Obstacle-Avoidance Distributed Optimal Coordination of
Multiple Euler-Lagrangian Systems

Liwei An', Guang-Hong Yang'+?

1. College of Information Science and Engineering, Northeastern University, Shenyang, 110819, P. R. China
E-mail: liwei.an @foxmail.com

2. State Key Laboratory of Synthetical Automation for Process Industries, Northeastern University, Shenyang, 110819, P. R. China
E-mail: yangguanghong@ise.neu.edu.cn

Abstract: This paper investigates the problem of obstacle avoidance in the distributed optimal coordination for multiple uncertain
Euler-Lagrangian (EL) systems. The main challenge focuses on the co-design of obstacle avoidance mechanism and distributed
optimization strategy. To address it, a novel safety barrier function in the closed form of path integrals is constructed. By
combining distributed optimization algorithm and adaptive tracking control, a distributed coordination algorithm is proposed.
Based on Lyapunov method and boundedness analysis for the barrier function, it is proven that the global convergence and
collision avoidance of the EL systems can be guaranteed in the presence of parametric uncertainties.
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1 Introduction

Distributed optimization over multi-agent networks has
attracted much attention due to various practical applications
in convex computation, resource allocation, and localization
[1, 2]. The aim is to solve an optimization problem cooper-
atively in a distributed manner where the team performance
function is composed of a sum of local objective function-
s. With potential applications of cyber-physical systems, the
distributed optimization with physical dynamics as execu-
tive bodies, termed distributed optimal coordination (DOC)
[3], can be completed based on effective combination of the
(cyber) computation/communication and the (physical) dy-
namics/ control in many applications, such as the coopera-
tive search of signal sources [4, 5], the motion coordination
[8], the distributed state estimation [6] and the distributed
optimal power flow [7]. Recently, many important results on
DOC for dynamical multi-agent networks are developed. In
[9], the problem is fundamentally investigated for a class of
continuous-time multi-agent systems with single-integrator
dynamics, by explicitly taking into account nonuniform gra-
dient gains, finite-time convergence, and a common convex
constraint set. Further, Zhang and Hong [10] and Xie and
Lin [11] extend the traditional distributed optimization algo-
rithm to high-order multi-agent systems. In [3], Zhang et
al. propose a gradient-based DOC algorithm with adaptive
mechanism for multiple uncertain heterogeneous EL system-
s. Considering that many physical agents are usually mod-
eled by general linear dynamics, the distributed optimization
algorithms are developed for general continuous-time linear
multi-agent systems in [12, 13]. However, in these results
some safety issues such as collisions with obstacles are not
considered.

Obstacle avoidance as an important safety objective has
been widely investigated. Many important obstacle avoid-
ance methods have been developed in various multi-agent
coordination controls, such as objective tracking [20], trajec-

This work was supported in part by the Funds of the National Natural
Science Foundation of China (Grant Nos. 61621004 and 61420106016),
and the Research Fund of State Key Laboratory of Synthetical Automation
for Process Industries (Grant no. 2013ZCX01).

tory tracking [21], formation control [17], navigation control
[19], leader-follower [18] and general coordination controls
[16]. However, few results have been obtained for multi-
agent collision avoidance within the DOC problem frame-
work. Note that the proposed obstacle-avoidance method
in [16] is possibly applicable to the current DOC problem.
However, the obtained approximate solution may not real-
ize the original control objective. In this paper we focus on
simultaneously achieving two objectives: the DOC and the
obstacle avoidance.

In this paper, the obstacle-avoidance DOC problem is s-
tudied for a group of uncertain EL systems which move on
the n-dimensional Euclidean space, possibly populating stat-
ic obstacles. The objective is to guarantee all the EL agents
to achieve consensus while minimizing a given team perfor-
mance function and avoiding collisions with the obstacles.
The technical contributions are summarized as follows:

« By extending the pervious DOC problem [3] and ob-
stacle avoidance problem [20], the obstacle-avoidance
DOC is considered, intrinsically a multi-objective prob-
lem. To the best of our knowledge, this is the first trial
on DOC protocol design with collision-free guarantees.

o A fully distributed algorithm is developed which con-
sists of the secure virtual distributed optimization al-
gorithm and adaptive tracking control structure. Safe-
ty barrier certificates in the closed form of path inte-
grals into adaptive nonlinear control can guarantee the
obstacle-avoidance behaviors.

e By combining Lyapunov method and boundedness
analysis for the barrier functions, it is proved that the
proposed protocol can guarantee the global conver-
gence of the optimal coordination while avoiding colli-
sions with obstacles, even in the presence of parametric
uncertainties.

Notations: The symbols N and R denote the sets of
natural and real numbers, respectively. The subset of
N, {1,---,N} is denoted by [N]. R" denotes the n-
dimensional Euclidean space. The notation || - || refer-
s to the Euclidean vector norm. Further, for a positive-
define matrix W € R™ "™ and a vector y € R", denote



lyllw = VyTWy. I, represents the n-dimension iden-
tity matrix. Denote 1y = [1,---,1]T € RM. Given
a set of matrices X; € R™*™ 4§ = 1,--- , N, we de-
note by col(X1, -+, Xy) € R(ZL1m)xm the block matrix
[XlTa e ’XJI\;]T'

2 Problem Formulation and Preliminaries

Consider a network system composed of N heteroge-
neous EL agents with an associated undirected communi-
cation graph G = (V, £), moving on the n-dimensional Eu-
clidean space, possibly populating static obstacles. The dy-
namics of each agent v; € & is described as follows:

M;(q:)Gi + Ci(as, Gi)Gi + Gi(qi) = 7 (D

where ¢;,¢; € R denote the generalized position and ve-
locity vectors, respectively; M;(q;) € R™ "™ is the inerti-
a matrix; C;(¢;,¢:)g; € R™ is the vector for Coriolis and
centripetal forces; G;(q;) € R"™ is the gravity vector; and
7; € R™ is the control force.

The dynamics (1) satisfies the following properties [15]:

Property 1. The inertia matrix M;(q;) is symmetric, pos-
itive definite, and satisfies that || M;(g;)|| < m, where m is
an unknown constant.

Property 2. M;(q;) — 2Ci(q;, ¢;) is skew symmetric.

Property 3. For any z,y € R"™, M;(¢;)z + Ci(¢i, ¢:)y +
Gi(¢:) = (@, ¢, z, y)pf, where ¢ € RP is a constant
vector consisting of the uncertain parameters of EL system
(1), and Q;(q;, ¢;, x,y) € R™*P is a known regression ma-
trix that is only dependent on state variables.

Remark 1. The EL system is a class of important physical
systems which can be used to describe many mechanical sys-
tems, such as mobile robots, rigid bodies, and autonomous
vehicles [15].

Suppose that there are M > 0 static obstacles and let
d; € R™ and D; C R"™ denote the center of mass of the
jth obstacle and the region of the Euclidean space that it
occupies, respectively. In what follows elliptical obstacles
are considered, i.e.,

Dj={q€R": |lg—d5|[h, <p?}

where p; > 0 and D; = D > 0. Note that if a static ob-
stacle is not elliptical, possibly even in the presence of nons-
mooth edges, it is possible to enclose the obstacle within an
ellipse, thus smoothing the obstacle. This can be achieved by
exploiting the notion of geometric moments of the portion of
the Euclidean space that constitutes the obstacle [22, 23]. In
fact, the moments up to order 2 are related to the geometric
parameters of the smallest ellipse that contains the region of
interest, see e.g., [23].

From the safety considerations of the EL systems, it is re-
quired that all agents can bypass the obstacles. An obstacle-
avoidance trajectory for the multi-agent EL system (1) is de-
fined as follows.

Definition 1 [20]. The EL multi-agent system (1) is said
to be obstacle-avoidance if [|¢; (t) —d5 | p, > p; forallt > 0,
i€ [N]and j € [M].

It should be pointed out that, in this paper we ignore the
critical condition that the running trajectories of the agents
are tangent with the boundaries of the obstacle regions.

In this EL multi-agent system, agent v; € V is associated
with a local cost function f; : R® — R, which is privately
known by this agent. The global team performance func-
tion of the whole system is defined as f(s) = ZZ\; fi(ss),
where s = col(sy, ..., 8,). The mission of the EL multi-
agent system (1) is to achieve consensus at the optimal gen-
eralized position ¢* = arg mingegn Zfil fi(s). Moreover,
we assume that each EL agent can sense all the obstacles
and sufficient time is provided to accomplish the optimiza-
tion task [20].

Assumption 1 [24]. The function f; is differentiable and
convex foralli =1,---, N.

Assumption 2 [24]. The graph G is undirected and con-
nected.

Assumption 3 [20]. The initial position and target po-
sition of each agent do not cross the obstacle region, i.e.,
1:(0) — dc |l b, > p; and |lg* — dSlp, > p; forall i € [N]
and j € [M].

Assumptions 1 and 2 are common in the existing litera-
ture on distributed convex optimization [3, 24]. Assumption
3 guarantees that the initial and target positions are outside
the obstacle range. Finally, to guarantee the feasibility of
problem, it is assumed that the static elliptical obstacles do
not form an impermeable boundary about initial and target
positions of one or more agents.

Denote ¢ = col(qy,--- ,qy) and L = £ ® I,,. Under
Assumption 2, the primary DOC objective is equivalent to

N
min f(q) =Y _ fi(a:), subject to Lg=0 ()

i=1

Since f(g) is convex and then the equality constraint is lin-
ear, the constrained optimization problem is feasible. The
following lemma gives the analysis on the optimal solution
of (2).

Lemma 1 [24]. Under Assumptions 1 and 2, define

1
F(g,x) = fla) +¢"Lx + §qTLq-

Then F' is differentiable and convex in its first argument and
linear in its second, and:

(i) if (¢*, x*) is a saddle point of F', then ¢* is a solution
of (2);

(ii) if ¢* is a solution of (2), there exists x* with Ly* =
VF(q*, x*) such that (¢*, x*) is a saddle point of F.

3 Obstacle-Avoidance DOC Strategy Design
3.1 Algorithm

To derive the secure DOC strategy in presence of the ob-
stacles, we first construct a virtual control command ¢; as
the solution of the following dynamic equation:

@ == Vfild) = Y [Ag); + Axij]

JEN;
Xi = Z Aqgi;
JEN;

3

where Ag;; = ¢; — g and Ax;; = xi — Xj-
Lemma 2 [24]. The virtual command derived by dynam-
ics (3) satisfies lim; oo ¢} (t) = ¢* for all ¢ € [N].



In fact, Proposition 1 shows that the design protocol of
DOC for single-integrator systems moving in an obstacle-
free environment. However, in an obstacle-populated envi-
ronment the virtual command trajectory ¢! (¢) derived by (3)
may still collide with obstacle D, i.e., there may exist a time
t > 0 such that ||lg; (t) — d§|lp, < p;. To derive a secure
command trajectory, we should choose an appropriate initial
value ¢/ (0) such that

llgi () —
where §; is a positive constant. The following trajectory ini-
tialization algorithm provides a selection method.

d$|lp, = pj +6i, VL >0

Algorithm 1. Trajectory initialization of agent v;
1. Select any initial value ¢! (0), and simulate the overall

trajectory ¢} (¢) according to dynamics (3)

2. Set T; = argmin; {7 : ||¢f (t) —d§||p, > pj +6i, Vt >
T}

3. Compute T' = max;¢(n] T; as Maximum Consensus
Algorithm [25]

4. Set¢;(0) = ¢ (T)

According to the definition of 1" in Algorithm 1, it can
be seen that [|¢; (t) — d§||p, > p;j + di, ¥t > 0 is ensured
along with the trajectory with ¢} (0) as the initial state. Under
Assumption 3, the existence of 7' can be guaranteed.

Based on Lemma 2, the DOC problem can be recast in the
following framework of tracking problem.

Problem 1. Consider a multi-agent EL system consisting
of N agents with dynamics (1). Problem 1 can be recast into
finding control inputs 7;,, ¢ = 1,--- , N that steer agent v;
asymptotically tracks g; while bypassing the obstacles.

To address Problem 1, we define the barrier function
Bp,(q:) = 2/Np,(g;) with

0,
Nop,(gi) = .
o lgi — 5|15,

Using the auxiliary dynamics (3), we design the adaptive
tracking controller

if lgi — djllp, < pj

— pf, otherwise

a; = —[ki1 + Bp(q:)(ai — q;) — Vfilq)
— > [Ag); + Axij] “
JEN;

M
= Bp,(¢:)(ai — d5)"d; )

Jj=1
i = Qi Gir — iy i) pi — ki(di — i) + 4 —a; (6)
@i = D1 Qulais di, — iy i) (i — i) @)
ki = villds — oul? (®)

where k; 1 > 1 is the design parameter and ¢; and k; are
the estimates of ¢} and k;, respectively, k; are some con-
stants such that K = diag{ky,---,kn} such that K >
M7T(q)(L* + L3)M(q)/4 and
oV fi(qr)

o Ot 2 (6= )

JjEN;

M
Z Bp, (4:)(q

A =2

i —d5) i | (g —qf).

kiq 4 Bp(q:)](di — 4;)

3.2 Convergence analysis

The following theorem gives the convergence analysis of
the closed-loop system..

Theorem 1. Consider the multi-agent EL system (1) in
an obstacle-populated environment. Under Assumptions 1—
3, the adaptive distributed controller (3)—(8) globally steers
the multi-agent EL system (1) to achieve consensus with ob-
stacle avoidance guarantee. Moreover, all the closed-loop
systems are uniformly ultimately bounded.

Before beginning the proof of Theorem 1, we introduce
the following notations. Let ¢* = 1y ® ¢*, where ¢* =
arg mingegn Ef\il fi(s). By Lemma 1, there exists x* such
that (¢*, x*) is the saddle point of F'. We denote

G =col(gr, -+ ,4n),Gr = col(gy, -+ ,dN),
Vf(q) = col(Vfi(q1), -+, Vin(an)),
X = COI(XI: "y XN) ¢ =col(qr, - ,qn),
q=col(g, -+ ,gn), 7 = col(r1, - ,7N),
@ = col(pl, -, oN), ¢ = col(¢1, -, @nN),
G(q) = col(G1(q1), - ,Gn(gn)), @ = col(aq, - -+ ,an)
I'y =diag(T'y 1, -+ , T ,v),Te = diag(T'21,- - , T2 n),
B(q) = diag(Bp(q1), -, Bp(an)),
K, = diag(k11,- -, kin), K = diag(ky,- - , kn),
M(q) — ding(Mr (). M (an).
C(q,q) = diag(C1(q1,41),--- ,Cn(qn, 4n)),
Q(q, ¢, —A, ) = diag(Q1(q1, 41, — A1, 1),
QN (gn, 4N, —AN, an)).

Then state equations (1) and controller (3)—(8) can be
rewritten as the compact form, respectively,

M(q)§+ C(q,4)q + G(q) = )
and
Gr = — vf(qr) - L(Qr + X)
).( :LQT
—[K1+ B(@))(¢ — ¢) — V(g) — L(gr + x)
¢ =T10(q, 4, — A, ¢-)(4 — a)
K =T¢— o
(10)
where
= B L 1+ B )+ Blo)a ).

Next, we show the convergence of the closed-loop sys-
tem (9)—(10). The convergence analysis is established based
on Lyapunov method and boundedness analysis for barrier
functions Bp(g;) foralli = 1,--- | N, where the Lyapunov
function candidate is selected as V = Vp + V; + V5 with

1 1
V - o x12 - Ux12
0 =5llar = "I+ 5 lx = X7l

1
Vi =5lla - al?

.

1 1
Va :ngM(Q)Z + 5%




where z = ¢ — aand p = (p*—gﬁ,and/%i — k; — k; for
1 =1,---, N are the corresponding estimate errors.

The proof is divided into three steps. First, we establish a
Lyapunov analysis on V. Then, we prove the boundedness of
barrier functions Bp(g;) fori = 1,--- , N by contradiction.
Finally, we show the convergence of the overall algorithm
and the boundedness of all the closed-loop signals.

Proposition 1. The following inequality holds:

N
> Bo(ai)lla: — ¢ |1?
=1

(11)

V< —e(llz? +llg = all*) -

where ¢ is a sufficiently small positive constant.

Proof. We show this result by three steps:

Step 1. The time derivative of V{; along with (10) can be
expressed as

Vo =(¢r — )4 + (x — x*)" Ly,

=(¢; — ¢")"[-V f(qr) — 2Lgr — Lx] + (x — x*)" Lg»
=(¢r — a")" [~V f(ar) — L(gr + x)]
(X *)TLqr - qr LQT
OF (qy, .

=—(qr *)TgéX) +(x—x)"Lg, — ¢! Lg,
(a)
<F(¢*,x) — Flgr.x) + (x — x")"Lar — ¢} Lq,
=F(q*,X) — F(¢,X) + F(¢.X) — F(¢.x*) — q Lq,
=F(q*,x) — F(¢",x*) + F(q*,x*) — F(q,x*) — a Lgr
®

—q; Lq, (12)

where inequality: (a) follows the fact that F'(q, x) is convex
in its first argument g¢; (b) follows from the fact that (¢*, x*)
is the saddle point of F'(g, x).

Step 2. The time derivative of V; along with (10) can be
expressed as

Vl =(q— qr)T[q +Vf(g)+ Ly + Lx]

=—(¢-a)"Ki+B@)(a—a)+(@—a) =
(13)

Step 3. Consider the dynamics of z = ¢ — «. Its time
derivative can be expressed as

2 =M"1q)[r — Cl¢, )i — G(a)] + K1(d — d¢r) +

+ Lg + L*q+ B(q)(d — d) + B(a)(q — qr)

where M ~1(q) is well-defined by Property 1.
Then, the time derivative of V5 along with (14) can be
computed by

Jq
(14)

S
|
[]=
| —
S\;‘I
Erw

Vo =2 M(q)2 + izTM(q)z X

07 |+~ Claivi - 6t + 2160) (T

+L%(q — 4,) + L%q, + B(@)(d — d,) + B(a)(a — 0,))]

N
~Tr—1 % 12
+ 210 (g, u)z — ¢TI o — Z ,y—kzki
i=1 "

oV f(q) i

o P—C@@M—Gmﬂﬂﬂw(agﬁM+Lq

+B(a)(d — ) + Bla)la — gv))
M@+ LM (@)2/4) + 7 Cla )5

_ ~T1—\—1 ; Z

= T[T+(K—€I)

1-
*k +q Lgy
.5,

- Q(Qa (L

—~
o
v

—A Q)W] + qu(Jv'

—¢ITT 1¢+Z k: (viz; —lAc)

i= 1

s)

where equality: (a) follows from Property 2; (b) follows
from the Young’s inequality

1
M) L (g = qr) < llg — @l + 72" M (9L M(9)2;

1
2T M(q)L%q, < qF L, + EZTMT(q)L?’M(q)Z;

(c) follows from Property 3 and M 7T (q)(L*+ L3)M (q)/4 <
K — eI with ¢ being a sufficiently small positive constant.

Substituting the adaptive controller and update laws in
(10) into (15) yields that

Vo < —ell|f* — "T7

+q} Lg, —
12

[Flg(q7 Qa _A7 Qr)z + Qb]
(a—a) "2+ lg — ¢
+af Lgr — (q— )" 2+ llg — ¢ |I> (16)

which follows from the design ¢ = -I'1Q(q, ¢, —A, ¢)z.

Finally, consider the overall Lyapunov function V. Based
on (12), (13) and (16), the inequality (11) is guaranteed. W

Next, we prove the boundedness of the barrier function.

Proposition 2. The barrier functions Bp, (g;) for all i =

,Nandj=1,---, M are bounded, and the EL multi-
agent system can avoid colliding with the obstacles.

Proof. We show that the boundedness of Bp, (g;) for all
it =1,---,Nand j = 1,---, M based on (11) by con-
tradiction. To this end, we assume there exists a time in-
stant T', an agent v;= € V and obstacle region D;- such
that lim; 7 Bp_. (¢i~(t)) = +o0 or equivalently ||g;(T') —
d$.||p; = pj+ and ||g;+ () — d5. «,Vt < T. Since
gi~ (t) is continuous, then there exists a time Ts > T such

=—ellz

that [|g;+ (t) — d5.||p; < py- forall t € [T, T5]". Recalling
(11), one has
llgi- () = g5 (Dllp; = llgi= (¢) = g5 + ¢5+ — gi- D) p;
> [lg5- — ¢ (DI, — llai- (1)
>5;, Vit € [T, Ty (17)
Then by computation, we have
Bp(qi-(t))
M
== D, (¢ (@) (g (@) — d5)" 4+ (a)dax
=1 a=0
M rllag (0) a1, ,
}:/ 5 Bo, (@ (@)dlai- — 5[,
j=1 " llai= () —d5lI%,,

Note that here we have ignored the case where the running trajectory
of agent v;« is tangent with the obstacle boundary 9D;.



lai= (0)=d5 I3, ¢
2/ 5Bb,.
lae (0 —ds 3, 2

lgs» (0)—d5u |13, 1
2/ | dl| g — d5 |1
| lgi- — d5. D. P ' R

gi (T)=d5. |13, s

(gi+)d|lgi- — d5-|Ip.. — &

=log(]|gi~ (0) — dj
— log(fl¢i~(T') —

b, = p3)
b, —p3)—¢

i+ (0) = d5 |3, — p5
ol @ it
lgi-(T) — d5 1%, — p3-
=+ o0, Vt € [T, Ts] (18)
[lgi= (0)— dCHD —p3
where constant & > ‘Z]eq,log Ta (O=&55, = ; , with

={j € [M]:[lgi(t) — d§||p; > [lgi~(0) — deIDJ}-
On the other hand, taking integral for two sides of (11)
from t = T to T yields that

Ts

Bo (gi- (1) llai- () — ai- () |dt < V(T)

t=T

19)

Combining (18) and (19), we obtain that g;« (t) — gl (t) =
0 forall t € [T, T, a contradiction with (17). Therefore, we
have proved that Bp, (g;) is bounded. [ |

Now based on the above two propositions, we finish the
proof of Theorem 1.

Proof of Theorem 1. From (11), we have that ¢,, q, X, 2,
¢ and k; are all bounded. Since Bp,(q;) for all i =
1,---, N are bounded, i.e., there exists a positive constant

)

bas such that
|Bp, (¢:)| < 2bar, ¥t >0,

then we have

|Bp, (a:)]
Ml (0=dslih, 1 ,
>/ 5B, (as(a))dlla: — d513,
j=1 Hq/i(t)*d_?ﬂ%j
M rllgs(0)—d5 |3,
o> [ Pl - sl
j=1 H%ﬁ(t)—d;HDj
M
<bar () — 13, + llgi(0) — d5113,).
j=1

Since ¢(t) is bounded, then Bj;(Ag(t)) is bounded. Then
according to (4), «is also bounded. Further, ¢ = z+a is also
bounded. As a result, control signal 7(¢) is bounded, and all
the signals in the closed-loop are bounded. From (11), we
have q(t) — ¢,(t), 2(t) € Lo and q(t) — g-(t), 2(t) € La.
By Barbalat’s Lemma, we can derive that lim; ., q(t) —
¢r(t) = 0 and limy_, o 2(t) = 0. Also, lim;_, o ¢ (t) = ¢*
from Lemma 2. Hence, we have lim;_, . ¢;(t) = ¢*, i =
1,---,N. |

Remark 2. Compared with the existing DOC strategy
in [3], the proposed DOC strategy has the following advan-
tages:

o The collisions with obstacles can be eliminated.

£
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Fig. 1: Motion trajectories of these four EL systems.
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o The local cost function f; is only required to be convex
and differentiate. The assumptions that f; is w-strongly
convex and V f; is -Lipschitz are unnecessary.

« By introducing an adaptive gain k; given in (8), no ad-
ditional algorithm is required to solve the maximum
eigenvalue of the Laplacian matrix L in distribution.

4 Simulations

In this section, we apply our algorithm to the problem of
optimal coordination of multiple EL. models which moves
on the obstacle-populated Euclidean plane. In the example,
the specific objective is to steer four EL systems which lie in
different positions to achieve consensus at the location which
is optimal for the whole team. The dynamics of each EL
system [3] is described by (1) with

bil + Qbig COS @iy

biz + b cos Qiy biz
oy | —bi2singiyGiy  —biz singiy (Gix + Giy)
CfL(szql) - |: b0 sin Qiy iz 0

b,‘3 + big COS qiy]

M;i(q:) = {

and G;(q;) = [0,0]7, where ¢; = col(qiz, giy) and ; =
col(b;1,bia, bi3) for i = 1,--- 4. Note that ¢, are the un-
known system parameters. Assume that these four agents
communicate with each other over a 2-regular graph given
by Fig. 1. It is easily verified that Assumption 2 is satisfied.

In our simulations, the parameters assoicated with agents
are o1 = [5,1,1]7, @0 = [5,1,2]T, p3 = [6,1,1]F
and ¢4 = [6,1,2]7. Assume that the initial states
of the EL systems are [¢7(0),4f(0)]T = [-4,2,0,0]7,
[43(0),43 (0)]" = [=1,5,0,0]", [q5(0),45(0)]" =
[2a Oa 0, O]T and [qg (0)7 QZ(O)]T = [*3a 2, 07 O}T The pI‘Ob-
lem of optimal coordination consists in finding a distributed
control that is able to drive each EL system from the differen-
t initial positions to achieve consensus at the target position
which is nearest from these initial positions. This problem



can be formulated as the following optimization problem:

4
min 3" flgi — g:(0) %, 5.t 1 = @2 = a5 = ga.
=1

In the simulation, the paths of these four agents are
blocked by two circular obstacles, i.e. D; = {q € R? .
lg — [-2.5,2.3]7||> < 0.15%} and Dy = {¢ € R?
lg — [~ 1,172 < 0.65%).

Now we apply the proposed secure DOC strategy to com-
plete the motion coordination task. In Algorithm 1, we
choose ¢/ (0) = ¢;(0). The simulated trajectory ¢ (¢) de-
rived by (18) does not collide with the obstacles, and resul-
tantly 7' = 0. To illustrate the advantage of the use of the
safety barrier function, we also simulate the unsafe algorith-
m by directly letting Bp(g;) = 0 in (4), (6) and (7). The
corresponding simulation results are given in Figs. 1 and 2,
where the “blue star” represents the target position. From
Fig. 1, it can be seen that ELs #1 and #3 will collide with the
obstacles by using the existing distributed control strategy,
while the proposed DOC strategy steers the four EL agents
to achieve consensus at the optimal position while avoiding
collision with the obstacles, as illustrated by Fig. 2.

5 Conclusion

In this paper, the problem of DOC with obstacle avoid-
ance for multiple EL systems has been investigated. With the
safety barrier certificates, distributed optimization and adap-
tive nonlinear control, we proposed a fully distributed pro-
tocol for uncertain EL systems to ensure the optimal perfor-
mance with collision avoidance with obstacles, and gave the
corresponding global convergence and collision-free guaran-
tee results. It is important to note that the collisions between
inner agents are also another safety threat in the multi-agent
coordination [26, 27]; the DOC with avoiding collisions be-
tween two agents will be investigated in the future work.
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