optimization problem
is equivalent to the actual distance between two agents. We
presented the collision avoidance method incorporating the
developed CBF together with the gradient ascent law for
rotating the supporting line. Finally, numerical simulations
showcased the validity of the proposed methods. Future
works include extending the proposed framework to nonlin-
ear systems through exponential CBF [27] while embracing
3D ellipsoidal agents.
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