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This paper investigates the fixed-time formation tracking control problem for multi-agent systems with
model uncertainties and in absence of leader’s velocity measurements. For each follower, a novel fixed-
time cascaded leader state observer (FTCLSO) without velocity measurements is first designed to recon-
struct the states of the leader. Then, radial basis function neural networks (RBFNNs) are adopted to
approximate the model uncertainties online. Based on the proposed FTCLSO and RBFNNs, a novel

fixed-time formation control scheme is constructed to address the time-varying formation tracking prob-
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lem by utilizing fixed-time nonsmooth backstepping technique. The fixed-time convergence of the for-
mation tracking error is guaranteed through Lyapunov stability analysis. Finally, simulation results
demonstrate the effectiveness of the proposed formation tracking control scheme.
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1. Introduction

Cooperative control for multi-agent systems has received con-
siderable attention and achieved abundant accomplishments in
the recent decades from various scientific communities [1,2]. One
of the most significant and fundamental issues of cooperative con-
trol is the formation control problem. Three typical control frame-
works, namely leader-follower based [3], virtual structure based
[4], and behaviour based strategies [5], have been widely investi-
gated and applied in formation control. However, all these three
frameworks have their own drawbacks [6]. The leader—follower
based strategies may be lack of robustness, the virtual structure
based methods may lead to a heavy burden on computations and
communications, while the behaviour based approaches may
encounter challenges of the system stability. Since consensus con-
trol strategies possess strong robustness and high flexibility due to
full distribution property, increasing research-ers extend consen-
sus theory to formation control, and numerous results have been
derived [7-13]. Notice that most of the existing results of forma-
tion control are to achieve time-invariant formation. However,
such formation shape may limit application scope since the agents
need to transform the formation shape to avoid obstacles and deal
with other emergencies. Therefore, time-varying formation control
has come to the fore, and growing results on time-varying forma-
tion control have been conducted in recent years [2,9-12].
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It is well known that settling time is a vital performance spec-
ification for the formation control problem of multi-agent systems
as fast convergence rate exhibits better flexibility and stronger
robustness when the systems encounter obstacles, topology trans-
formations, and other complex environments [14]. Comparing to
asymptotic convergence, finite-time convergence can pursue the
convergence rate effectively. As an extension of finite-time stabil-
ity, fixed-time stability guarantees that the settling time function
derived from stability analysis is independent of initial conditions
and uniformly bounded, while the settling time of finite-time sta-
bility grows unbounded along with the value of the initial states
[15]. Fixed-time stability is first proposed in [16]. Then it is applied
in the fixed-time consensus control for multi-agent systems in
[17]. As a result, fruitful results of fixed-time cooperative
consensus and formation control for multi-agent systems emerge
[18-25]. For first-order multi-agent systems with external distur-
bances, a robust fixed-time consensus control law with directed
topology is proposed in [19]. For second-order multi-agent sys-
tems, nonsingular fixed-time consensus control protocols are
designed in [20,21]. For high-order multi-agent systems, a novel
cascade control structure based on a fixed-time distributed obser-
ver is constructed in [22]. For multi-robot systems, the fixed-time
formation tracking problem under nonholonomic contraints is
investigated in [23]. For multiple autonomous underwater vehicle
systems, a compensator-based command filtered fixed-time for-
mation control algorithm with event-triggered communication
strategy is proposed in [24].
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It is worth noting that the majority of the existing fixed-time for-
mation/ consensus control methods, including the aforementioned
results, are heavily dependent on the accurate states including posi-
tion and velocity states of the leader. Nevertheless, in some situa-
tions, for instance, when utilizing UWB location technology, it is
relatively easier to obtain precise position information comparing
to getting accurate velocity measurements for the velocity mea-
surements may be contaminated by noises in practical. It is no
doubt that inaccurate velocity measurements of the leader can lead
to the deterioration of the formation control performance [26]. For
the sake of solving the above problem, the researches based on
velocity observers are investigated in [26,27]. Furthermore, as a
matter of fact, only the followers having the direct link to the leader
can receive the state information of the leader due to the dis-
tributed control property, which increases the difficulty of control
design and analysis. Therefore, to simplify the control design, a
great deal of results on distributed observers to reconstruct the
states of the leader are obtained in [22,28,29], such that each fol-
lower can obtain the estimates of the leader’s states. It should be
pointed out that the majority of the existing observers are asymp-
totically stable or finite-time stable. Actually, the settling time of
the observers is also of great significance to the formation control
performance. In the works of [22,30], high-order distributed
fixed-time observers under connected topologies and a directed
graph having a spanning tree are designed. However, both the posi-
tion and velocity measurements of the leader are required. Unfortu-
nately, it is nontrivial to directly extend the results in [22,30] to the
ones without velocity measurements of the leader. The difficulty
arises from the complexity of the fixed-time convergence analysis.

For multi-agent system formation control design, another
important issue is how to work with the uncertainties. To deal with
them, neural network (NN), which can be regarded as a universal
approximator, is usually applied in consensus formation control
to approximate the unknown uncertainties [31-34]. Based on
radial basis function neural networks (RBFNNs) and a disturbance
observer, the event-triggered consensus tracking control problem
for multi-agent systems with unknown uncertainties and external
disturban-ces is investigated in [33]. For a class of nonaffine non-
linear multi-agent systems, a NN-based adaptive consensus proto-
col is developed to deal with the control difficulty caused by the
nonaffine dynamics in [34]. However, the tracking errors under
the above control strategies are only uniformly ultimately bounded
(UUB). For a class of uncertain nonlinear systems, a fixed-time
adaptive control strategy based on NNs is proposed in [35]. Never-
theless, it is assumed that the norm of the weight error matrix 6; is
bounded beforehand, which is really critical in practical. In the
work of [36], fixed-time consensus is acquired for multi-agent sys-
tems with nonlinear uncertainties. However, the uncertainty func-
tion needs to satisfy Lipschitz continuity condition. Similar
condition also appears in [36-38]. Furthermore, the entire accurate
states measurements of the leader are indispensable to stabilize
the system in the above results. Such necessary conditions limit
the applications of the formation control systems in a great extend.

It is well known that backstepping technique is effective in non-
linear systems with uncertainties. However, traditional backstep-
ping technique suffers from "explosion of complexity” caused by
the repeated derivations of virtual control inputs. To deal with this
problem, dynamic surface control and command filtered backstep-
ping control are proposed in [39-41]. In spite of these achieve-
ments, the filtering errors based on the aforementioned
backstepping techniques are merely convergent asymptotically
rather than in fixed time. To the best of our knowledge, the
fixed-time adaptive formation control design without velocity
measurements utilizing backstepping technique in presence of
uncertainties is still an open problem.
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Motivated by the above observations, in this paper, we propose
a novel adaptive fixed-time formation tracking control scheme for
multi-agent systems based on fixed-time cascaded leader state
observer (FTCLSO) without velocity measurements of the leader.
Firstly, a novel FTCLSO is designed such that each follower can
get the estimates of the leader’s states without velocity measure-
ments in fixed time. Secondly, RBFNNs are utilized to approximate
the unknown model uncertainties. Finally, an adaptive fixed-time
formation control scheme with the designed FTCLSO and RBFNNs
based on nonsmooth backstepping technique is constructed to
address the time-varying formation tracking control problem in
presence of uncertainties and in absence of leader’s velocity mea-
surements. The fixed-time convergence of the formation tracking
error is obtained through Lyapunov approach, and the simulation
results verify the effectiveness of the developed control scheme.

Compared with the previous relevant results, the outstanding
features of the control scheme proposed in this paper can be sum-
marized as follows.

(1) Different from the existing leader’s states observers in
[21,22,26,27,30,42-44], the novel FTCLSO proposed in this
paper can not only operate well without velocity measure-
ments of the leader, but also reconstruct the states of the
leader for each follower in fixed-time.

(2) The proposed formation control scheme for multi-agent sys-
tems based on RBFNN and FTCLSO without velocity mea-
surements can achieve the fixed-time convergence of the
formation tracking error in presence of the unknown uncer-
tainties. Strict stability analysis is given, and the simulation
results verify the validity and effectiveness of the formation
control scheme. In comparison with the works in [31-34],
the fixed-time formation control scheme based on RBFNN
and FTCLSO achieves that the formation tracking errors con-
verge to a small region around the origin in fixed-time rather
than UUB. Compared to the results in [35,44], the proposed
formation control scheme can operate well in absence of
the velocity measurements of the leader. Therefore, the
proposed control scheme is really novel and practical. The
simultaneous existences of the leader state observation
errors, the RBFNN approximation errors and the filtering
errors increase the difficulty of the control scheme design
and stability analysis.

(3) The nonsmooth backstepping technique with the fixed-time
filter is developed. Compared to the traditional backstepping
technique, the proposed nonsmooth backstepping technique
can not only deal with the problems of singularity and
"explosion of complexity”, but also guarantee the
fixed-time convergence of the filtering error. In addition,
the proposed fixed-time formation control scheme for the
multi-agent systems can achieve time-varying formation
tracking, which can cope with more complicated tasks
compared to time-invariant formation.

The rest of the paper is organized as follows. The preliminaries
are introduced in Section 2. Formation control problem description
is given in Section 3. The time-varying formation tracking control
scheme design and analysis are studied in Section 4. Numerical
simulation results are presented in Section 5, after which the
conclusions are drawn.

2. Preliminaries

In this section, some useful definitions and lemmas on fixed-
time stability and graph theory will be firstly introduced, which
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play a vital role to obtain the main results of this paper. Then, the
notations are presented for the readability of this paper.

2.1. Fixed-time stability

Consider the following system
X(t) = f(t,X), X(to) = Xo, (1)

where x(t) € R" and f(t,x) : R*"' — R" is a nonlinear function vector.
Suppose the origin is an equilibrium point of system (1).

Definition 1. [22]| The origin of system (1) is said to be globally
finite-time stable if it is globally asymptotically stable and the
solution x(t,xp) of system (1) reaches the origin at some finite
moment, i.e., x(t,xo) = 0,t < T(X) , where T : R" — R, U {0} is the
settling time function.

Definition 2. [16] The origin of system (1) is said to be globally
fixed-time stable if it is globally finite-time stable and the
settling time T(xo) is globally bounded, i.e., there exists a finite
constant Ty >0 , such that T(x)) <Ty and x(t)=0,
Vxo € R and t > Ty .

The following lemmas give the sufficient condition of fixed-
time stability of system (1).

Lemma 1 (/15,16]). If there exists a continuous radially unbounded
and positive definite function V(x) such that

V(x) < kg VP (x) — ko VI(x), 2)

where ki,k, >0,p>1,0<q < 1. Then the origin of system (1) is
globally fixed-time stable and the settling time function T can be esti-
mated by

T < Tiax := (3)

11
R T Ri-a"

Lemma 2 (/35,45]). If there exists a continuous radially unbounded
and positive definite function V(x) such that

V(x) < =k VP (x) — ko V(X) + 115, (4)

where ki,k; >0,p>1,0<q < 1,n,>0. Then the origin of system
(1) is practical fixed-time stable and the settling time function T can
be estimated by

1 1
Thop-1) ko(l-q)

where 0 < ¢ < 1. The residual set of the solution of system (1) is given

by
) (i 3s>kz>q} }

; n
xe {XIV(X) < mm{ ((l — ?f))/ﬁ

The following lemmas are also significant for the stability
analysis.

TLT (5)

Max

(6)

Lemma 3 [20]. Let 11,13,...,1,, = 0and 0 < p < 1. Then,
n N P

S > (Zl,) ‘

i=1 i=1

Lemma 4 [30]. Let 11,13,...,1, = 0and q > 1. Then,
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n q n
n-9 <Zli> < (8)
i=1

i=1

n q
1< (Z“) )
i=1

2.2. Basic concepts on graph theory

Consider a multi-agent system comprising Nfollowers and one
leader. Generally, we invoke a graph denoted by G = (V,E,A) to
describe the information exchanges among the followers. Denote
a single follower as node v; . Then V = {v;,v,,..., 05} is the set of
the followers, and ECV x V represents the set of edges, where
Eis defined such that if (v;,v;) € E,j # i, there is an edge from fol-
lower jto the follower i, which means that follower jcan deliver
information to follower i. In addition, matrix A = [a;] € R"™" is
the associated adjacency matrix with a; > 0. We set a; > 0,j # i
if and only if (vj,v;) € E ; otherwise a; = 0 . In this case, follower
jis said to be the neighbour of follower iif and only if a; >0 .
N; = {v; € V: (vj,) € E} represents the neighbour set of the ith
follower. A graph is an undirected graph if and only if a; = a; .
Define D =diag{y;,¥,,.--,y} as the in-degree matrix, where
Xi = 2_uen, @i - Then, the Laplacian matrix of graph Lis defined as
L =D —A.Adirect path from follower ito jis a sequence of succes-
sive edges in the form of {(v;,vx), (Uk, V1), ..., (Um,0;)} . Further-
more, an undirected graph is called connected if there is a path
between any two followers in the graph. In the leader-follower
case, the element of the adjacency matrix associated with the edge
from the ith follower to the leader is denoted by b; > 0. b; > 0 if
and only if the ith follower can receive the state information from
the leader; otherwise b; =0 .

In this paper, we suppose the following assumption naturally
holds.

Assumption 1. The graph Gamong the followers is connected, and
at least one follower can receive the state information from the
leader.

2.3. Notations

Throughout this paper, the following notations are used. I,, rep-
resents ndimensional identity matrix; 1, stands for ndimensional
vector with all elements being 1. For real number o, |«| is the
absolute value of o ; for any vector X = [x1,Xa,... ,xn]T €R",
IX| = [|%1], [X2],.. ., 1xa]]” ; for vector Y =[Yy,Y,,...,Y,)" and
Z=1Z21,Zy,....Z,",|Y| > |Z| means |Yi|>|Z],Vi=1,2,...,n;
|Y| < |Z| means |Y| < |Z|,Vi=1,2,...,n.|X]||, with p > 1 denotes
the p-norm of the vector X;||A|; is the Frobenius norm of matrix
A; Omax and O, are the maximum and minimum singular values
of matrix A, respectively. ® denotes the Kronecker product. For
any real number x € R and any non-negative real number o , func-
tion [x]* is defined as [x]|* = |x|*sign(x) , where sign(x) represents
the signum function of x. For any vector X = [x1,X;

[X)* = [pal*sign(x), [x|*sign(x,), . . ., [xa|*sign(xa)] ", sign(X)
. tr(A) represents the trace of

matrix A.

3. Problem description

In this paper, we consider a multi-agent system with N follow-
ers and one leader. The dynamics of the ith follower can be
described as follows:
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{Xi(f) = vi(t)

U,(t) :f,-(x,—(t), Z/i(t)) + Ui(t), i= ],2, .- ~N,
where x;(t) € R™ and v;(t) € R™ are the position and velocity state
vectors of the ith follower with m being the dimension, respec-

tively; u;(t) € R™ denotes the control input vector of the ith fol-

lower; f;(x(t), zi(t)) : R*™ — R™ is an unknown but continuous
function vector.
Moreover, the dynamics of the leader is described as follows

Xo(t) = vo(t)
o(t) = uo(t),
where xo(t) € R™ and 2,(t) € R™ are position and velocity state vec-
tors of the leader, respectively; uo(t) € R" represents the control
input vector of the leader.
In addition, the desired time-varying formation is specified by a

T
command vector h;(t) = [h&(t),hfy(t)} € R*™ , where h;(t) € R™
and h;,(t) € R™ are piecewise continuously differentiable function

vectors with f(t) = hy,(t) .
Furthermore, the formaiton tracking error vector is defined as

8(t) = [1(6), 00, (1)]" € ™ , where 8,(t) = [07,(£), 35.(¢), ..., 5k (6)]"

9

(10)

is  formation  tracking  position error vector and
3u(t) = [07,(t),85,(8),. ... 5,T\,Z,(t)]T is formation tracking velocity
error vector with Six(t) = Xi(t) — Xo(t) — hix(t) and

3iy(t) = vi(t) — vo(t) — hiy(t) .
To derive the main results of this paper, the following reason-
able assumptions are made.

Assumption 2. The control input of the leader u(t) is supposed to
be unknown. But the norm of uy(t) is bounded by a positive
constant uy , i.e., ||uo(t)||,, < um , and uy can be accessible to any
follower.

Assumption 3 [46]. The leader’s state trajectory at any finite time
interval is bounded, i.e., ||Xo(t)||, < Xy at any finite time interval

[to,t] , where xy is a positive constant and X, = [x], vg]T .

Notice that the adaptive NN fixed-time formation control prob-
lem by nonsmooth backstepping technique without velocity mea-
surements of the leader still remains unexplored. The control
objective of this paper is to design an observer-based adaptive
fixed-time formation tracking scheme such that the formation
tracking error §(t) can converge to a small region around the origin
within fixed time, which leads to a successful time-varying forma-
tion tracking for the multi-agent system (9) and (10) with
unknown uncertainties. For simplicity, we omit (¢) for all the vari-
ables in the rest of this paper.

4. Formation tracking control scheme design

In this section, a new adaptive fixed-time formation tracking
scheme based on FTCLSO and RBFNN, is firstly developed for the
multi-agent systems. Then the stability analysis of the closed-
loop formation control system is investigated.

4.1. Fixed-time cascaded leader state observer

In this subsection, a novel FTCLSO is designed for each follower
to reconstruct the leader’s states without velocity measurements
of the leader.

For the ith follower, denote X,; and 7y; as the estimates of the
leader’s states x, and vp , respectively. Here, we propose the
FTCLSO as follows:
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)ACOi = i/o,' =+ KX[Z a,-j ()A(Oj — 5(01) + bi(XO — )A(Oi)Jql

vjeN;
+p,sign | Y a;(Xo — Xoi) + bi(xo — Xoi)
vjeN;
Voi = Ky(zaij(f/o]' — Doi) + bi(zy — Doi) "

vjeN;

+p,sign| > a(vo; — voi) + bi(zy — Vi) |

v;eN;

where the observer gains y, k., p,, p,, > Um , the constant g, > 1.1In
the case of b; > 0,z, is the estimate of v, for the followers having
the direct communication link to the leader, which can be obtained
by the following fixed-time observer:

Zy — 0 |—(Zx - XO)Jq2 — 02 ’—(Zx - XO)J%
—Bsign(z, — Xo),Z,(to) = vo(to),

{?x = (12)
Zy, =

where z, is the estimate of x, for the followers having the direct
communication link to the leader. The observer parameters
q, > 1,04, 2,8 > 0 satisfy the following condition

{

where M = 8+ uy, h(oz) =

ﬂ > Uy
ah ™ (o) > M, 13)

(A)l/g with 1 = f§ — uy and ebeing

mo,

L+

%
the base of natural logarithms.

Remark 1. In fact, in the case of b; = 0, that is, for the followers
who have no direct communication link to the leader, the fixed-
time observer (11) and (12) are both necessary to obtain the
estimates of the leader’s states in fixed time, while only fixed-time
observer (12) is needed for the ith follower satisfying b; > 0. As a
whole, fixed-time observers (11) and (12) construct the FTCLSO.

Remark 2. Different from the fixed-time distributed obser-vers in
[21,22,30], the FTCLSO consisting of (11) and (12) is only depen-
dent on the position measurements to get the estimates of the lea-
der’s states xo and v, , while the velocity measurements are not
necessary. Furthermore, it should be pointed out that the outputs
of the observer (12) z, and z, can only be acquired by the followers
having direct link to the leader, that is, satisfying b; > 0, while the
other followers cannot. In addition, if z, and z, can be shared
between any two followers, the problems of communication link
failures clearly make this communication scheme prohibitive.
Hence, the online reconstruction of the leader’s states without
velocity measurements by the FTCLSO within fixed time, is very
practical and robust in many applications.

Remark 3. Different from the existing asymptotic and finite-time
convergent state observers for multi-agent systems in
[26,27,47,48], the proposed FTCLSO can reconstruct the leader’s
states for each follower in fixed time. As a matter of fact, the con-
vergence rate of the observation error is of great significance to the
formation tracking performance of the whole multi-agent system.
Fixed-time convergence guarantees that the settling time is irrele-
vant to initial conditions comparing to finite-time convergence.
Thus, the proposed FTCLSO can achieve better formation perfor-
mance and robustness.

Remark 4. For the ith follower satisfying b; > 0 , we may specify
Xoi = Xoi and ¥g; = z, to reduce the burden of computation, while
the other followers still employ the reconstructed states Xo; and
Vo; obtained by the FTCLSO comprising (11) and (12).
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Remark 5. Due to the limitation brought by the condition
z,(to) = vo(to) in (12), we assume that the leader is static when
the followers start to shape a formation and track the trajectory
of the leader in this paper, which means the initial velocity of
the leader is zero. Thus, it is easy to guarantee that the condition
Z,(to) = vo(to) is satisfied by setting z,(to) = 0 . This assumption
can hold in many real applications. In the future, we will try our
best to extend the obtained results to much more complicated
cases, where the followers need to start the formation task when
the leader is moving.

Theorem 1. Suppose Assumptions 1-3 hold. Then the FTCLSO con-
sisting of (11) and (12) can achieve the convergence of the observation
errors

Xoi = Xoi — Xoi (14)

Voi = Voi — Voi (15)

to the origin within fixed time T, , which is bounded by
To<T1+T,+Ts, where

1 2¢€l/2 Moty
< _
"< (gt a) (1 i i) (16)
2 2
I < 1-qq (a1+1) + 17 (]7)
Ko(mN) 7 (g, — DT 7 (Py — Um)T?
2 2
Ts < [ (q1+1) i- (]8)
Ke(mMN) 2 (g -7 AT
In (16), €= (0 /0)" @2 I (17) and (18), I":ZJ‘;'Z‘:X“(%) with

H=(L+B)®Ipn.

Proof. The proof proceeds in three steps. First, we demonstrate
that the followers having the direct communication link to the lea-
der can get the estimates of the leader’s states in fixed time by the
observer (12); then we prove that the observation errors Xo; and 7g;
are bounded at any finite time interval [to, t] ; finally, we show that
the observation errors Xy; and 2; are able to converge to the origin
in fixed time Ty .

Step 1. Define z, =z, — xo; and z, =z, — vy; . Invoking the
dynamics of the leader (10) and the observer (12), the dynamics of
Zx and z, can be written as

Zo= 2, - o[(2)” — o [(2)

{ (19)
Z, = —psign(zy) — uo,z,(to) = 0.

Then, on the basis of the result in [49], if the observer gains satisfy
condition (13), zy and z, can uniformly converge to the origin within
fixed time T; .

Step 2. The dynamics of the observation errors xo; and 2y; can be
written as follows:

Xoi = Doi+ K[ > a5 (Roj — Xoi) — bikoi]"

vieN;

+pxsign Za,-j (5(0]' — )~(0,') — biXoi

vieN;
. L N N (20)
Voi = Ky[za,‘j(voj - Z)o,') - bi Voi + b,‘Zqu1 — Ug

vieN;
+p,sign (Zaij(%j — Doi) — bigi + biiv) )

vieN;
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Let 1, = [5,,%5,,....%I\]" and y, = [#},,91,,...,9%,]" . Then (20)
can be written in a compact form as follows:

fix= 1, — Ke[Hn,|" — p,sign(Hn,)

’}’1/ = _KV’—HHV - B(lN ®2V)Jql — 1o — pysign(Hn,, - B(]N ®2”))’

(21)
where matrix B=B® I, ,and ilp = Iy ® U .
Construct the following Lyapunov function:
V=Vi+V,, (22)
where V; = 1yTHn,,V, =1nTHy, .
Taking the time derivative of V yields
V= —KkdpH[Hn," — p,niHsign(H,)
+ieHn, — ko HIH, — B(1y @ Z,) "
~n,Huo — p, i, Hsign(Hn, — B(1y ©2,))
< ngHn, —myHio
~K,,H[Hn, —B(1y ®2,)|" (23)
—Py"ZHSign(H% - E(lN ® 21’))
< yixHn 4 3mHn, — 1, Hio
~Kko,H[Hn, — B(1y ®2,)|"
—p,yHsign(Hn, — B(1y © 2,)).
Then the derivative of Vresults in
V< V—yTHig
—K,,HIHY, — B(1y ®2,)" (24)

—p, i Hsign(Hn, — B(1y ® Z,)).

To verify the boundedness of the observation errors #, and 7, in
finite time interval [to, t] , the following three cases are considered:
Case 1. In this case, we assume that the condition

|Hn,| > |B(1y ® 2,)| is satisfied. Then, it is easy to obtain that
sign(Hn,) = sign(Hy, — B(1y ®Z,)) . Thus, we have

V< V- (pv_uM)”rI.{lHHl (25)
< W

By solving inequality (25), it is straightforward to get

V < V(to)et . (26)

Case 2. In this case, the condition |H1,| < [B(1y ® Z,)| is consid-
ered. From Step 1, z, can converge to the origin in fixed-time,
which follows that z, is bounded all the time. Hence, there
exists a positive constant Q such that 2%, |B(1y ®Z,)|3+
(p, +um)|B(1Iy ®2,)||; < Q . Therefore, V satisfies
V<

<

X

IytHn, +3nTH, + 2% p, IB(1y © Z,)3 + (p, + um) |B(1y ® 2,)Il;
ViQ.
(27)

Case 3. In this case, consider a general situation, where only a
portion of the absolute values of the elements in the vector [Hy,|
are larger than the corresponding ones in the vector |B(1y ®Z,)| .
Combining the above two cases, it can draw the similar conclusion
that

V<Vv+Q, (28)
where Q > 0.

In Cases 2-3, by solving (27) and (28), we can get
V < —Q(V(ty) + Qe o, (29)

and
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V< —Q(V(ty) + Q)et 0. (30)

As a result, by inequalities (26), (29) and (30), Vis always bounded
at any finite time interval [to,t] , that is, no finite-time escape
occurs.

Step 3. According to Step 1, zy =z, =0,Vt > T; . Then for
t > T, , the dynamics of the observation errors reduce to

M= 1, — K«[Hn,|" — p,sign(Hn,) 31)
o= —Ky[Hn,|" —p,sign(Hn,) — to,
First, we try the following Lyapunov function candidate
1
Va :51121‘1% (32)

Based on Lemma 4 and the fact that |#TH||, > |[#TH|, , we have
Vy < —iyHilo — Ko, HTHN, )" — p, i, Hsign(Hn,)

1-q7. (a1+1)

< =Ko (mN) 2 [H1, | 7 = (py — um) IM3HIL (33)
1 (0141) (a3+1) 1

< _Kv(mN)*%(”?mn(H» z VZ‘T_ (P, — ) (2“;2;“,&1‘1))2‘/;;'

max (F) Tmax(H)

Therefore, the fixed-time convergence to the origin of #, is verified
by inequality (33) and Lemma 1 with the settling time bounded by
T, .

After the convergence of the observation error #,,, the dynamics
of 1, can be reduced to

Mx = —Kx[HN " = p,sign(Hn,). (34)

Similarly, we obtain that the observation error #, can converge to
the origin within T3 .

Consequently, each follower can obtain the estimates of the
leader’s states xo and 7 without the velocity measurements of the
leader in fixed time Ty .

This completes the proof.

4.2. Radial basis function neural network approximator

Assume that the uncertain term f;(x;, ;) € R™ can be expressed
on a prescribed compact set IT € R*™ by

filxi, vy)

of ¢i(xi, vi) + &, (35)

where ¢;

(616l al] | with @l = [0l dlpn. 0l ]
RS 1=1,2,...,m being a suitable set of {; Gaussian functions.
w; = diag(wi1, wiz,...,Wim) € R™™ is the ideal RBFNN weight
matrix with w;; € R% , and & is the RBFNN approximation error vec-

tor. To compensate for the unknown uncertainties, select the
approximation of f; as

Filxi, vi) = OF i(xi, vy),

where @; = diag(®i1, Dia, - .., Dim) € R™™ with @ € R is the
current actual value vector of the RBFNN weight for the ith follower.

Besides, the error matrix of the RBFNN weights is defined as
d),‘ = Wi — d)i .

(36)

Remark 6. [50] According to Stone-Weierstrass approximation
theorem, there exist positive numbers wy,, ¢y, and &y , such that
lwilly < om, ldilly < by and &l < ém -

4.3. Fixed-time adaptive control law design

In this subsection, the fixed-time adaptive control law will be
designed by utilizing backstepping technique, after which the
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stability of the whole closed-loop multi-agent system will be
presented.

Before designing the control law, define the auxiliary formation
tracking position and velocity error e, and e;, for the ith follower as

{

Substituting (20) into (37), the dynamics of e;, and e;, for the ith fol-
lower can be written as

8ix = iy — Kx’—zaij (Xoj — Xoi) — biXoi )™
v;eN;

—p,sign (Z a;j (Xoj — Xoi) — bi’%i)
vieN;

€y = Xi — Ny — Xoi = Xi — My — Xoi — Xoi

A - (37)
eip = Vi — hiy — Voi = v — hiy — Voi — Voi.

iy = 7K1)’—Zaij(7~/0j — Do) — bidgi + biz, | (38)
vjeN;
—p,sign (Zag(f/oj — Doi) — bivoi + bizv)
v;eN;
+f;+u; — hiy,i=1,2,...,N.

First, taking e;, as a virtual control input, then the virtual control
law y; can be designed as

1 = —1few]” = Jafen]??, (39)
where 21,2, > 0,0, >1,0< ¢, < 1.
Choose a Lyapunov function as follows
1 T
Vi3 = ie,-xe,-x. (40)

The time differentiation of (40) yields that

. -
Vi3 = e,éi

el, (/11 [ex)” — Aafew] > — Kx(z @i (Xoj — Xoi) — biXoi ™

vieN;
— p,sign (Z a;j(Xoj — Xoi) — bi%i) ) .
veN;

(41)

From Theorem 1, both the observation error Xo; and xo; are always
bounded. Thus, by utilizing Young’s inequality, the following
inequality holds for a positive constant A; .

(Z aj; (5<oj - 5<0i) - biioi) )
vjeN;

el (—KX(Za,j (Xoj — Roi) — biXoi)™ — p,sign

vjeN;
<lelew + Ay
(42)
Invoking Lemmas 3 and 4, V5 develops to
. S IS L CE Y ¥S B Xl
V3 < 272 mT/L]V32 —22 ),2‘/32
+Vs3 4+ A
P11 1 o141
< _<zﬂ+m%l _1)v;z A (43)
9a+1 P2 +1
—<2T),2—1>V32 .
The last inequality is obtained based on the fact that

1

Py+1
V3 Vy2 4V ;ZZ . According to the above inequality and Le-mma
2, e, will converge to a small neighborhood of the origin within
fixed time. Thus, e;, will always be bounded at any finite time inter-
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val [to,t] . Recalling Theorem 1, the observation error Xo; = Xo; = 0
forall t > Ty . Thus, for t > Ty , inequality (43) reduces to

. (ﬂ]+1 1- ‘/’1 @+l ¢z+1

Vi< 277 xlv - 2% JaVy? (44)

According to Lemma 1, e;, will converge to the origin in fixed time.
Next, we introduce a new state y;, , which is obtained by the
following nonlinear nonsmooth filter:

Tillia = [ — Wig) ™"+ T14 — tia) ™5 ig (o) = (L), (45)

where the filter parameter 7; is a small positive constant.
Then, to backstep, define the tracking error as ¢; = e;, —
dynamics of e, and ¢&; are written as

Wiq - The

€= &+ Mg — Ke[ Y a(Roj — Xoi) — biXoi ™

vjeN;
7pXSigl'l Za,»j ()N(oj — )20,‘) — b,‘)N(Oi
vjeN;
&= _Kv’—zaij(i/Oj — Doi) — bivgi + biz, )"
vjeN;
—p,sign (Zaij({}oj - 770:‘) — bivg + bizv) +fi+ui— hw — [ig-
vjeN;

(46)
Therefore, the actual control law for the ith follower is designed as

U= = [&|% = 7,047 -
where 7,7, >0, and i is obtained by (45).

The corresponding adaptive law is designed as
Wi = Fii&l — Foow;,i=1,2,... N, (48)

where Fi,9; >0, = diag(¢ir, $i,- -, $im): & = diag(&in, iz,
&im) with ¢, being the ath element of the vector &,a=1,2,...,m
Define the filtering error of the nonsmooth filter (45) as

O i + hiy + fig,i=1,2,... N, (47)

€y = i — Higs (49)
The time differentiation of (49) yields that
é,ui = _({e/‘iJ% + |—e/‘iJ(h)/Ti + :ul (50)

Construct the following Lyapunov function
17, 1, /7.9~ 1
Vi=Vs+5E6+ itr(wiTFi lw,-) 50 (51)

Invoking yly, = tr(y,¥7),¥y,,y, €R" , the derivative of V, with

respect to time is

’ T 5 sTi | TE-14 T 5
Vy=eplx+&&i+ o F o+ €, e

Kx[ Z a;i (Xoj — Xoi) — biXoi|"

vieN;

= e}, (il [ew) ™1 — Zafen]™ — ey + & —

— p,sign (Zaij (Roj — Xoi) — bJ‘Ui) )

v;eN;

+& (71 (&) = p,06]" — K[> ay(2g — voi) — bidoi + biz,|"

vjeN;
— p,,sign (zai)‘(i/oj — 7701‘) — bivgi + biZ’u) ) + t['(d);r(ﬁ,f;r)
vjeN;
+ tr(d)fF{‘&),-) + e +el, (—(Tew )™ + Tew) ™) /T + ).
(52)

Recalling (42), (47) and (48), we can get
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Vo< —igelfen)” — Joelfew] ™ + el & + el e
—Ku& [ a5(Doj — Doi) — bidioi + biz, | "
vjeN;
_pvgiTSign (Za,-j(i/gj — 7~/0,*) — b,‘?/o,‘ + biiy) (53)
veN;

NG &7 =78 [6) % + ditr(@f i)
+elci<_((ellijwl + [eHisz)/Ii + ,u,)
+A1 + & i+ eley

Theorem 2. Considering the multi-agent system with Nfollowers (9)
and one leader (10). Suppose Assumptions 1-3 hold. Then under the
control law (47) and the adaptive law (48), the multi-agent system
can achieve the expected time-varying formation in fixed time

1 19

+ Ty with ¢ = mm{z Imz g — 2,

T4 < L+

2
(1=1c1d " 29(1-¢,)

2% N2 13 2w 1} and ¢ = mm{zwzﬂ“/z
@yz — %%ZZT — 1,1}, if the following condition is satisfied:
2 M, —350
@y+1
27 ),-3>0
+1 .
L (54)
+1
2(”27"/2 -1>0
S ” ‘A
Tliz -1>0
1% 150

Proof. The proof contains two steps. First, we prove e, &, @; and
e, are UUB. Then, we prove that ey, e;,, ®; and e, can converge
to a small region around the origin in fixed time Ty .

Step 1. Recalling Theorem 1, the observation errors Xg;, 7o; and
z, are always bounded. Therefore, the following inequality holds
for a positive constant A,

—Ky«fﬂzaij(%j — Doi) — bivg; + biz, )™
vjeN;
—pyifsign (Za,‘j(i/oj — i)o,') — b,‘i/o,‘ + bfZ,,) (55)
vieN;
2 C; f + AZ

Based on the above inequality and using Young’s inequality, (53)
can be rewritten as

Vo< —igelfen)” — Joelew] ™ + el & + el e

&) = 7,8l [E) % + tr(@] ) + A
+1e e+ M +1EE+ 288 +eley

+e£, (—(Tew )™ + e, ) ™) /7i + fu)

Similar to [51-53], we assume that there exists a positive constant
My such that \miuz < My, - Then we can get

. 1
e;rt,:ui X 2 uleﬂ. +5 :u’zM (57)

Furthermore, we obtain that
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el [ex]” — zel[ex]? +3el e

& TEIT =& Ta " + 38 G+ ud,
+A1 + Az + 282M — tr(d),Td),) + tr((bfa),)

+1
_1 ez;i {euiJ P1

Vs <

(58)
1T Q2+l | 1,T
56 [ew]™ +2 € Cui-

By utilizing Lemmas 3,4, we get

P11 1-¢4 @1+1

27 mz )y —3)(265(6,,()T

@y+1

—(277 1,

¢ +1

—3)@@m>z
my, —-)( ge)

w1 +1

Pp+1

(59)
—(127 mT—l)(%eﬁl_eM> ’

@241

2
#2777 -~ 1) (%eflie,,i)
— tI'((Z),Td)i) +A
g - j)mmelxelx me€1 Cl - (wTw1>
jfmmeuieui +A
< —QVa+A,

o1+ 1-g

where A=A +A; + 3w + 1k, + 282, Amm:min{Z Tm—

P21 . 1l 1-gq
M —=3,277 2 — 3}, Ymin :mm{z mz Y,

min{

It yields that
A A
Vi< E + (V4(t0) — E) e ot-to),

The above inequality indicates that variates ey, ¢;, e, and @; are
UUB, which means e, e;,, e, and @; are UUB.

Step 2. From Step 1, we can obtain that there exists a positive
constant @y such that |||, < @y . In addition, from Theorem 1,
Xoi = Ugi =Zy =0 for all t > Ty . Hence, for t > Ty , the following
inequality can be derived:

9 o227 9
-2 7Y, =3¢, Tmin =

q)

112

}7 Q = min{)-mim Vmin., Tmin; %}

(60)

] ‘4’1 p1+1
2 - 2) (Zetxe'x) ’

+1

P2
,@Q%%)z

4/)1+1

P11

; (61)

513

Neurocomputing 423 (2021) 506-517
Pp+1

ot
Let A= (ftr(@fF' @) e + (Sr(@fF'ay)) 7 -
1o, ﬁ%,u,?m +2¢, .7Sinc7e || is UUB, there exists a positive con-
stant Ay such that A < Ay, Then (61) can be rewritten as:

Ltr(o )+

y T n 1T ¢ (,,]Tq
V4 < -G (2 elxe”‘) T4+ (E fi Ci)
<p12+] . (/;12+1
o (tehen) + (u(@tra)) )
R e
*CZ<(2 elex) 7 + (& &) ) (62)
-6 (%eﬁiem) + (%tr(a),TF{lw,-»
+AM.
1— o [/)2+1 —
< -2 Cq (V4) —C (V4) + Ap.
According  to Lemma 2, we can obtain that

T
Xi= {|\eix|\2,|\cf,v|\2,||d),- 2 in] is practical fixed-time stable and

will converge to the following compact set Q; within fixed time

Ty .
FoT o
o-1\"17 A 2"
12 1 > 5 ((]—g’)q) }}

O = {X IVa(Xi) < mln{ ((1,55)5
(63)

Since ej, = 6ix and e;, = d;, for t > Ty , we can conclude that 5 will
converge to a small compact set by appropriately selecting the con-
trol parameters within fixed time T, . Therefore, the multi-agent
system can achieve the expected time-varying formation within
fixed time Ty .

This completes the proof.

Remark 7. From Theorem 2, the formation tracking errors can
converge to a small region around the origin in fixed time in pres-
ence of uncertainties under the proposed control scheme. As a
matter of fact, most adaptive NN formation/ consensus control
for multi-agent systems achieve that the tracking errors are UUB
or convergent in finite time [31,46,50,54]. Consequently, the pro-
posed novel formation control scheme can improve the formation
control performance compared to the aforementioned results.

Remark 8. By proposing the nonlinear nonsmooth filter (45), the
singular problem brought from the item [g; — ;] ?* is well solved,
as well as the "explosion of complexity” problem. In addition, com-
pared to the first-order traditional filters, filter (45) can ensure the
fixed-time convergence of the filtering error.

Remark 9. By Theorem 2, it follows that || Xil|, < xm + [[hill, + As

with X; = [x], vﬂ holds for positive number As at any finite time
interval [to, t] . According to Assumption 3, at any finite time inter-
val [to, t] , the compact approximation region IT of the ith RBFNN
can be chosen as IT = {X;||X;|| < xm + ||hill, + As},i=1,2,...N.

Remark 10. Asa matter of fact, the observer and control parameters
are selected according to the theoretical results and engineering
characteristics. For the observer parameters, the positive constants
B, o1, 0 need to satisfy condition (13),and q;,q, > 1.0ther observer
gains Ky, Ky, py, p, should be positive and p, > uy . Besides, larger
values of ky, k., p,, p, increase the convergence rates at a cost of lar-
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ger chattering. Therefore, we need to tune the gains ky, k,, p,, p, to
make a balance between rapidity and smoothness. For the control
parameters, 11, 42, @1, ¢, 71, Y5, Ti are positive and required to sat-
isfy condition (54). Furthermore, we should tune the control gains
21,42, 71,7, to make a tradeoff among the formation tracking error,
rapidity, and smoothness. The filter parameter t; should be chosen
to be small enough and keep a balance between the filtering error
and the smoothness. F; and ¥; in the adaptive law are positive con-
stants. In addition, the parameters F; and 9; also need to be tuned
to keep a balance between the learning rates, the approximation
error and smoothness.

Remark 11. Actually, the proposed fixed-time formation control
scheme operates well under the condition that the communication
network is benign and known beforehand, just similar to many
existing works about fixed-time control for multi-agent systems.
However, the communication network cannot always be benign,
and may suffer from cyberattacks [55]. Therefore, the fixed-time
formation control for multi-agent systems under deception attacks
is worthy to be deeply investigated. Following the idea in [55], we
will do our best to design a novel fixed-time formation control
scheme for multi-agent systems under deception attacks in the
future.

5. Simulation results

Construct a multi-agent system with six followers whose
dynamics are described by (9) and one leader whose dynamics
are described by (10). Choose the graph G, depicting the informa-
tion flow among the followers and the leader, as shown in Fig.1.

The six followers are supposed to keep a periodic time-varying
regular hexagon formation in the X-Y plane and at the same time
to keep rotating around the time-varying leader with

{[5t+12—5,10cos(0.2r)f , 3s<t<30s,

22,10c0s(0.20)]" | Os<t<3s.
Thus, in the case of m = 2, x; and v»; can be rewritten as x; = [x,-x,x,-y]T
and z; = [vx, viy]" , respectively. Other state vectors can be rewrit-
ten in the same way. Moreover, the uncertainties f; are selected as

Xo(t (64)

fi = [4sin(0.2vy),4cos(0.1vy)]",
£, = [Acos(0.2v),4 cos(0.2vy)]",
f3= [4sin(0.12%),4co0s(0.123)]",
fu= [Asin(0.122), 4cos(0.122)]", (65)
fs= [4sin(0.12%),4co0s(0.123)]",
fs= [4sin(0.222),4cos(0.123)]".

In addition, the time-varying formation is specified by

G

5 4 0

Fig. 1. The interaction graph.
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0.2t cos(0.1t + (i —
0.2tsin(0.1¢ + (i —

1)7/3)

hix(t) = 1)7_[/3) ;

(66)

The selected values of the observer and control parameters are
shown in Table 1 and Table 2, respectively. The initial position

states of the six followers and the leader are set as
X1(0)=[4,6]".%:(0) = [2,1]",x3(0) =[3,6]" ,x4(0) = [5,3] x5 (0) = [4,4]",
x5(0) = [5,2]",%(0) = [0,10]". The initial velocity states of the six fol-

lowers and the leader are set as zero vectors. Moreover, the number
of nodes in each NN is chosen as ;=5 . The initial values of the
states of the FTCLSO consisting of (11) and (12) are all set as zero,
except that the initial values of 7, and %y, are chosen as
Vo2 (to) =5 and Dpa(to) =3, respectively. The simulation results are
presented by 2-6. Fig. 2 shows the varying positions of the six fol-
lowers and the leader at t=10,15,20,25,30s . It is observed from
the results that the six followers successfully keep a time-varying
regular hexagon formation with varying edges while keeping rotat-
ing around the dynamic leader and tracking the trajectory of the
leader. Fig. 3 represents the formation tracking position errors J;
of each follower on X-axis and Y-axis, while Fig. 4 presents the
observation errors of the position and the velocity on X-axis and
Y-axis, respectively. From Figs. 3,4, it can be obtained that the for-
mation tracking errors converge to a small neighbourhood of zero
within 5s, while the observation errors of position and velocity con-
verge to zero at around 3s. The fast convergence rates show the
superiority of fixed-time control scheme. In addition, the chattering
happens in Fig. 4 resulting from the discontinuous terms in(11) and
(12). Fig. 5 displays the NN approximation errors of each follower
on X-axis and Y-axis. From Fig. 5, it can be seen that the unknown

Table 1
Observer parameters.
Parameters Values Parameters Values
oy 4 Py 1
0y 4 0Py 2
B 2 0 2
Ky 3 q, 2
Ky 1
Table 2
Control parameters.
Parameters Values Parameters Values
b2} 0.6 Ti 0.25
72 2 i] 1
®q 2 Ao 3
®; 0.8 9 0.001
Fy 2 2 0.01
Fy 3 3 0.001
F3 3 4 0.001
Fy 5 Js 0.01
Fs 5 I 0.001
Fg 5
20 ; e Followerl
10 . * Follower2
«* ” 0’ : ® Follower3
g o o % ® Follower4
O -3 . A * 1=30s Followers
10F=10s :90 e =25s * Follower§,
~15s =20s © Leader
20 60 80 100 120 140 160
X/m

Fig. 2. Position snapshots of the six followers and the leader.
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8 2
— Followerl v
—— Follower2 0 A\v
o 6 —Follower3 o ’
) —Follower4 )
g Follower5 %
X 4 ——Follower6 b 4
= o —Followerl
g N g —Follower2
[E 2 LE -6 —Follower3
——Follower4
0 b -8 Follower5
i — Follower6
0 10 20 30 = 00 10 20 30

t/s

Fig. 3. Formation tracking position errors on X-axis and Y-axis of the six followers.

& 3 n 20
S ——Followerl|| & — Followerl
8 /E 5 ——Follower2|| 2 —Follower2
&8s “ ——Follower3|| ‘5 ——Follower3
%3 — Followerd|| 5 —Followerd
o ;‘Z 1 Follower5 ; Follower5
2 E —Follower6|| £ Follower6
2 2
c o s
0 10 20 30 10 20 30
t/s t/s
3
— Followerl
——Followerl Py Follower2
—— Follower2 - — Follower3
— Follower3| 1 —Follower4;
—Follower4|| 8 7 Follower5
Followers|| & Z {\ — Follower6
—— Follower6 8 o 0
10 20 302° 0 10 20 30
t/s o t/s

Fig. 4. Observation errors of the six followers on X-axis and Y-axis.

20 60 :

) —Followerl

” -
<% ; w 40 Followerg
e s 5z —Follower3
o 5 ? \
5% : v . Follower4
g 5 20 sg - \‘ Follower5
gz —Followerl g5 —Follower6
g = —Follower2 g Z 0
x&% 40 —Follower3 E«E
&g — Follower4 &=,
z 8 -9 =20
23 4 Follower5 é b4
— Follower6
-40
0 10 20 30 0 10 20 30

Fig. 5. NN approximation errors on X-axis and Y-axis of the six followers.

200 1500y
= “o ——Followerl
ﬁ 0 A ; ——Follower2
‘;/ ‘:T 1000 ——Follower3
Z 200 Z ——Follower4
# ~ Follower5
8 -400 Followerl]] & 500 — Follower6
é_ —Follower2, ‘é
£ -600 Follower3| .Z
3 —Follower4 = 0
E -800 Follower5 E [
o ——Follower6|| “
-1000 -500
0 10 20 30 0 10 20 30

Fig. 6. Control inputs on X-axis and Y-axis of the six followers.

uncertainties are well approximated by RBFNNs. Fig. 6 shows the
curves of the control inputs of the six followers on X-axis and Y-
axis, from which we can see that the singularity problem does not
happen.

To show the superiority of the fixed-time control, one more
simulation is conducted under different initial states of the
six followers. In this case, the initial position states of the six

followers are set as x;(0)=[-2,10]",x,(0) = [2,10]",x3(0) =
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6 5
—Followerl
——TFollower2 s
- 4 —Follower3 = 0
£ ——Follower4 2
E Follower5 k:
>‘< 5 — Follower6 >"‘: -5 —Followerl
E : ——Follower2
LE 5 —Follower3
0 -10 —Follower4
Follower5
—Follower6
H -15
0 10 20 30 10 20 30

Fig. 7. Formation tracking position errors on X-axis and Y-axis of the six followers
with different initial position states.

[=2,0]",%4(0) = [0,5]", x5(0) = [-2,0]", %(0) = [-2,-5]" . Fig. 7
represents the formation tracking position errors on X-axis and
Y-axis of the six followers under different initial states. By compar-
ing Fig. 3 and Fig. 7, it can be observed that the formation tracking
position errors converge to a small enough region around zero
within a similar settling time although the transient processes
are quite different. Therefore, it can be concluded that the forma-
tion position errors can converge to a small enough region around
zero within fixed time independent of their initial states under the
proposed fixed-time formation control scheme.

6. Conclusion

For the purpose of realizing time-varying formation tracking
without the velocity measurements of the leader for the second-
order multi-agent systems with unknown uncertainties, this paper
has constructed an observer-based fixed-time adaptive formation
control scheme. A novel FTCLSO is proposed to guarantee that each
follower can obtain the estimates of the leader’s states in fixed
time with no need for the velocity measurements. By means of uti-
lizing RBFNNSs, the model uncertainties are well compensated. The
fixed-time convergence of the formation tracking error is proved
by Lyapunov approach, and the simulation results verify the effec-
tiveness of the developed control scheme in this paper. In the
future, we will further try our best to achieve the fixed-time con-
vergence to the origin of the formation tracking errors under non-
smooth backstepping technique and to avoid singularity problem
in the meantime. Besides, we will try to extend the obtained
results to much more complicated cases, where the followers need
to start the formation task when the leader is moving.
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