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Abstract: The authors propose fully distributed strategies for multi-agent formation control of the two-dimensional special
Euclidean group. To control the rotated local reference frames, they firstly estimate the orientation angle of each agent with
regard to a global reference frame. By using only local measurements, the orientation angle is estimated in a distributed way.
The estimated orientation is, then, exploited to control each agent's orientation. Each agent's orientation converges to the
prescribed desired orientation. Finally, a distributed formation control strategy based on displacement measurement is proposed
to achieve the desired formation shape of the two-dimensional special Euclidean group. Under the proposed strategy, the
authors ensure that the formation shape including position and orientation exponentially converges to the desired formation
shape. Moreover, the formation shape is invariant to a translation and a rotation compared with the desired formation shape.

1 Introduction SE(d)=SO(d)x R“. The formation control of the special Euclidean

Formation control of multi-agent systems has been extensively
studied from various perspectives: time-varying formation control
[1-3], control schemes [4—7] and control or sensing variables [8—
15]. Several formation control strategies have been proposed by
using global or local information associated with a global reference
frame [1-8]. The formation control becomes more challenging in
fully distributed environment using local information associated
with a local reference frame. To solve this problem, the fully
distributed strategies have been widely studied in the literature [9—
14].

Displacement-based formation control is a typical distributed
approach for a multi-agent system [8—11]. In the literature, a
displacement is referred to as the relative position of two agents.
Since the relative position is often considered as a vector having
the direction with regard to each agent's local reference frame, the
displacement-based formation problem is usually solved by
assuming that all agents share a common reference frame [§].
However, it does not ensure convergence of the desired formation
shape when the agents' orientations are misaligned. The orientation
misalignment appears in various practical situations. For example,
let us consider magnetometers that can be used for establishing
local reference frames in multi-drone system [16, 17]. Since each
drone senses or moves on its local reference frame measured by
magnetometers, it is unrealistic to ignore the effect of misaligned
local frames between drones. For the orientation misalignment
problem, several solutions have been proposed [9-11]. In the work
of [9], orientation alignment method is proposed to make a desired
formation shape. The proposed method ensures the asymptotic
convergence in the formation control problem with the uniformly
connected interaction topology. Lee and Ahn proposed an
orientation estimation method to solve the distributed formation
control problem of a multi-agent system in the case of misaligned
frames [10, 11]. However, since formation control methods via
orientation estimation cannot ensure the freedom of orientations in
the special orthogonal group, the works of [10, 11, 14] do not
describe the formation control of the special Euclidean group.

Formation control of the special Euclidean group is controlling
both orientation and formation of agents characterised in
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group has been studied in [18-21]. In the case of the rotated local
reference frames, several methods have been proposed, such as a
common Cartesian coordinate coupling [18, 19], a rotation matrix
coupling [20] and a Euclidean transformation coupling [21]. The
formation control of the special Euclidean is employed in various
applications of multi-agent coordination, such as earth observation
using synthetic aperture radars [22, 23] and pose estimation using
multi-camera networks [24]. Since the main objective of these
applications is to observe a common object in multi-sensor
networks, sensors fixed to each agent's body frame should aim at a
common object while all agents achieve a desired formation shape.
In the perspective of formation control, it implies that agents are
necessary to achieve not only their own desired positions but also
their own desired orientations.

Several existing works for distributed formation control [8—11]
did not propose the orientation control methods. Since agents
always maintain their initial orientations or are aligned to a
common reference frame, these works does not ensure formation
control of the special Euclidean group. Moreover, the existing
formation control of special Euclidean group [18-21] did not
provide a solution to achieve the desired formation shape in
distributed manners when agents' orientations are rotated to point
towards their target orientations. In this paper, we propose a fully
distributed formation control strategy considering both the relative
orientation angle and position of agents in two-dimensional space.
Also, by verifying that the formation shape is invariant to a
translation and the rotation compared to the desired formation, we
show that the proposed strategy guarantees the distributed
formation  control of the special Euclidean group
SE(2) = SO(2) X R*. The main contributions of this paper can be
summarised as follows. First, we control agents' orientations by
using dispersively estimated orientations with regard to a global
reference frame. The proposed orientation control method does not
use any information about the global reference frame and ensures
exponential convergence to the desired orientation containing the
common offset. Second, a distributed formation control strategy is
proposed to achieve the desired formation shape of the two-
dimensional special Euclidean group. This formation control
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strategy also does not use any global position information and
ensures exponential convergence of the desired formation shape.
The rest of this paper is organised as follows. In Section 2, we
briefly explain the mathematical background and state the main
problems. The orientation control strategy using the estimated
global orientations and the distributed formation control strategy
are proposed and analysed in Section 3. Simulation results are
provided in Section 4 and the conclusion is presented in Section 5.

2 Preliminaries and problem statement

The matrices [, denotes the m by m identity matrix, and
l,=1[1,...,11" € R"and 0,, = [0, ...,0]" € R", where R" denotes
the m-dimensional Euclidean space. The operator ® denotes the
Kronecker product of the matrices. For a rotation matrix
R € SO(2), the determinant of R is always 1, i.e. det(R) = 1.
Moreover R'R = L.

2.1 Interaction topology

The interaction topology for a group of agents can be expressed by
a directed weighted graph €, =(7,&,4) or an undirected
weighted graph &, = (7, &, o), where the sets of vertices and
edges are denoted as 7 ={1,...,n} and &={(@,))|i,
JE Y, i# j} CV XY, respectively, and a weight set is denoted
as o = {a,-j>0| (i,j) € &}. Further, the set of vertex i's
neighbours is denoted as #; = {j € 77| (i, j) € &}. In the directed
graph &, an edge (ij) denotes that i's information is only
communicated to j. However, in the undirected graph &, the edge
(ij) means that j's information is also communicated to i. A
spanning tree of &, is an undirected graph which is a connected
graph including all vertices of &,. An arborescence is a directed
graph which is an acyclic connected graph that has a root node
having one directed path to every other nodes. A rooted acyclic
digraph is a specific arborescence which is constructed by the
following process. A vertex 1 has no neighbour. Add a vertex 2
which has the directed edge (2,1). Add a vertex 3 which has one
directed edge or two directed edges (3, ), for some j's € {1,2}.
Sequentially, we can add a new vertex i(3 <i<n) and one or
multiple directed edges (i,j), for some j's € {1,2,...,i—1}. The
Laplacian matrix of a graph is denoted as L = [;;] € R"*" where
lij = - a,-j and ll] = Zjema,-j ifi = j

Consider an n-agent system whose interaction is modelled as
a(an) directed(undirected) weighted graph &4, = (7/,%,d). A
consensus protocol is proposed in the work of [25] as follows:

i)=Y () - x(0), Vi€V )

JE i
where x; € R™. The protocol can be written as follows:
x() = = (L ® L)x(®) 2

where x = [x], 17, ...,x11T € R™. From the work of [26], the
equilibrium set of (2) is globally exponentially stable under the

interaction topology having an arborescence [26].
2.2 Consensus of the special Euclidean group
Consider the rotation matrix in d-dimensional space. The special

orthogonal group is written as follows:

SOW) = {R; € R¥™?| RIR; = I, det(R) = 1} 3)

where R; is a rotation matrix in RY. From the work of [18], the
consensus protocol of (1) can be rewritten as follows:

pi) = j;ﬁ_al—,-R(p,(r) ~p0). VieV @
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where p; is agent i's position and R is a common rotation matrix.
The position of agents is controlled by coupling the rotation matrix.
In the work of [18], the consensus algorithm of (4) ensures the
collective motion of agents such as rendezvous, circular patterns
and logarithmic spiral patterns. Let us consider the group of
Euclidean transformations in d-dimensional space. The special
Euclidean group is written as follows:

R p

d

G; = o R; € SO(), p;e R
d

SE(d) = Q)

where p; is a position vector in R% In the work of [21], the
dynamics of agents is written as follows:

Gi=G ), afG;-G}) Vie? ©
jenT®

oi(l) -
;1S

where G; is agent i's Euclidean transformation in SE(3) and /'
the agent i's time-varying neighbourhood. The control law (6) leads
to consensus of agents. From [18-21], agents are characterised in
the special Euclidean group SE(d) = SO(d) x RY. By coupling or
controlling both orientations and positions of agent, they solve the
consensus problem of the special Euclidean group.

2.3 Problem statement

Consider a n-agent system modelled by a single integrator as
follows:

P =ut), ie ¥ 2{1,...,n} 7

where pf) € R* is the position of agent i and u,(r) € R* is the
control input of agent i with regard to a global reference frame,
denoted by sX. We let iX be a ith local reference frame. An
orientation of X with respect to ¢X is identified by the rotation
matrix R; € SO(2). The rotation matrix R; can be expressed in the
orientation angle 6; as follows:

cos(f;) —sin(6))
sin(d;) cos(6;)

i

Let pi(r) € R® denote agent i's position with regard to the local

reference frame iX. Then, the position dynamics of (7) can be
rewritten as follows:

P =ul(r), ie? 2 {1,...,n} ®)

where the velocity of agent i is rotated by the local reference frame
such that pi = Rp,.

The interaction topology of the multi-agent system includes
both a sensing graph and a communication graph. The sensing
graph &, = (7, &") is assumed to have bidirectional edges while
the communication graph &g = (7', &°) is not necessary to be an
undirected graph. Each agent can obtain the sensor data under a
sensing graph and transfer the sensor data under a communication
graph. In this work, the interaction topology satisfies the following
Assumption 1.

Assumption 1: The sensing graph &, has a spanning tree, and
the communication graph € is a rooted acyclic digraph. Further,
€4 is a subgraph of &5,

Under the sensing graph, each agent measures both relative
position and relative orientation of its neighbours. The relative

position of neighbours is expressed in the ith local reference frame
as follows:

Pit) £ pity = pir), i€V, jE N, ©
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Fig. 1 Block diagram for formation control via orientation control
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where a superscript i implies the local reference frame of ith agent.
Note that pj— p; = R(p; — p;). The relative orientation angle is
defined as

0,/ EPVO) —0,0), iEV,jEN; (10)

where the prime value operation is defined as PV
@;—0) = [(6; = 0; + m) mod 2x] — n. The following equation is
proved in the work of [9]:

6;; £ PV(6;— 0)) =PV(6;;— ;i + m) (11)

where 8;; and &; are angle values of p);€ R’ and pj € R’,
respectively [we can express pfj = || pfj II [cos(d;)), sin(b',-j)]T].
Under the communication graph, the agents should communicate
Pl ; and pfl- to calculate the relative orientation angle according to
(11). It shows that agent i can calculate the relative orientation
angle by using relative position measurements.

In this paper, by controlling agents characterised by
(R;, p;) € SO(2) x R’, we solve the formation control problem of
the special Euclidean group. That is, we attempt to make a desired
formation shape for both position and orientation of agents by
using the relative position measurement. The relative orientation of
neighbours can be obtained from the relative position measurement
(see (11)). Based on the relative orientation, we estimate the
orientation of each agent. The estimated orientation is exploited to
control the orientation to the desired orientation. Let the desired
orientation R € SO(2), i € 7" be given. The orientation control

problem is then stated as follows.

Problem 1: Consider n agents in two-dimensional space.
Suppose that the interaction topology includes €}, = (7, &") and
€= (7,%°) under Assumption 1. Based on the relative
orientation R;;, design an orientation control law such that
Ri(t) = R((R1)" — R¥RH Vi, j €V ast — .

Let us consider the desired formation p* = {p}, ..., p¥}. Since

each agent has its own desired orientation, it is necessary to
compensate the desired relative position in the view of the local
reference frame. The desired relative position for ith agent can be
denoted as Ri(pf— pj"), j€ Wi, i € 7. The formation control

problem is, then, stated as follows:

Problem 2: Consider n agents in two-dimensional space.
Suppose that the interaction topology includes &), = (7, &") and
Cg= (7, &) under Assumption 1. Design a position control law
such that (p — p)) — R (p}* — p)Vi,j € 7 ast — 0.

The block diagram of the proposed formation control strategy is
illustrated in Fig. 1. The real orientation of agent 7 is controlled by
agent i's estimated orientation. The estimated orientation is updated
by the local measurement (11). Since the real orientation affects the
position of agents, if the real orientation converges to the
prescribed desired orientation, the group of agents is going to
achieve the desired formation rotated by the desired orientation. It
shows that the formation shape converges to the desired formation
of SE(2) via global orientation control.

3 Distributed formation control of SE(2) via global
orientation control
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3.1 Global orientation estimation
The dynamics of orientation for each agent can be written as
follows:

R = AR; (12)

where Aff) € R** is a skew-symmetric matrix for angular
velocity of ith agent.

Let R(f) € R*** be agent i's estimated orientation. We design
the dynamics of estimated orientation as follows:

7 (Ri(OR}(1) = Ri(1))
Ri(t) = - ~
j;V,- I (Rif(OR (1) — Ri(2)) %

+AORMD  (13)

where « is a positive value in (0, 1). Note that the R ; is available to
the agent i under the communication graph €5. For the analysis of
the stability, we consider a coordinate transformation as Qi = RiTI%,-.
The derivative of Qi is written as follows :

A ST A A
0() = R;R;+ R'R;
= —RIAR +R'R;
_ RiR(0) = RIR(1)
jew |l RijR{(t) — R(1)) %

(14

Since || RyR(1) = R(t) ¥ = || RFR(5) = RIR(D)) ||, (14) can be
rewritten as follows:

. 00 - 0,1)

Qi) = —_— . 15
_/ez;vi I Qi) = Q1) IIF ()

Let Q be a stacked matrix form defined by Q::(QI,.,.,QH).

Equation (15) can be written in terms of Q as follows: the matrix
form can be written as follows:

0= -(L®LO (16)
where the matrix L. = [[j;] € R"*" can be defined as

0, if (i, j) € &, i # j, 0r= Qjor(i,j) & &, i # j
G={-110-0;llF., f(.)e &, i#j 0i#0Q;

N iew i ifi=j.
From (16), we obtain the following theorem under Assumption 1.

Theorem 1: Under Assumption 1, Q(t) globally converges to
1, ® Q,(0) in finite time.

Proof: See Section 8.1 of Appendix. O

From Theorem 1, we note that a finite value of Q is determined
by an initial value of Q,, To ensure the convergence of estimated
orientation in SO(2), the initial value of I%,- should be chosen in the

subspace of SO(2). Then, we can obtain the following corollary
from the fact.

Corollary 1: Under orientation estimation law (13) and
Assumption 1, there exists R, € SO(2) such that R,Vie 7"

converges to R;R, in finite time if and only if Iél(O) € SO(2) is non-
singular.

Proof: In Theorem 1, O,(r) € R*** converges to the initial value
of 0, € R regardless of A, or ie. 0(f) = Q,(0)Vie ¥ as

1395



R} R
——|  Orientation Ay Orientation
Controller Model
R;
. .
Orientation < Ri; | Interaction
Estimator * 2. Topology
J

Fig. 2 Block diagram for orientation estimation and control

t = T,. Since 0,(0) = RT(O)R,(0), if there is R,(0) € SO(2) then
Ri(t) = R()0,(0) € SOQ)Vi € ¥ ast — T,. 0

3.2 Distributed orientation control

The orientation control law of (12) for each agent is proposed as
follows:

A= 2(R)" = R, (7

where R; = Iéi(R,«*)T € R*. Let us consider the equilibrium of the

orientation system (12) with the control law (17). From the result
of Corollary 1, we see that there exists a common rotation matrix

R, for all agents such that 1%,» converges to R;R, in finite time. The
steady-state behaviour of the system (13) is, then, considered by
substituting 1%[ with R;R,. It follows that the equilibrium of the
system (12) satisfies

(R(ORARH" = RF(R) (R(1)HR(1) = 0. (18)

There are two solutions of R; for the equilibrium of the system (12)
such as R; = (R,)"R* and R, = — (R,)'"R*. We show the stability
analysis of equilibrium in the following result.

Lemma 1: For the system (12) with the orientation control law
(17), the equilibrium point R; = — (R,)"R¥ is unstable.

Proof: See Section 8.2 of Appendix. O

Remark 1: Although the estimated orientation I%i is not in SO(2)

for all times under the estimation law (13), the orientation control
law (17) is still in the tangent space of SO(2).
The following theorem states that the equilibrium point

R, = (RL,)TR;’< for the dynamics (12) is exponentially stable.

Theorem 2: Under the dynamics (12) with the proposed
estimation law (13) and control law (17), there is a common

rotation matrix R, such that R; converges to (Re)TRl-*, Vie?,
exponentially.

Proof: Define the error E; = Re(R;“)TRi, then, the convergence
R — (Re)TRl->k is equivalent to the convergence of E; — I,. The
derivative of E; is E; = Re(Ri*)TR,- = Re(Ri*)TA,«R,», for all ie 7.
Since R,, R € SO(2), the derivative of E; can be rewritten as
E; = AE;. Thus, the angle dynamics of E; is written as follows:

0; = dyr{\E} = —sin(0,) (19)

where 6¢ and 6; are angles corresponding to E; and R;, respectively.
Since the angle dynamics of E; is equivalent to the angle dynamics
of R;, we obtain that the error dynamics has an unstable equilibrium
point in §; = x, which is proved in Lemma 1.

Consider the Lyapunov function V;= % IE-Ll|F =

%tr((E,— — I)Y(E; - 1)) which is positive definite and continuously
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differentiable. Moreover, V; =0 if and only if E;=1, The
derivative of V; is given by

Vi = t((E — 1) (Ep)
tr(R,TA,R, - RE(R[*)TAIRI)

- %tr(Re(R,-* )'(Ri — R)R) ¢

1 T 5T -
- ztr(Re(Ri*)TRi R — R(R*)"RR)).

From Corollary 1, we obtain that the estimated orientation globally
converges to its orientation in finite time 7,, ie. R;=
Iéi(Rf)T — RiR,(R)". Then, the derivative of V; can be rewritten as
follows:

1 2
- Str(l, — E;
2tr( ) @

—2(1 —cos(@))(1 +cos(@) <0, Vi>T,.

Vi

Since V; = 2(1 — cos 8), (21) is rewritten as follows:

. 1
Vi = - (2 - EVI)Vl .

—_——

(22)

=V;

Since V;>0 and there is an unstable equilibrium point when
V; =0, we can obtain a positive constant ¢ as follows:

Vi=e>0. (23)

inf
1 € [T, )
Consequently, the derivative of V; is rewritten as
Vi< —€eV, Yi>T,. (24)

Equation (24) shows that the convergence of the error E; to zero is
exponentially fast. O

From the result of Theorem 2, we see that R,»(Rj)T converges to
R;"(R;k)T in exponential rate.

The block diagram for orientation estimation and control is
illustrated in Fig. 2. Orientation controller is designed based on the
estimated orientation.

3.3 Distributed formation control via orientation control

Consider the position dynamics of ith agent under the assumption
of Problem 2. The following formation control law for ith agent is
proposed:

i i i . A
pi= j;w((pj ~P) = RXpF = pP). i€V E(L.n) (55

where p! is the position of ith agent with respect to iZ. Since
-

pi=Ryp;and R; = E,-(RE)TRi*, we can rewrite the position dynamics
in the view of global reference frame as follows:

pi= Y, (pj—p)— RYRF(p} = p)
JEN;
= Y (pj=p) = (E)"RAp} = P})
JEN;
(26)
= Y (7= ) — Rep¥ = p}))
JEN;
+ ) Rl = E)NpF = p)
JEN;

where E; exponentially converges to I, by orientation control.
Let us define w; as
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Fig. 5 Error of global orientations in orientation control. The angle 0}

corresponds to R*

wid Y (Rll= ()] = pi). @
JEN;
Using w; and the fact that R, € SO(2), the norm of w; can be
written as

il < X IR = EY I p = p
JEN;

< X I E=E" I pE-pi

JE Wi

(28)

Since || I, — (E,-)T || converges to zero exponentially, we can obtain
that

Aot -
| wi ll < ke ™| p¥ = pi* | 29

where k., 4. > 0. Then, (26) can be rewritten as follows:
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pi= D5 (p=Rep}) = (i~ Rep)). (30)
JEN;

Let C;2 p,—R.p* and C=[(C)",(C)",...,(C»)"I". Equation
(30) can be written as

C=-(L®LC 31

where L, is the Laplacian matrix under the assumption of Problem

2. Equation (31) implies that agent i's position converges to a finite
point as f — oo

lim pi(l‘)=Repi*+c*,l.€(’7é {1,...,n} (32)

t—

where C* is a common value by the consensus algorithm. The
solution of C(¢) is written as

!
C = o(t,1)C + / O(t, n)W(r)dr (33)
fo
where W(z) = [wi,wi, ..., wi]" and @ is the state transition matrix.

Let us define a equilibrium set 2 (£ € IRZ"|§] =& ==,
Then, we can see that C converges to the equilibrium set in an
exponential rate if W = 0. Consequently, we obtain the following
theorem which is proved in [9].

Theorem 3: Under the formation control law (25) via
orientation  control, the formation pi(r) = (pi(r), ..., pi(®)
exponentially converges to the desired formation rotated by the
desired orientation such that p’ converges to R¥*p* exponentially.

Using (32) and Theorem 3, Problem 2 results in

pli=pi-pj
= R¥(R)'(Rep} + C*) = R¥R)'(R.pf +C*)  (34)
= R¥(pi* — p))

which means that the formation shape is allowed to a rotation and a
translation comparing with the desired formation. It shows agents
characterised in SO(2) x R’( = SE(2))) are controlled by proposed
control laws (17) and (25). Moreover, the agents only use local
measurement p} j to control both the orientation and the formation.

4 Simulation

To verify the proposed strategies, we provide the simulation
results. For the simulation, five agents modelled by the single-
integrator system have the interaction topology illustrated in Fig. 3.
The initial orientation angles and positions of agents are assigned
randomly. The desired orientation and formation are, respectively,
given as 0* = {0, 6, 0F, 0F, 0%} = {1.18,0.57, — 2.51, — 1.34,2}
and p* = {(1.5,2.86)",(1,2)", 2,2)", 2, DT, (1, D"}. The shape of
desired formation is illustrated in Fig. 3.

Fig. 4 illustrates that errors of estimated orientation converge to
a common value 0.52[rad]. It implies that the estimated orientation
converges to actual orientation with a common offset R,. Fig. 5
illustrates the result of orientation control. The simulation shows
that the proposed orientation control method achieves convergence
of orientation to a desired orientation with the common offset, i.e.
{6,,...,6s} - {0.66,0.05, —3.03, — 1.86, 1.48} = 6* — 0.52[rad].
It implies that the relative orientation of real orientations converges
to its desired relative orientation in exponential rate.

Fig. 6 illustrates a simulation of the proposed formation control
strategy. In this figure, we set the initial formation as

PO = {3,335 1,25 2, D% 5,27, 1, D). The formation of
agents converges to {(3, 3)T, (2.74, 3.97)T,

(2.03,3.26)",(1.33,3.97)", (2.03,4.67)"}. The simulation shows
that agents form the desired formation shape illustrated in Fig. 3,
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Fig. 6 Displacement-based formation control of SE(2)
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Fig. 7 Error of the formation and the orientation of agents

although agents are rotated to the desired relative orientation. Since
the formation shape is achieved up to a translation and the rotation
compared with the desired formation p*, it accounts for the
formation control of the two-dimensional special Euclidean group
SE(2) via orientation control. The formation error || E,, || and the

orientation error || Ey, || are illustrated in Fig. 7. Since both the

formation and the orientation of agents converge to the prescribed
desired value, || E,, || and || Ej, || converge to a common state.

5 Conclusion

In this paper, we propose a distributed formation control strategy to
achieve the formation shape with freedom of the two-dimensional
special Euclidean group SE(2)(=SO(2)x R?). The main feature of
the proposed strategy is to consider the rotation of local reference
frames by controlling agents' orientations. The real orientation of
agents is controlled by estimated orientations with regard to s,
where we use the distributed estimation strategy using only local
measurement. The proposed strategy ensures the exponential
convergence to the desired formation shape of SE(2). It implies
that the fully distributed formation control of the special Euclidean
group SE(2) is successfully achieved by orientation control. For
future work, we are interested in applying the proposed strategy for
multi-sensor network applications having surveillance and
observation missions. Also, it is of interest to extend the proposed
strategy to three-dimensional space.
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8 Appendix

8.1 Proof of Theorem 1

Theorem 1 can be proved from estimation results of [14]. Under
Assumption 1, a root node (Agent 1) has no neighbour. Thus, the
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root node's estimated state maintains its initial state, i.e.
Q,(t) = QI(O) =R1T(0)1%1(0). The convergence of the other
estimated states is proved as follows.

First, since Agent 2 has only one neighbour, Agent 1, the
estimated state can be written as follows:

0.(t) — 0,0)

0. = — 2 =20
100 - 0.0 I

(35)

Let us consider a Lyapunov function as
Vo) = (1/2) || Q,(1) — O,(®)) |- The derivative is written as
follows:

V(1) = (1) — 0,(0)"(Ox(1) — 0,(0))

(36)
- _ yzvz(t)(z—a)/Z

where 7, = (2/2%7). Tt shows that Q,() = 0,(0) as t — T, where
T, < 2VX(0)"/(7,0).

Next, we suppose that Qi = QAI(O) fort >T,Vie{l,...,n—1}.
Let us consider Agent k& having one or some neighbours in
{1,...,k— 1} where Vk € {3,...,n}. Then, Qk = QI(O) for t > T}
where Ty > T} 2 max, ¢ &, (T7). The estimation dynamics (15) can
be rewritten as follows:

04(1) — 01)

Qk(l) = - I . a— (37)
iez/lfk I Q@ = Qi) lIF
Consider a Lyapunov function as

Vi) = (112) Y e o | Ox®) — Oi(t)) I3 The derivative of Vy is
written as follows:

Vi = Y (@ - 0 Q0 - 0. (38)

i€ Ny

Since V(¢) is bounded in finite time, the states of V; are bounded

for t <Tj. For t>Tj, Qi= 0 and Qi= Q, Vi € N} Then, the
derivative of V can be rewritten as follows:

Vi = 10 Y e Oxto) - 00) 00
i€ Ny (39)

— Vi

where 7, = 2|/0/2% Tt shows that Qu(Ty) = 0,(0) for ¢ > T,
where Ty, < T} + 2V(TH /(7).

Finally, we implement the process until k = n. It shows that
Q(t) globally converges to 1, ® QAI(O) in finite time.

8.2 Proof of Lemma 1

From the work of [27], we can prove Lemma 1 as follows. Let us

g x

—— wheri
Tx i3y where

define the tangent mapping dy, {g(x)} £
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cos(%) —sin(%)
Rg =
sin(%) cos(%)

By using the tangent mapping, the system dynamics of R; and I%,-
are rewritten as follows:

9;‘ = dl//R,-{/\iRi}

0, = dyi (AR + dyiy

y RiOR (1) = R(0) ]
e I (Rif(OR(1) — Ri(®) %
= —sin@)+ Y A(R"J'I%f — R)! ————R:x 1%"
e I Ry@OR(®D —R®) e | Ri Il 2l Rl
(RyR; — R)' R R;
Il RAOR,() — RO IF || R |

—sin(d)) + z

JE N

where || (Rij()R(t) — R{(1)) ||% is a positive scalar. Since R; RgR,- is

identically zero and a"h = | a ||| b ||cos(za — £b), where the
operator £ is an angle of a vector, this system dynamics can be
simplified as

6;= —sin(6)
éi = - sin(é,-) + z CijCOS(Hij + éj - éi - %) @0
JEN;
= —sin@)+ Y cysin(@y+0;— 6) @1
JE Wi

where ¢;; is a positive value.

To examine the stability behaviour of the equilibrium point
corresponding to Lemma 1, suppose that 0, = r, 0, = = + 0F + ¢,
and 6; = 7 + 67 — 6°, where 67 and 0° are the angle of R* and R,,

respectively. The Jacobian matrix of the system dynamics is
derived as follows:

—COS(Hi) - a,»j a,«j

J= _
—cos(6;) 0
_ —COS(H_,') —ajj a4
—COS(H_,') 0 é,-:ﬂ,HAi=n+€f‘+Ge,9,'=/r+€;“—€e (42)
1- Z C,‘j Z C,‘j
= jeEN; JEN;
1 0

where g;; = Z,-e/yic,-jcos(e,-j-%éj—é,-). The eigenvalues of the
Jacobian matrix (42) are easy to check as 1 and —Y ;¢ s,c;j. It

follows that the equilibrium point corresponding to Lemma 1 is
unstable.
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