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Abstract. This paper studies consensus tracking of collective migration models that
involve the alignment force gathering agents and the tracking force matching tar-
get. Each agent’s dynamics is controlled by the tracking strategy, which establishes
a trade-off between the two forces through a convex combination. In order to drive the
system to achieve consensus tracking with the maximum instantaneous convergence
speed, an optimal control strategy is proposed that the agents whose alignment force
is weaker than, or counteracts its tracking force sense only the target, and become lead-
ers, while the others sense only their neighbours, and become followers. Interestingly,
there exist some initial frameworks such that the optimal control strategy consists of
letting all agents become followers, which is called “inactivation principle” in [Piccoli,
Duteil and Scharf, Math. Models Methods Appl. Sci., 26(2), 2016] and means that
the leaderless is better than the leader-follower structure for certain conditions. Both
asymptotic and finite-time consensus tracking are investigated. Several numerical sim-
ulations show the effect of the optimal control strategy.
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1 Introduction

Collective behaviour in large groups is ubiquitous in nature and human societies, such
as the flocking of birds, schooling of fishes, pedestrian movements on roads, public opin-
ion in society [10, 11, 32, 36, 41, 43], etc. A fascinating feature of such systems is their
self-organization ability that can be described as the formation of patterns, which are
governed solely by interactions among its individuals. Many mathematical models of
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self-organized actions, realized at different scales: microscopic, mesoscopic, and macro-
scopic, have been applied to biology, physics, social science and control engineering,
see [12,19,24,25,28-30,33,42] and references therein. At microscopic level, an accurate
description of the single agent dynamics is often pursued, also the scope of this paper.
Such models are called agent-based models, which are also known as individual-based
models (IBMs) that are generally large-scale complex systems composed of multiple in-
dependent autonomous agents interconnected through a weighting network.

Collective migration of animals, as a kind of collective behaviour, is typically an adap-
tive response to spatiotemporal variation in resources (seasonal variability and breeding
cycle, for instance) [17]. Observations of this phenomenon show that only a subset of
individuals use much energy to track the migration route by environment features, and
become leaders, while the rest become followers who only align with their neighbours to
travel as a group, and save more energy for other tasks such as foraging and warning [26].
The leader-follower structure that animals form in self-organization has great implica-
tions in the field of vehicles, robotics and aircraft [3,38,46]. More precisely, the collective
migration of animals can be abstracted to the collective tracking of multi-agent systems,
in which the migration route becomes the tracking target, and interactions among an-
imals become control protocols of agents. Consequently, some questions are naturally
raised: How to model the leader-follower structure and how to select a finite set of lead-
ers for achieving optimization under certain conditions?

Collective tracking, from a mathematical point of view, is usually reduced to the con-
sensus tracking, which is said that all agents reach an agreement at the target state. At
present, many studies of the consensus tracking problem have been implemented, as
in [5,13,20,27, 39,44, 45,47]. To the best of our knowledge, most of the existing litera-
ture divides consensus tracking into two unrelated parts: consensus and tracking. Con-
sensus, as a widespread pattern that has been studied for decades, is achieved by the
alignment among neighbours, and highly dependent on the connectivity of interaction
topology [23, 30, 35,40]. On the other hand, tracking utilizes the idea of pinning con-
trol, which is firstly proposed in the control of spatiotemporal chaos, and means that pin
a spatiotemporal system in a desired domain by intervene a local of the system [16,31].
For multi-agent systems, the traditional intervention is adding external forces to a subset
of agents to track the desired target state. Such intervention results in the leader-follower
structure of multi-agent systems where the leaders refer to the part of agents who master
information about the target state (i.e. those agents affected by the intervention), and the
rest of the agents in the system is known as followers. Incidentally, the force that de-
scribes the alignment among neighbours is called alignment force, and the external force
intervened in the system for tracking is called tracking force.

It is worth noting that leaders created by pinning control are influenced by both align-
ment and tracking forces, which are independent of each other. In other words, the
amount of “effort” of leaders put into tracking and alignment is unrelated, where the
“effort” can be abstracted as the control gain. However, the capabilities of any kind of
agent, such as animal, human, or engineering device, are limited. The more an agent
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invests in one thing, the less it invests in the others. This indicates that there should be
a trade-off between alignment and tracking forces for each agent. Therefore, we want to
establish mathematically a trade-off between the two forces in the model. In 2016, Piccoli,
Duteil and Scharf [34] studied a collective migration model that provides a solution about
our question. For each agent, they introduce a parameter «; € [0,1] to establish a trade-
off between the two forces through a convex combination. More precisely, the gain of
tracking force is «;, and the gain of alignment force is 1—«;. Each agent’s dynamics is
governed by «;, which plays on the balance between the two forces. The model can be
written as

1

xi(t)=0vi(t), 0i(t) =a;(5) (V—vi(t)) +(1-wi(t))

-

Il
—_

(vj(t)—vi(t)), i=1,...,N, (1.1)
]

where x;(t) € R? and v;(t) € RY are the position and velocity of the agent i, V € R is the
target velocity, and the control #; satisfies the constraint } ;a;(f) <M,0< M <N. If a;(¢) >0,
the agent i is controlled and becomes a leader, otherwise a follower. Define the distance
from consensus tracking by

1 N
V() =g LIV

They considered three different performance indexes: (i) the instantaneous decrease
speed V(t), (ii) the cost at a given final time V(T) and (iii) the integral cost [, OTW(t)dt, and
obtained optimal control strategies in three cases respectively, which all consist of control-
ling the agents whose velocities are furthest from the target. Specially, for case (ii), there
exist initial conditions such that the optimal control strategy is letting the system with-
out control for an initial period of time, which is called “inactivation principle”. How-
ever, the model (1.1) has the all-to-all interaction network that is idealized. Recently, the
Cucker-Smale type interaction, a nonlinear function, was introduced to the alignment
force of the model (1.1). The sufficient framework of asymptotic and finite-time stability
under Cucker-Smale type interaction was proposed in [6] and [8], respectively. In addi-
tion, the relation between the control «;(¢) and the time delay was also investigated [7].
To our knowledge, the issue of optimal strategy of collective migration models under
distributed interaction networks has not been studied.

Our main goal in this work is to analyse the trade-off between the alignment force and
tracking force with more realistic and complex constraints. Under distributed interac-
tion networks, we solve the optimal control problem that the system achieves consensus
tracking with the maximum instantaneous convergence speed. An optimal control strat-
egy, named sparse optimal strategy, is proposed based on the idea of sparse control [4].
The sampling solution is implemented to avoid chattering phenomena. Moreover, all
conclusions about asymptotic consensus tracking are extended to the finite-time consen-
sus tracking. In contrast with the existing results of [6-8,34], three contributions of our
paper are highlighted:
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We improve the all-to-all interaction network to distributed interaction networks
that is more valuable in practical application. In model (1.1), the direction of the
mean velocity

1N
E(t):N;vi(t)

is an invariant of the dynamics, which guarantees the convergence of the system
and is the basis of the projection method appeared in [34]. However, it does not
hold under distributed interaction networks. To account for the validity of our
models, we describe the conditions of system convergence under the constant con-
trol, i.e a;(t) = w;(ty),t > tp. Taking the connectedness of interactive networks as
an entry point, it is demonstrated by the matrix theory and graph theory that the
system achieves asymptotic consensus tracking if and only if

N

lei(to) >0.

i=1

If the target state is considered as a real agent within the system, then our result
is consistent with the classical result, that is, consensus occurs if and only if there
exists a spanning tree in the interaction network [35].

We propose an optimal control strategy to drive the system to achieve consensus
tracking with the maximum instantaneous convergence speed. An optimization
problem is established and proved that its solution exists but is not unique. Ac-
cording to the principle of sparse control [4], we select the optimal control strategy
that controls as few individuals as possible and name it sparse optimal strategy.
To be specific, the agents whose alignment force is weaker than, or counteracts its
tracking force sense only the target, and become leaders, while the others sense
only their neighbours, and become followers. Specially, there exist initial frame-
works such that the sparse optimal strategy consists of letting all agents become
followers, which is called “inactivation principle” in [34] and means that the lead-
erless is better than the leader-follower structure for certain conditions. In addition,
the sampling solution is implemented to avoid chattering phenomena. The control
of the system changes (based on the sparse optimal strategy) only at the sampling
points, and remains unchanged at the rest time. It is showed that the sampling
solution achieves asymptotic consensus tracking, and converges uniformly to the
optimal solution when the sampling time tends to zero.

We further develop the finite-time consensus tracking of the system. The finite-
time convergence has faster convergence, better disturbance rejection and robust-
ness against uncertainties, and is often required in practice [1,22,39]. We extend
all conclusions about asymptotic consensus tracking to the finite-time consensus
tracking, obtain the corresponding sufficient and necessary conditions and sparse
optimal strategy.
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The remainder of this paper is organized as follows. We introduce the preliminaries
and problem formation in Section 2. In Section 3, we obtain the sufficient and necessary
conditions of asymptotic consensus tracking, and propose the sparse optimal strategy.
We develop the finite-time consensus tracking of the system in Section 4. Simulations
and conclusions are made in Sections 5 and 6 respectively. Finally, some useful definitions
and lemmas are listed in the Appendix A.

2 Preliminaries and problem formation

Firstly, we introduce some basic concepts and notations of the graph theory [15]. Let
G=(V,£,A) be a weighted undirected graph with the set of N vertices V={1,2,...,N},
set of edges £ CV x V), and a weighted adjacency matrix A =[a;]] € RN*N. The adjacency
elements satisfy ajj=aj > 0,1,j € V, which are associated with the edges of the graph, i.e.
(i,j) € € < aj; > 0. Assume that there are no self-loops in G, i.e. a;; =0,i € V. A path from
vertex j to vertex i is a sequence of edges (i,i1), (i1,i2), -+, (i;,j) €€ with distinct vertexes i,
k=1,2,...,1. G is called connected if there exists a path between any two vertexes. Denote
the degree matrix of G by D 4 =diag(d;) e RN*N, where d; = Z]-IL a;j,i€V. G is connected
if and only if d; >0 for any i € V. The Laplacian matrix of G is derived from the equation
L=D4—A, where L 4= [li]-],lil-:z}jéiai]-,iev and [;;=—aj,i#]. The Laplacian matrix £ 4
has at least one zero eigenvalue corresponding to a right eigenvector 1y=(1,.. .,1)T €RN.
All nonzero eigenvalues of £ 4 have positive real parts. Furthermore, £ 4 has exactly one
zero eigenvalue if and only if G is connected [30, 35].

In this context, we consider a collective migration model under distributed interaction
networks with the set of agents V. Let a weighted undirected graph G = (V,£,.A) model
the interaction topology among agents of the system, which is assumed to be connected.
Each vertex i € V represents a agent. Agent i can receive information from agent j if and
only if (i,j) € £. Let x;(t) € R be the state of agent i. Suppose that the target state of
the system is x*(t) € R, satisfying x*(t) =y (t), where () denotes the intrinsic, a priori
known dynamics of the target. Then, the dynamics of each agent is given by

%i(8) =37 (8) +my o (£) (o () —x;(t))

N

+(1—oc1-(t))Z%(x]-(t)—xi(t)), t>ty, i€V, (2.1)
j=1%

where m; € Ry is the gain limitation of agent i, a;(t) € [0,1] is the tracking strategy of
agent i, a;;/d; accounts for the influence of agent j on agent i. The term x*(t) —x;(t) repre-
sents the tracking force, and the term Z]-IL (a;/d;)(x;(t) —xi(t)) represents the alignment
force. w;(t) establishes a trade-off for agent i between tracking and alignment forces.
Agent i is recognized as a leader if a;(t) >0, otherwise as a follower. Define the tracking
strategy of the system (2.1) as a(t) = (a1 (t),---,an(t)). Because of the limited capability
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of agents or some other factors, the tracking strategy «a(t) satisfies a(t) € U, t > ty, where

N
~{perV|piebaievos Y pezaszan} @2)
i=1
Define the distance of the system (2.1) from consensus tracking by X(t) = YN, |x;(t) —
x*(t)|?, then the instantaneous convergence speed of the system (2.1) is defined as the
instantaneous variation of the deviation X(t), i.e X(t). Thus, we obtain the following
optimal control problem of finding optimal strategy «(t) and corresponding state x(t) =
(x1(t),-++,xn(t)) " which solve
i alt)) =X(t
vc(t)réll}ll}zmj( ( )) ( ) (2.3)
s.t. x(t) satisfies (2.1) and x(ty) =xp € RV.

Remark 2.1. The instantaneous convergence speed X(t) measures how much the error
diminishes per unit time. The cost at a given final time X(T) refers to the error magni-
tude at that specific instant T. The integral cost fo t)dt accumulates the system error
over a given time interval [0, T| and can be 1nterpreted as energy expenditure. In this pa-
per, we only adopt the instantaneous decrease speed X(t), because ensuring consensus
tracking is the overriding goal, whereas optimal control design is of secondary impor-
tance. Consequently, no final time T is prescribed.

Moreover, this paper also considers a collective migration model with nonlinear cou-
plings

(1) =X (£) +m; (o (t)sig? (x (1) —x:(t))
% s1g )—xi(t))|, t>to, i€V, (2.4)

where sig? (1) =sign(r)|r|?,r€R,0 € (0,1), sign(-) is the sign function. An optimal control
problem same to (2.3) can be obtained. In Section 3, we analysis the asymptotic consensus
flocking of the system (2.1) and solve the optimal control problem (2.3). The finite-time
consensus tracking of system (2.4) and the corresponding optimal control problem are
studied in Section 4. Finally, we present the mathematical definition of asymptotic and
finite-time consensus tracking of the system (2.1) and (2.4).

Definition 2.1. Suppose x(t) is a solution of the system (2.1) or (2.4). The system is said to
achieve asymptotic consensus tracking if for any initial conditions xg € RN,

lim |x;(#) —x*(#)| =0, ieV.
Lim |x; (£) =7 (#)] ey
The system is said to achieve finite-time consensus tracking if for any initial conditions xo € RN,
there exists a positive number T such that
}irr%|xi(t) —x"(t)|=0 and x;(t)=x"(t), t>T, ie).
—
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3 Asymptotic consensus tracking

In this section, we want to drive the system (2.1) to achieve asymptotic consensus track-
ing with the maximum instantaneous convergence speed. Before solving the optimal
control problem (2.3), the fundamental question to get answered: Is whether the sys-
tem (2.1) can achieve asymptotic consensus tracking? If so, what are the requirements?
To answer the question, we fist consider the time-invariant strategy and obtain the corre-
sponding sufficient and necessary conditions.

3.1 Asymptotic convergence with the time-invariant strategy

Assume the tracking strategy is time-invariant, i.e. a(t) =a(to),t > to. For convenience,
a;(tp) is abbreviated to w;. Define y;(t) =x;(t) —x*(t),i €V, then the system (2.1) becomes

N g

yi(t) =m; | —ay;(t Zd—” yi()—yi(t)) |, t>to, i€V 3.1)
=17
Rewriting the above system in matrix form yields
y(t)=—Any(t), t>t, (3.2)
where y(t) = (y1(t),---,yn(t)) " and
_ m —y(1—ay) 2 —my(1—ap) 2N
dl dl
az1 42N
An— my(1—ap)— 4, my my(1—ap) —— A 33)
iy (1—an) T~y (L—ay) T2 iy
- dn N NxN

Therefore, the system (2.1) achieves asymptotic consensus tracking if and only if
lly(t)|| — 0 as t — oco. Solving the Eq. (3.2) yields

y(t)=e M)y (), 1> 1.

In the following, we first study the properties of the matrix Ay, which requires the con-
cept of irreducibly diagonally dominant matrix in Appendix A.

Lemma 3.1. The matrix Ay defined in (3.3) satisfies the following two properties:

(1) AN has only real eigenvalues.

(2) All eigenvalues of A are strictly positive if and only if YN a; > 0.
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Proof. (1) Define
III{Z"DQ:LZ'GV}, ’I]’:l, (3.4)

where |-| denotes the cardinality of a set, 0 <I < N,I € Z. The following three cases are
discussed.

Casel: I=0. Forany i,j€V,i#j, we have

ajj dj mim;j(1—a;)(1—a;) mi(1—a;)
mi(l-a) g = ¢mﬂﬁwﬂ<¢ ] did; ]%> d;

I'y =diag ,/ 1 &) ,/ 1 )

Then Ay =Ty 16\T N, where Sy = sl] is a symmetric matrix,

mim;(1—o;)(1—w; o o
Sij: 4 ]( 1)( ])ai]'/ Sii =m;, l,]GV, 17&]
did;

Define

From matrix theory, there exists an orthogonal matrix Oy diagonalizing the symmetric
matrix Sy, i.e. Sy = OI,]NON,]N =diag(p1, -, un) € RN*N. Therefore, Ay is similar to
a diagonal matrix.

CaseII: 1<I<N-1. Let E,; € RVN*N be an elementary matrix obtained by swapping
the p-th row and the g-th row of the identity matrix Iy. It is easy to know that E;qE pg=IN-

According to elementary transformation, there exists a invertible matrix F, which is the
product of finite number of elementary matrices E,,; such that

mk] 0 0%_1
ANy=F" |~ = “F, ke, i=1,..,1
O mk] 0;_1
N
Define
1— m 11—«
I'v_;=diag M\/ v (1=t ) , eV, j=1,.,N-L

dVl YN-1I

By Case I, there exists an orthogonal matrix Oy_; such that
An-1=Ty' ,O8 ) IN-1ON-1Tn-1,

where Jy_;=diag(pr,, - try_,) €RN-1*N-I Therefore, Ay is similar to a lower triangular
matrix.
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Case III: I=N. Ay =diag(my,---,my) is a diagonal matrix.
According to the above discussions, we complete the proof of (1).

(2) Sufficiency: If YN, a; >0, then Ay is diagonally dominant. On the other hand, Ay
is irreducible, because the weighted undirected graph G is connected. Thus, Ay is a irre-
ducibly diagonally dominant matrix. By Lemmas A.1 and 3.1(1), we show that all eigen-
values of Ay are strictly positive.

Necessity: Suppose YN ;a; =0, then Ay becomes the Laplacian matrix of G, which
means that Ay has at least one zero eigenvalue. So All eigenvalues of Ay are strictly
positive only if YN, a; > 0. O

Remark 3.1. Although similar conclusions could be obtained via diagonal dominance
and irreducibility, the present approach deliberately dissects the matrix structure o f Ay
and clarifies how the tracking strategy «; affects it, which is crucial to the proof of Theo-
rem 3.1.

Based on the above analysis, we describe the conditions of system convergence under
the constant control and get the exponential estimation of ||y(¢)||. To facilitate our analy-
sis, we introduce the spectral norm of a matrix B = [b;;] € RP*7. Define the spectral norm

of B as
|Bv|
Bll:=sup —=sup Vv BTBv= BTB),
Bl P p \/p(B'B)

wi#o VI =1

where v = (11,-+-,15) " €RY,|-| is the modulus of a scalar or vector, p(-) is the spectral
radius of a matrix, i.e the largest eigenvalue of a matrix. Specially, as for y(t) € RN, we
deduce from the definition of the spectral norm that ||y(t)| = |y(t)].

Theorem 3.1. Assume the tracking strategy is time-invariant. The system (2.1) achieves asymp-
totic consensus tracking if and only if Y~ ;a; > 0. Moreover, if YN a; >0, then there exists
a positive constant C > 1 depending on A such that

ly(B)ll < Ce™ = [ly(to)ll, t>to,
where € = Ymin /2 and Pmin > 0 is the smallest eigenvalue of Ay.

Proof. Sufficiency: By (1) of Lemma 3.1, denote all eigenvalue of Ay by ;€ R, i€ V.
Define the smallest eigenvalue of Ax by pimin. From Lemma 3.1(2), pmin > 0 because of
Zfilrxi > 0. Let Z; be the set defined in (3.4). According to the proof of Lemma 3.1(1), we
discuss the following three cases.

Casel: ] =0. There exists a invertible matrix P € RN*N such that Ay = P~y P,
Jn =diag(p1,---,un). Then by the definition of the spectral norm we obtain

ly(8)[1= [le= ™=y to)
<P e NPy (o) || < Cemintt =100y (ko )|,

where C=||P~!||||P|| is a positive constant depending on Ay.
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Case II: 1<I<N-—1. Without loss of generality, let Z;={1,...,1}. Then we have

) =Lt S [ )

where ;= (y1,---, 1) ", yn_1= (Y141, yn) | and M;=diag(my,---,m;). There exists a in-
vertible matrix Q€ RN~*N~=Isuch that Ay_;=Q ' Jn_1Q, In_1 =diag(p41, -+, 4n)- Solv-
ing the equation yields

yi(t)=e MU=y (1),
t
yNil(t):eiAN—l(tftO)yNil(tO)_\/t' eiAN_](tis)AN,leyl(S)ds.
0

Using the fact [ly;(#) | <[ly(#)]| and [lyn—s(#) | <|ly ()], we obtain

v (B)]] < e Fmnl=0)| |y (ko) |,
t

lyn—1 ()] < Cr[Je =10 [lyn i (ko) | +C1C2/t [Je™ M=) [lyy (s) | ds
0

t
< Cre Pminlt=10) ||y (£0) | +C1C2/ e Hmin(t=5) o= Hmin (s—t0) s |y (1) |
to
< (CrHCiCa(t—to) Je =1y (1)

where C; = [|Q7!||[|Q|l, C2 = ||[An_ix1]|- There exists a positive constant C3 such that
(C14+C1Ca(t—tg)) < Czeltmin/2)(t=t0) 50 we obtain

_ Hmin (4
Iy < Iy (Ol +lyn—i (1) < Ce™ =y (k) [,  C=max{1,Cs}.

Case III: I=N. Ay=diag(y1,---,unN) is a diagonal matrix, which directly yields

ly(D)]] e Fmnt= 1y (ko).
In conclusion, let € = pmin/2, then there exists a positive constant C > 1 depending
on Ay such that ||y(t)|| < Ce=¢t=%) ||y (t0)]],t > to.

Necessity: Assume Zfilzxi =0. Then Ay is the Laplacian matrix of the weight undi-
rected graph G. Because G is connected, Ay has exactly one zero eigenvalue and all of
the nonzero eigenvalues are positive number. Define

.
- 1 (ﬁ,...,d_N> — (3.5)
Yitadj/mj \ 1 my

It is easy to verify that 1y and p are the right and left eigenvector corresponding to zero
eigenvalue respectively, and satisfy p' 1y = 1. Then there exists a invertible matrix P
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such that 1y is the first column of P, pT is the first row of P! and Ay = P~!JyP, where
Jn =diag(0,p2, -, un). Hence, we have

limy(t) = tli_>r£10P_1e_]Nth(t0) = P~'diag(1,0,---,0)Py(to)

t—o0
iy (di/mi)yi(to)
Yiad;/mj

=1np " y(to) = 1n. (3.6)

According to the arbitrary of initial conditions, there exist y;(t),i € V such that

N g,
Zm yi(to) #0,

i=1""1

which contradicts the fact that the system achieves asymptotic consensus tracking. There-
fore, YN ;a; >0. O

Remark 3.2. Add a virtual agent indexed by 0 in the system, which satisfies xo(#) =x*(t).
Then we obtain a new multi-agent system with N+1 agents indexed by {0,1,2,...,N}
and the agent 0 receives no information from other agents. The interactive topology of
the new system is a weight directed graph of order N+1, denoted by G. It can be proved
that "N ;a; >0 means that § has a spanning tree. So our result is consistent with the
classical result, that is, consensus occurs if and only if there exists a spanning tree in the
interaction network [35].

Remark 3.3. When Zfil «; =0, all agents only interact with their neighbours and achieve
an agreement at p ' y(o), which is completely caused by alignment force. If p " y(o)=0,
then the system achieves asymptotic consensus tracking without tracking force. It leads
us to wonder whether the effect of alignment force on agents may have the one of track-
ing force in some cases. In the process of solving the optimal control in the next section,
we find that alignment force is equivalent or even better than tracking force in certain sit-
uations. Even more, the optimal control may present an uncontrolled state, i.e YN ; a;=0.

3.2 Optimal control of asymptotic consensus tracking

Theorem 3.1 accounts for the validity of the system (2.1). Next, we will study the optimal
strategy to maximizing instantaneous convergence speed of the system (2.1). Form (3.2),
the optimal control problem (2.3) becomes

a(t)rgl,ilr,}zto](“(t)) :X<t) (3.7)

st. y()=—An(a(t))y(t), t>to,

where

Z!yz =[ly(®)|,
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AN(a(t)) defined in (3.3) is a continuous function of «(t). Direct calculation yields

N
X(t)_ 22]/1 [ )]/1( ) (1_“i(t))2d_](]/]< ) ]/i<t>)]
=
N 4 ] N N 4 ]
:2Zmi]/1 Zd_ ]/] ]/l )) Z“i(t)mi ]/1 +yl Zd_ ]/] ]/l ))] :
i=1 j=1 i=1 j=1
Define the controllable term of agent i by
N az] .
$i(t)=m B +y;(t Zd_ y] —i( )) icy, (3.8)
=17
then minimizing X(#) is equivalent to
i 3.9
rélg)§>folza ( )

Note that the selection of the tracking strategy a(t) depends on the value of ¢;(t). Thus,
we provide the following proposition to minimize X () at any moment ¢ > .

Proposition 3.1. For any moment t > t, define R* (t)={i€V|¢p;(t) >0}. We select the sparse
optimal strategy a*(t) = (a}(t),---,a} (f)) according to the following criterion:

1

(1) IfIR*(t)| <E, set af (t) =1,i€ RT(t) and o} (t) =0,j€ V\RT (t).

(2) If |R*(t)| > %, sorting controllable terms {¢;(t) }icy yields D(t) = (¢x, (t), -+, Pry (1)) €
RN satisfying ¢p, (t) > - >y (). Set af (1) =1,i < [Z], (x;ml(t) =Y—|X| and
(x,;"j (t)=0, |Z|4+1<j<N, where | % | denotes the floor of X.

Remark 3.4. According to the definition of the system (2.1), —y;(t) = x*(t) —x;(t) repre-
sents tracking force,

% ()i (1) = 32 (3 (6) (1)

N az-]- aZ]
j=1

i j=1%i
represents alignment force. From the definition of ¢;(t) in (3.8), ¢;(¢) >0 is equivalent to

N g
yi(t) > —yi()) d] (v; () —yi(t)),

j=1

which means that alignment force is weaker than, or counteracts tracking force. There-
fore, when |R"(t)| <X, the rule of sparse optimal strategy can be summarized as the
agents whose alignment force is weaker than, or counteracts its tracking force sense only
the target, and become leaders, while the others sense only their neighbours, and become
followers.
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Remark 3.5. The optimal strategy minimizing X(#) is not unique when |R* (¢)| > X and
Pk y, (1) = x5 +1(t). In this case, let

R[ZJ :{l‘GV’(Pi(t):(PkLZJ(t)}, RTZJ :{LILZJ}\RLZJ

Then any strategy satisfying a;(t) =1,i € Riy) and Yjeg wi(t) = ]R | is an optimal
strategy for the optimization problem (3.9). Adhering to the prlnc1ple of the sparse con-
trol that controlling as few agents as possible, we propose sparse optimal strategy a*(t),
which depends on the order of values of {¢;(t)}icy i.e. ®(t). In order to ensure the
uniqueness of ®(t), ®(t) should satisfy that if ¢y, (t) =¢y,,, (t), then k; <k; 1, which means
that the smaller numbered agent is placed before the larger numbered one when their
controllable terms are equal.

The convergence of the system under the sparse optimal strategy a* (¢) is always guar-
anteed.

Theorem 3.2. The system (2.1) achieves asymptotic consensus tracking under the sparse optimal
strategy o*(t) proposed in Proposition 3.1.

Proof. Define a Lyapunov function

N d:
V(y(t) = ;;Zly (1)
Direct calculation yields
. N g, N g, N g
V(y(t)):2‘2;#%(’%)%(0:221;1,%(07” [_‘Xz( Jyi(t)+ Zl_] y] —vi( ))]
i—1 M i—1 i j=1%i
N N N g
Z; Zaz] y] yl )) 22;“i(t)d +y1 Z;d_] ]/] ]/z ))]
i= i= j=1%i
N N N g
= 'Zlaz‘j(y]( ) yl( )) _Z,Z;ai(t)d _H/z Z;d_] y] yl ))]
1,j= i= j= 1
N ’ N d:
- ,Zlaz (i (8) —vi(t)) —zgﬁi(tm(w, (3.10)
ij= i= 1

where the third equation is obtained by Lemma A.3. According to Proposition 3.1, we
know that the sparse optimal strategy a*(t) is better than the strategy a(f) =(1,0,---,0),
that is,
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So we obtain

N
=Y ai(y) )) —2d1y3(t) =2y (¢ Z“lf yi(t) =y (1))

1]1

Z —2y1 2”1]%

=1
y' (H(2La+B)y(t),

where the last equation is obtained by Lemma A.2, A = [a;], B = [bjj],b1j = a1}, by = aiy,
i,j€V and b;;=0,i,j € V\{1}. Because the weighted undirected graph G is connected,
2L 4+ B is not only a symmetric matrix, but also a irreducibly diagonally dominant ma-
trix. Therefore, by Lemma A.1 we know that 2£ 4+ B is a positive definite matrix. Then
we have

- v ()(2La+B)y (1) i
V) <=y v ) < iy 6(0).

where Jimin > 0 is the smallest eigenvalue of 2L 4 + B. Thus, we conclude that
Lim [|y(#)[| =0

The proof is complete. O

In fact, the sparse optimal strategy a*(t) is essentially a way of selecting leaders that
maximizes the instantaneous convergence speed of the system. By applying the sparse
optimal strategy, the agents whose neighbours can not provide sufficient help for the tar-
get tracking, or even play the opposite role, will no longer interact with their neighbours,
and instead devote to the target tracking. Note an interesting phenomenon is that all
agents become followers if R (#) =@. In this situation, for each agent, the alignment
force is stronger than the tracking force, that is, the help offered by its neighbours is bet-
ter than its individual contribution to the target tracking. The existence of this situation
shows that the leaderless is superior to the leader-follower structure for certain condi-
tions. We provide a example to illustrate the existence of this situation below.

Example 3.1. Consider the case of two agents with initial state y1(t9) > y2(tp) and the
constraint X =2

t>to.

{W) = —my1 () +m (1= (1)) ya(8),
Y2 (t) = —maya (t) +ma (1—aa(t))y1(t),
So (3.9) becomes

max  (ay(t)my+aa(t)ma)y1 (£)y2(t).
a(t)el t>ty

Now let us solve the optimization problem.
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Case I If y1(to) > y2(to) >0 0r y2(to) <yi(to) <0, then y1(to)y2(to) >0. Set a(t) =(1,1)
and obtain

() =—myi(t), v2(t)=—maya(t).

Solving the equations yields

yi(t)=e ™My (1), yo(t)=e "0y, (1),

which means y1 (f)y2(¢) >0, t€[tg,00). Therefore, the solution of the optimization problem
isa(t)=(1,1),t>to.

Case IT: If yo(ty) <0<y (o), then y1(t9)y2(tp) <0. Set a(t) = (0,0) and obtain

() =—mi(y1(H) —ya(t)), y2(t)=—ma(ya(t) —y1(t)).

By (3.6), we have

limy,() = 2l ¥myalto) ;g o
t—00 mq—+my

Next, we prove the monotonicity of y;(t). Suppose there exists a finite time T < oo such
that y1 (t)>y2(t),t€[to, T) and y1 (T)=y2(T)=c. Then the solution satisfies y; (t) >y2(t),te
[t0,T) and y1(t) =y2(t) =c¢,t € [T,00), which contradicts the uniqueness of the solution of
the above equation. Thus, y1 (t) >ya(t),t € [to,o0). Then y; (t)(y2(#)) is monotone decreas-
ing (increasing) and converges to (may; (to) +miy2(to))/ (my+my) as t — oo.

If y1 (to)ma+y2(to)m1 =0, then y1(t)y2(t) <0, t € [ty,o0). Therefore, the solution of the
optimization problem is a(t) =(0,0), > to. If y1 (to)ma2+y2(to)m1 <0, by the monotonicity
of y;(t), there exists a finite time ¢ty < T; < oo such that y;(T1) =0. Thus, y1(t)y2(t) <0,
te[to,Th) and yq (t)y2(t) >0, t € [Ty,00). Set a(t) =(0,0),t € [to,T1) and a(t) € {1} x[0,1],
te[Ty,00), then we have y1 (+)=0 and vy, (t)=e "'y, (T} ),t€[T1,0). Therefore, the solution
of the optimization problem is a(t) = (0,0),t € [to,T1) and «(t) € {1} x[0,1],t € [T3,00).
Similarly, if y; (fo)ma—+y2(to)my > 0, the solution of the optimization problem is a(f) =
(0,0),t € [to,T2) and a(t) € [0,1] x{1},t € [Tr,00), where T, is the finite time satisfying
y2<t) <0,te [tO,TZ) and y2<T2) =0.

Remark 3.6. In above example, leaderless structures, if present, only appear in an initial
period of time except for the special cases yi(to)ma+y2(to)my =0. It is following from
(3.6) that p"y(to) =0 is the necessary condition of a*(t) = 0y. Therefore, except for the
special cases mentioned above, there must be a leadership structure after a leaderless
structure.

The optimal sparse strategy a*(t) solves the optimal problem (3.7) in theory. How-
ever, a*(t), as a function of y(t), might be highly irregular in time, even everywhere
discontinuous, which would cause the chattering phenomena. For example, set the con-
straint X =1, if y; (fo) =y2(fo) #0, then according to Proposition 3.1, the optimal sparse
strategy a*(t) will keep switching back and forth between (1,0) and (0,1). Numerically,
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a*(t) alternates between (1,0) and (0,1) at every simulation time-step, see Fig. 2(c) for
reference. Thus, we introduce the notion of sampling solution appeared in [4,9] to avoid
this mess.

Definition 3.1. Given the sampling time T >0, the sampling solution of the system (3.2) under
the sparse optimal strategy «*(y(t)) is defined as the continuous function y(t): [tg,00) — RN
solving recursively for o €N,

y(t)=—An(a*(y(to+0o1)))y(t), t—toclot,(04+1)7],

using as initial state y(to+07), the endpoint of the solution on the preceding interval, and starting
with y(to). The tracking strateqy of the sampling solution is called the sampling strategy, which
is denoted by

W (1) = {zx* (y(to+071)), t—toe [oT,(0+1)7), (3.11)

‘ ot (y(to+(c+1)1)), t—to=(c+1)T.

The sampling strategy a(f) is a piecewise continuous function, which means that
the system selects the optimal sparse strategy at the sampling point and maintains its
value until the next sampling point. In this way, the chattering caused by the optimal
sparse strategy can be effectively controlled by the selection of the sampling time T at the
expense of convergence speed. Next, we show that the sampling solution y- () achieves
asymptotic consensus tracking.

Theorem 3.3. For any 0<T < oo, the system (2.1) achieves asymptotic consensus tracking under
the strategqy ok (t) defined in (3.11).

Proof. Consider the Lyapunov function V (y(t)) =Y-N, (d;/m;)y?(t). From (3.10) we have

N
V(y(t)):_ Zau(y]( ) yl [ 2d z]/l 22%% ]/z( ))]

—2d lyl +Z“l]]/l +Z“ll yi(6)—vi( ))2]

l

N
= Z l](]/] —yi(t Z“Z dlyl Zal] ]/] —vi( ))2]
jj=1
N

N N
=Y ()i ()~ Y (1—ai(t)) Yoay; (y; (1) —vi(1))* <. (3.12)
i=1 i=1 j=1

For any 0 € N, the following two cases are discussed under the strategy a’(t).

Case I: a%(t)=a*(07)#0N,t—to€[0T,(0+1)T). By the definition of Z; in (3.4), without
loss of generality, let Z;={1,...,I}. Then we obtain
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l l

V(y(t) <Y af (on)di? ()~ Y. (1—af(01)) Y aii (y;(H) —wi(1))?

i=1 i=1 =1
- Z Zal} yi(t) —yilt ))2
i=l4+1j=1
<— Zuc oT)dyA(t Z Zal](y] —y;(t ))2, t—toe [oT,(0+1)7).
i=l+1j=1

Thus, V(y(t)) =0 if and only if y(t) =0,k € Z; and y;(t) =y;(t),j€ V,i€ V\I,. Because G
is connected, there exist indexes p € Z; and g € V\Z; such that a,, >0. Then V (y(t)) =0 if
and only if y(t) =0y

CaseII: ai(t)=a*(07)=0y,t—to€[0T,(0+1)T). Then we have

N

V(y(t)) =- Z ajj (]/j(f)—]/i(f))z, t—ty € [UT,(U—H)T).

i,j=1

So V(y(t)) =0 if and only if there is a constant ¢ such that y(¢) =c1y. On the other hand,
according to Proposition 3.1, a*(07) =0y if and only if ¢;(cT) <0,i € V. By the definition
of ¢;(t) in (3.8), we obtain y(0T) #cly for any c€R. From (3.6) we know that lim; . ()=
Inp 'y(oT) if ak(t) =0y, t—to € [0T,00). Therefore, we conclude that y(t) # cly, for any
c€R,t—ty€[oT,(0+1)T), which indicates that V (y(t)) <0,t—tg € [oT,(0+1)T).

In conclusion, we show that the Lyapunov function V (y(t)) satisfies V(y(t)) >0 and
V(y(t))<0,y(t) eRN\ {0y} under the strategy a*(t). Thus, it is directly from Lemma A.6
that ||y(t)|| — 0 as t— oo under the strategy ai(t). O

The above theorem indicates that the convergence of the sampling solution y.(f) is
independent of the sampling time 7. Actually, each process of selecting the optimal strat-
egy according to Proposition 3.1 can be regarded as a switch. Compared to the optimal
solution, the number of switches of the sample solution is countable, which restrains the
chattering. In addition, the number of switches is not positively correlated with the con-
vergence speed. From simulations in Section 5 we will see that the sampling solution
also shows faster convergence speed than the solution under constant control when the
sampling time is appropriate. Finally, we study the relationship between the sampling
solution and the optimal solution.

Theorem 3.4. Up to subsequences, the sampling solution y(t) converges uniformly to an abso-
lutely continuous function y(t) as T tends to zero. Moreover, y(t) is the optimal solution of the
system (3.2) under the sparse optimal strateQy o*(t).

Proof. Let t=1/n,y-(t) =y, (t) and ak(t) =a} (¢). From (3.12) we have

I (031 < mac] 22 b 0 6) < max{ 5 b w0)) = o

ey ey
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So the sequence of continuous functions {y, () } nen is uniformly bounded by the positive
constant C;. On the other hand, by the Definition 3.1, for t € [to+0/n,to+(c+1)/n) we
have

() =3alt0) = [ A () () 313)

Define K = {a*(t),t € [ty,00)} CRN. According to Proposition 3.1, |K| < co because of
N < 0. So there exists a positive number C such that ||Ayx(a*(t))]| < Cy, t € [ty,o0). Then
we obtain

100 =y 1< [ |An (@50 ()]} dr <CiCaft =),

which means that the sequence {y,(t) },en is also equicontinuous. By Ascoli-Arzeld the-
orem, up to subsequences, y,(t) converges uniformly to an absolutely continuous func-
tion y(t) as n tends to infinity. Then let n — oo, (3.13) becomes

y(t)=y(to)— tAN (a*(r))y(r)dr.

fo

So y(t) is the optimal solution of the system (3.2) under the sparse optimal strategy a*(t).
The proof is complete. U

Remark 3.7. Note that the sparse optimal strategy a*(t) and the sampling strategy a’ ()
might be discontinuous, so the corresponding solutions x(t) of the system (2.1) should
be interpreted in the Filippov sense [14] or Caratheodory sense, e.g. [2]. The existence of
sampling solution will always hold because the right-hand side of system (2.1) under the
sampling strategy a’(t) is bounded and piecewise continuous. However, the existence of
optimal solution can not be guaranteed.

Remark 3.8. As shown in Theorems 3.3 and 3.4, the sampling time 7 will have direct
influences on the sampling solution. In Section 5, Fig. 5(b) shows that the sampling time
is roughly proportional to the convergence time. How to choose the sampling time is
essentially a trade-off between the convergence speed and the frequency of switching.
A possible way to choose the sampling time is to select the smallest possible sampling
time within the allowable switching frequency of the system to achieve the fastest con-
vergence.

4 Finite-time consensus tracking

The finite-time convergence has faster convergence, better disturbance rejection and ro-
bustness against uncertainties, and is often required in practice. In this section, we
will study the finite-time consensus tracking of the system (2.4) through the Lyapunov
function method, and obtain the corresponding sufficient and necessary conditions and
sparse optimal strategy. Define y;(t) =x;(t) —x*(t),i € V, then the system (2.4) becomes
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N
y’,-(t):m,- —oci(t)sige(yi( 1 lXZ Zd—] yz( )) , tZtQ, ie). (41)
=1

Similarly, we first show that the system (2.4) is effective by considering time-invariant
strategy.
4.1 Finite-time convergence with the time-invariant strategy

Assume the tracking strategy is time-invariant. Define () =diag(ws,---,wy) and a Lya-
punov function

N d—i‘, iGIl,
Va(y(1) =y (HQy(t) =Y wwi(), wi=" 4 (4.2)
= — N ieV\T,
mi(l—zxi)

where 7, is defined in (3.4). In the following, we obtain sufficient and necessary condi-
tions for finite-time consensus tracking.

Theorem 4.1. Assume the tracking strategy is time-invariant. The system (2.4) achieves finite-
time consensus tracking if and only if YN ;a; > 0. Moreover, if Y1 a; > 0, the settling time T
satisfies

2(1—9)/2wr(ga+xl)/2 -

o (1—0)A D72 Vo2 (y(to)), 0<I<N-1,
T< min
1-60
oy (t) B
t0+maX1€V{mi(1_9)}/ l_N,

where wWmax =maxjcp{w;}, Amin is the smallest eigenvalue of Lg+C,
1-6 1-6 ..
mﬂpq, bqp:mﬂqp, pEI], qGV, bl‘]‘:[ll’]’, Z,]EV\II,

2 2
. d;0 \ &1 ) djlxj o+ )
C—dlag(c1,---,cN), Cl—<9+1> , €1, C]—<1_1Xj> , ]GV\II.

B:[bgﬂ, bpg =

Proof. Sufficiency: Based on the definition of Z; in (3.4), we discuss the following three
cases.

Case I: I=0. From (4.1) and the Lyapunov function (4.2), we have
N
=2 wiyi(H)yi(t)
i=1
Ell‘]‘

N N
:2;a]iyi(t)mi —ucisige(yi(t)) +(1— a)zfsige(y]() vi(t))

j=17
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ducl
:_22 ’9“"'2 Zlyl al]51g (y]( )— yi(t))
ij
d“l 0+1 al 0+1
:—22 ()] Y aiilyi(6) —yi (57,
i,j=1

where the last equation is obtained by Lemma A.3. According to Lemmas A.4 and A.2,

we obtain
041

V [22< d; ik >9+1 |y1 ’2_|_ Z a6+1 ’]/] yi(t)’?i

i,j=1

0+1

=—[2y" () (Lp+CO)y(t)] 7,

2 2
d1061 o+1 dN‘XN 0+1

_ | 40+

B—[au }, C= d1ag<< —061> , ’<1—06N> )

Because the weighted undirected graph G is connected, £5+C is not only a symmetric
matrix, but also a irreducibly diagonally dominant matrix. Therefore, by Lemma A.1 we

know that £3+C is a positive definite matrix. Then, we obtain
0+1

where

T 2 0+1
Vo (y(t) <~ lzy e O v )
<= (Fm) v ), ez,

where Anin is the smallest eigenvalue of Lg+C, Wmax =max;cy{w;}. From Lemma A.7,
we conclude that Vo (y(t)) converges to zero in a finite time, and the settling time is
estimated by

Vg()l_e)/z(y<t0)) 2(1_9)/2w(9+1)/2 o

o max =
Ti<to+ (1—6)/2) (2 min/ Wmax) @172 =tot (1_9>/\(9+1)/2 Vo? (y(to))-

min
Case II: 1<[I<N-—1. In this case, we have
yi(t) =—msig’ (yi(t)), i€ (4.3)

Without loss of generality, let Z; = {1,...,I}. For any i € V\Z,,y;(t) satisfies the system
(4.1). By (4.1), (4.3) and the Lyapunov function (4.2), we obtain

N
=23 wi(t)yi(1)
i=1
l
:—ZZwiyi m51g -2 Z wiyi(t mi“iSige(yi(t))

i=I+1
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42 Z wiyi()m;(1—u; ZdSIg y]() yi(t))

i=I+1

dio;
:_2Zd |yl |9+1 2 Z - 01‘ |9+1
i=l+1 t

1 N
+2Z}/z )ajjsig? ( (f)—]/i(f))—22}/1’(0Z;ﬂijsige(]/j(f)—yi(f))
i= j=

z] 1
N d: Dél N
:—2251 1" =2 3 w1 = 3 aylyi () —yi(H)
i=I+1 l ij=1
_zzyi(t)ZaijSige(yj(t)—yi(t))'
P |

Using Young’s inequality in Lemma A.5 yields

. 0 0+1 0-+1 .y
yi(t)sig” (y;(H) —yi(t)) < 9+1!yz( e + g Vi () —vi(®)] o Vijev.
So we obtain
N
V ( ( < 22d| |6+1 ) Z d“l |9+1 Za ’ )|9+1
y yi(t ijly;(t
i=1 i= l+1 l ij=1
26
0+1 6-+1
9+1Zd lyi(t)] 9+1;]Zal,\y, yi(t)]
N
Zd ’yz ‘9+1 2 Z dlxl ’9+1 Z bz ’y )‘9+1
- 9+1 ll+11 le i 1177
l d;f miT 2 O\ 7 2
2 ; 2 & i(t
Z(9+1) b0F+2 3 ($25) o

0+1
2

+ Z bg“ y; () —yi(t)[?
i,j=1
0+1

=—[2y" (H(Ls+COy(1)] 7,
where
1-6 1-6
g1 1"pe bqp:—9+1“qpf

2 2
, dif \ =1 diog \ &1
C:dlag(cl,---,cN), Ci:<9_;_1> , €1, Cj:(l—ﬂéj) , ]GV\II.

2
B=[bF7], bpy= peTgeV, by=a; ijeV\T,
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Similar to Case I, we can prove that L3+ C is a positive definite matrix, and

0+1

Va(y(t) <—[2v" ())(Ls+Chy(t)] * <— (”—fﬂ) TVE ), ot

a]max

From Lemma A.7, we conclude that V(y()) converges to zero in a finite time, and the
settling time is estimated by

Vg*e)/z (y(to)) 2(1*9)/%;(9“)/2 -
=t max V.
((1 _0) /2) (2Amin/wmax)(6+1)/2 ot (1 G)A(9+l)/ (@)

Case III: /=N. Solving (4.3) yields

Tu<to+ (y(to)).

2
[

() = { i (t0) =mi(1=0) (t=h0)] 77, to<t<ty

0/ t> ti/

where t; = to+y! % (to)/(m;(1—0)). It is directly from above equations that the sys-
tem (4.1) achieves finite-time consensus tracking, and the settling time

1-6
yi " (t)
THI—max{t + ,-(1—9)}'

Necessity: Assume Y'Y | #; =0. Then the system (4.1) becomes

)=m Zd sig” (v (£) —yi(t))-

Define N ( i)
_ Zizl di/m,- Yi t
t)= 7
7 Zjlildj/mf
we have
(1) = LR (di/ma)yi(t) _ YN (di/ miymy I (ai/ di)sig? (yi () —yi(t))
Y dj/ mj Yilad;/m
_ YN _aisig? (vi () —yi(t)) 0
Ly di/m '
Define z;(t) =y;(t) —7(t) and V(z(t)) = XN (di/m;)z3(t). Then
. N g, i .
V(a(t) =2 ~lzi(h)z 22 =it Lsig? (4, ()31 (1)
i=1 1M j=14i

N

N
=2 Z zi(t)aijsige (Z](t) —Zl‘(t)) = — Z Lll'j‘Zj<t) —Zi(t) ’9+1,

ij=1 Lj=1
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where the last equation is obtained by Lemma A.3. According to the first inequality of
Lemma A4, let r=0-+1<s=2, we obtain

0+1
: N 2 oz
V(a(t) <~ [.Zﬁ“ () —zi<t>\2]
ij=
Define B= [b;j] e RN*N, b;; :af/(eﬂ). Notice that
N, d; N, d; ddy\'
T2 =Y Lz =Y =L (y:i(t) —7(t)) =0, :<—1 —N> :
2= L) = Lo () -F0) =0, g= (o
Using Lemma A.2 yields
0+1
: 641 22" (H)Lpz(t) | * en
V(z(t)) <—[2z" () Lpz(t)] T =— V7 (z(t)
(=) <[ | &0 (=(0)

0+1

. ( 2¢0 )TV%“(Z(t)),

Cmax

where ¢y = min{(z" L5z)/(z7z) : £Tz = 0} > 0 because the set is closed. Therefore, by
Lemma A.7, we have

i o T (di/ mi)yi(to)

yi(t) =y(t)=y(to) = v d/m,
V(l—@)/2(2<t0))

(2c0/ Emax) OT1/2(1-0) /2

However, by the arbitrary of initial conditions, there exists y(t() such that y(tp) #0, which
contradicts the fact that the system achieves finite-time consensus tracking. Therefore,
YN a;>0. O

7 t 2 TZ/
(4.4)
Tz < fo+

Remark 4.1. Comparison Theorems 3.1 and 4.1 shows that the conditions for the system
(2.4) achieving finite-time consensus tracking are the same as those for the system (2.1)
achieving asymptotic consensus tracking. Unfortunately, the estimates of settling time
obtained in Theorem 4.1 do not really reflect the convergence speed of the system (4.1).
Thus, we still take the instantaneous convergence speed X(t) as the performance index
to solve the optimal control of the system (4.1).

4.2 Optimal control of finite-time consensus tracking
Theorem 4.1 accounts for the validity of the system (2.4). Next, we will study the follow-

ing optimal control problem:

a(t)eU,t>t (4.5)

min  J(a(t))=X(t)
s.t. y(t) satisfies (4.1).
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Direct calculation yields

N
X(t) =2y 22% [—wz Hsig” (vi(t)) + ;d—’ )= vi(t)
:z;miyiu)z;%sige(yja)—yi(t))
i= j=1"
N N g
—2Z;Wi(f)mi [\J/i(f)\GHJﬂ/i(f) Z%#Sige (;(t) —}/i(f))] :
i= j=1"1

Similar to (3.8), define the controllable term of agent i by
N 4.
pi(t)=m; ||y (1" +yi(t) Y sig? (y; () —vi (1) |, i€V, (4.6)
j=1 4

then minimizing X(#) is equivalent to (3.9). Therefore, the sparse optimal strategy a*(t)
selected by Proposition 3.1 is also an optimal solution of the optimal control problem
(4.5). The explanations in Remarks 3.4 and 3.5 are valid here as well. Next, we show
that the convergence of the system (4.1) under the sparse optimal strategy a*(¢) is always
guaranteed.

Theorem 4.2. The system (2.4) achieves finite-time consensus tracking under the sparse optimal
strateqy a* (t) proposed in Proposition 3.1.

Proof. Consider the Lyapunov function V(y(t)) = Y., (d;/m;)y?(t). Direct calculation
yields

N d:
22252%(03/ ()

N d: N
ZZ;ﬁyi(t)mi[—ai(t)sige(yi(t)) (1—ai( Zd—] (v(t) - yz())]

j=1

N N
:2;%(0 ZaijSige (yi(t)—yi(t))

j=1
N

N

_2;rxi(t)di [!yi(t),9+1+yi( );d—] ig (y]-(t)—yi(t))]
N N d

==Y ajlyj () —yi(1)[" - ;%

ij=1

(4.7)

Applying the sparse optimal strategy a* (t) proposed in Proposition 3.1 yields

N dl

V(y(1) <= 3 aijly;(8) —yi(t) " =2

ij=1 m

$1(t)
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N N
=— Y aijly; () —yi(8) " =241 |y1 ()P =2y (£) Y ayjsig® (v (1) =y (1))

ij=1 j=1
<= 3 ayly O~ el O+ 2 Yy () ()0
< = ijlYj Yi 1™ Y1 9+1j:1 1j1Yj n

A 0+1 0+1
S—i;lhij’yj(t)_yi(t)’ 9+1 dily1(t)]

N 20\ &
0+1

<_ 7+1 (12— 2 2
< []zh ()= (571 |y1<t>|]

0+1

=—[y" (HLu+S)y(b)] *,

where the second inequality is obtained by Lemma A.5, the last inequality is obtained by
Lemma A 4, the last equation is obtained by Lemma A.2 and

1- Ga I 1 6

T
hij = ajj, i,je V\{1}, S:diag((md1> +,O,...,O>.

Because the weighted undirected graph G is connected, 2Ly + S is not only a symmetric
matrix, but also a irreducibly diagonally dominant matrix. Therefore, by Lemma A.1 we
know that 2Ly + S is a positive definite matrix. Then we have

H= [h‘;_il] hyp = 10 kev,

0+1
2
0+1

V2 (y(t)

- y (H(2Lu+S)y(t)

B [ Vmin } Ve (w(1),

max;ey{d;/m;}

where Vmin > 0 is the smallest eigenvalue of 2L, +S. Thus, by Lemma A.7 we conclude
that the system achieves finite-time convergence. O

In addition, the situation of leaderless also exists and is illustrated by an example
below.

Example 4.1. Consider the case of two agents with m; =my=1, initial state y; (to) >y2(to)
and the constraint ¥ =2

{y'l (t)=—a1(t)sig? (y1(t)) + (1—a1 (t))sig? (y2(£) =1 (1)),
Y2 (t) = —az (t)sig? (ya(t)) + (1—aa(t))sig? (y1 () —y2 (1))
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So (3.9) becomes maxay ()1 () +az(t)¢2(t), where
¢1(8)=y1 (D) 1 (t)sig® (v2(t) —y1 (1)),
2(t) = y2 ()" +ya(t)sig” (v (1) —1(1)).

Now let us solve the optimization problem.

Case I If y1(to) >y2(tp) >0, then we have

p1(to) = [y (to)] (lya (o) 1° =1 (to) —y2(t0)|?) >0,
P2(to) =y (to)] (ly2(t0) I°+y1 (to) —y2(t0)|?) > 0.

v

Set a(t) =(1,1) and obtain y;(t) = —sig® (y;(t)),i=1,2. Solving equations yields

1
g 110

_ 1— t 1-6
w0 =)=t 20 T, < 2

9 = tl/
%()E t>t.

Because t1 > ty,y1(t) >y2(t), to<t<t;. Therefore, the solution of the optimization problem
isa(t)=(1,1),t€ [to,t].

Case IT: If 0>y (to) > y2(to), then we have
p1(to) = ly1(to)] (ly1 (o) I+ y1(to) —y2(t0)|°) >0,
P2(to) = ly2(to)| (ly2(t0) 1 = ly1 (to) —y2(t0)|?) >0.

Similar to Case I, we know that the solution of the optimization problem is a(t) =(1,1),
te [to,t2].

v

Case III: If y»(ty) <0<y (o), then we have

¢1(to) = ly1 (to) | (lya (0)|° = lya (o) —y2(t0)|°) <O,
p2(to) = y2(to) | (ly2(t0) |° = lya (o) —y2(to)|°) <O.

Set a(t) =(0,0) and obtain

(8)=sig’ (v2(t) —y1(t)),  Ya(t) =sig® (y1() —y2(t)).

By (4.4), we have
limy;(t)= —yl<t0>+y2(to), i=1,2.
t—T, 2

Next, we prove the monotonicity of y;(t). Suppose there exists a finite time T < oo
such that y1(t) > ya(t),t € [to,T) and y1(T) = y2(T) =c. Then ¢ = (y1(to)+y2(to))/2.
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Thus, T > T,. Then y;1(t) (y2(t)) is monotone decreasing (increasing) and converges to
(]/1 (to) —l—y2<t0))/2 ast—T,.

If y1(to)+y2(to) =0, then the solution of the optimization problem is a(t) = (0,0),
te [to,Tz). If y1(to)+y2(to) <O, by the monotonicity of y;(t), there exists a finite time
t11 < Ty such that y1 () > 0,t € [to,t11) and y1(t11) =0. Thus, ¢1(t) <0,¢2(t) <O0,t € [to,t11)
and gbl(t) > 0,(,1)2(t) >0,te [tll,TZ]. Set lX(t) = (0,0),t S [tOItll) and lX(t) = (1,1),t S [tll,OO),
then we have y; (t) =0 and
|1=° 1-6

T
t ,  teltintiz),
5 [t11,t12]

y2(t) = | y2(t11)

where t1p =t11+2|y2(t11)|' 7/ (1—0). Therefore, the solution of the optimization problem
is a(t) =(0,0),t € [to,t11) and a(t) = (1,1),t € [t11,t12]. Similarly, if y1 (to) +y2(to) >0, the
solution of the optimization problem is a(t) =(0,0),t € [to,t2) and a(t) = (1,1),t € [tan,t2],
where ty; < T, satisfies y»(t) <0, t € [to,t22) and y (tan) =0, ta1 =t +2|y1 (tn) |70/ (1-6).

The sampling solution is also used here to avoid the chattering phenomena. We show
that the sampling solution converges in the following.

Theorem 4.3. For any 0 < T < oo, the system (2.4) achieves finite-time consensus tracking under
the strategqy ok (t) defined in (3.11).

Proof By (4 7), Lemmas A5, A4and A2 we have
Z aijly; () —yi (1)

i,j=1
0 G )
"’22“ —dilyi(t)] 4 9+1 dilyi(t)] 1y 9+1 Z%’y} (1) +
al )|P+ 6+1
= +
- ljzlal]\y]( (t)] Z”‘l 9+1d\ i(8)]
0
+112106 9+1a1]|y]( )—vi(t)] i
< Yl ) - Lol )
= R~ i
o> e (ar 2o) o]
h9+1‘y —yi(t < d> |y ( )]
= J = 0+1
= [y (LS (@®))y(B)] T, (4.8)

where
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S(a(t)) =diag ((M(t)%dl) ﬁ <0¢N(t)%dN> 91) .

Forany c €N, if a}(t) =a*(07) #0n,t—to €[0T, (0+1)T), then 2L+ S(ak(t)) is not only
a symmetric matrix, but also a irreducibly diagonally dominant matrix. Define the small-
est eigenvalue of 2Ly+S(a(t)) by Vmin (#(t)). So, by Lemma A.1, we have vpmin (2% (t)) >0,
t—tyo € [oT,(0+1)T). Because there is a limited number of the strategy a*(cT) to be se-
lected, there exists a positive number v* such that vmin (a*(0T)) >v* >0 for any c €N and
a*(0T) #0y. Thus, we obtain

0+1
0+1

V2 (y(t))

Vi) < — [yw) (2£1+5(a(1))y(t)

V(y(t))

0+1

S_{maxie;j{di/mi}] CVE D), t-to€ [or (e +1)7). (4.9)

On the other hand, if a%(t) =a*(07) =0y, t—to € [0T,(0+1)T), then

0+1

V(y() <—[y" (t)2Lu)y(t)] T <0, t—to€[oT,(c+1)T).

For any k € IN, we claim that there exists a natural number o} > k such that a%(t) =
a*(0xT) #ON, t—tp € [0%T,(01+1)T). If not, there is a natural number ¢ € IN such that
ak(t) =0y, t—to € [0T,00), which contradicts (4.4) and Proposition 3.1. Then, there is
an infinite number of intervals such that (4.9) holds, and V(y(t)) does not increase in
the remaining intervals. So we conclude that the sampling solution achieves finite-time

convergence. O

Remark 4.2. Theorems 4.2 and 4.3 indicate that the sparse optimal strategy in Proposi-
tion 3.1 and the sampling solution are also applicable to finite-time consensus tracking.
Similar to Theorem 3.4, we can also show that the sampling solution converges to the
optimal solution as the sampling time tends to zero.

5 Simulations

In this section, several numerical simulations are provided to observe the effects of the
sampling solution. We focus on the influence of initial value x(tp), control constraint

N @;(t) <X and sampling time T on the system respectively. Here, only the finite-time
convergence results are presented, because the simulations corresponding to asymptotic
and finite-time convergence differ only in their convergence rates under identical ini-
tial conditions. Consider the system (2.4) and N =8. The target state of the system is
x*(t) =2+sin(t). To easily observe the different representations of the sampling solu-

tion when other factors are changed, let the initial time ¢ty =0 and the gain limitation
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Figure 1: A weighted ring network G, where weights of all edge are 1.

m; =1,i € V. In all the simulations, we take the Eulerian difference methods with the
time step of dt = 10-3. The system is determined to achieve finite-time convergence if
X(t) < 1073,t>T, and T is the settling time. Consider a weighted ring network in Fig. 1,
the control constraint X =2.

Simulation 1: Set the sampling time equal to the simulation time-step (T = dt) to
emulate the case of finite-time convergence without sampling. Taking the initial value

x(to) =(3,4,5,6,7,8,9,10) "

yields numerical results shown in Fig. 2, which show that the sampling solution achieves
finite-time convergence. However, Fig. 2(c) appears to show three or four leaders si-
multaneously, which seems to violate the constraint > =2. This illusion arises because
the optimal sparse strategy a*(t) rapidly switching among these agents. The sampling
solution was introduced precisely to resolve this issue.

Simulation 2: Taking sampling time T=1 and the initial value
x(to) = (3,4,5,6,7,8,9,10) '

yields numerical results shown in Fig. 3, which show that the sampling solution achieves
finite-time convergence. There is no leaderless structure throughout the process. Com-
paring with constant controls as,(t) = (1,1,0,0,0,0,0,0) and a;,(t) =a*(to), the sampling
solution updates the strategy value at each sampling point to achieve faster convergence,
where a4 (t) means that apply optimal strategy at the beginning and never change it
again. Moreover, the settling times of the three cases are 31.957,27.174 and 14.061, which
shows that the strategy a;(t) is slightly better than a,(t), and the sampling solution
is significantly better than a(t) and ag,(t). The results indicate the necessity of timely
updating the strategy.

Simulation 3: Changing the initial value in Simulation 2 to
x(to) =(4,—2,5,—3,6,—4,8,—6) "

and keeping other parameters yield numerical results shown in Fig. 4. The sampling
solution achieves finite-time convergence. A leaderless structure appears in the first in-
terval, a single leader structure appears in the second interval, and a two leaders structure
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(c) Controlled agents

Figure 2: The factors are G, X =2,7 =dt,x(ty) = (3,4,5,6,7,8,9,10) . (a) shows trajectories of agents and
the target, (b) shows the trajectories of agents’ deviations, (c) shows controlled agents that selected by the
sparse optimal strategy. The optimal sparse strategy a*(t) rapidly switching among three or four agents, which
means a*(t) is highly irregular.

appears in the rest interval. The system can achieve finite-time consensus tracking under
tsq(t), but can not tracking target under a4 (t). The settling times of as,(t) and the sam-
pling time are 13.518 and 7.020. The results indicate the sparse optimal strategy is highly
dependent on the initial value x(tp).

Simulation 4: Consider the weighted ring network ¢ and initial value
x(to) =(3,4,5,6,7,8,9,10)".

Taking the control constraint 2 =1:0.1: N and keeping the sampling time T =1 yield nu-
merical result (a) in Fig. 5, which shows that the time T is roughly inversely proportional
to the control constraint X. Taking the sampling time 7=0.01:0.01:1 and keeping the
control constraint X =2 yield numerical result in Fig. 5(b), which shows that the settling
time T as a whole has an upward trend when the sampling time T increases.
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Figure 3: The factors are G, =2,7=1,x(tg) = (3,4,5,6,7,8,9,10) T .
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(d) The deviation of the system: X(t)

Jit)

—8—without optimal strategy
—&—with optimal strategy at beginning
——with optimal strategy at sampling moment

0

1

2 3 4 5 6 7 8 9 10 11 12 13 14 15
t

(e) The instantaneous convergence speed of the

system: X(t)

(a) shows trajectories of agents and

the target, (b) shows the trajectories of agents’ deviations, (c) shows controlled agents that selected by the
sparse optimal strategy. (d) shows the deviation of the system, (e) shows the instantaneous convergence speed,
(d) and (e) form a comparison of as;(t)=(1,1,0,0,0,0,0,0), &t (t) =a*(tp) and the sampling solution, where the
black square, blue upper triangle and red star correspond to zxsq(t), at(t) and the sampling solution respectively.
The settling times of the three cases are 31.957,27.174 and 14.061.
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Figure 4: The factors are G, 2 =2,7=1,x(tg) = (4,—2,5,—3,6,—4,8,—6) . (a) shows trajectories of agents and
the target, (b) shows the trajectories of agents’ deviations,, (c) shows controlled agents that selected by the
sparse optimal strategy, (d) shows the deviation of the system, (e) shows the instantaneous convergence speed,
(d) and (e) form a comparison of ws(t),a:(t) and the sampling solution, where the black square, blue upper
triangle and red star correspond to ucsq(t),txt,(t) and the sampling solution respectively. The settling times of
the three cases are 13.518,00 and 7.020.
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14.5

2 s a1 s s 71 s 0 0z 0t o o i
= T
(a) The relation between T and £ (b) The relation between T and T

Figure 5: The factors are G,x(ty) = (3,4,5,6,7,8,9,10) T . (a) shows the settling time T roughly decrease as the
control constraint X=1:0.1: N, (b) shows the settling time T as a whole has an upward trend when the sampling
time 7=0.01:0.01:1.

6 Conclusions

This paper studies collective migration modeled by a first-order multi-agent system in-
volving alignment and tracking forces. Each agent’s dynamics is controlled by a param-
eter o; that establishes a trade-off between the two forces through a convex combination,
which we think is closer to the real operating mechanism of agents. We establish an op-
timization problem with the maximum convergence speed as the performance index,
and use the concept of sparse control to select an optimal solution that is named sparse
optimal strategy. The sparse optimal strategy is highly dependent on the interaction
network and initial value, and is suitable for both asymptotic and finite-time consensus
tracking. The sampling solution is implemented to avoid chattering phenomena that is
caused by the heavily irregular of sparse optimal strategy in time. We show that the
sampling solution achieves asymptotic or finite-time convergence for any sampling time,
and converges to the optimal solution as the sampling time tends to zero. Compared
with traditional protocol such as pinning control, the protocol with trade-off between the
two forces fits the realistic constraint that agents’ capability is limited, and demonstrates
the intelligence of agents. In the future work, we will improve the sampling solution
with periodic sampling into the event-triggered sampling solution to make our control
scheme more general and flexible in practice.

Appendix A.
The following results are useful in this paper.
Definition A.1. The matrix B= [b;;] € RP*? is said a irreducibly diagonally dominant matrix if

(i) B is irreducible;
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(i) B is diagonally dominant, that is, |b;;| > 2] 1t |bij|, i=1,...,p and there exists at least

one value of i such that |bj;| >Z] Lt |bijl.

Lemma A.1 (Taussky’s Theorem, [21]). Let B= [b;j] €RP*? be a irreducibly diagonally domi-
nant matrix. If B has only real eigenvalues, and all main diagonal entries of B are strictly positive,
then all eigenvalues of B are strictly positive.

Lemma A.2 ([30]). Assume G = (V,é',A) is a weighted undirected graph of order N whose
Laplacian matrix is L 4. Then for any x eRN

C
2xT£Ax—Zal] (xj— xl)z, min  ~ =AY (L),

] xl1yx#£0 X x
where Ay (L 4) is the second smallest eigenvalue of L 4.
Lemma A.3 ([22]). Suppose the function ¢ : R* — R satisfies ¢(x;,x;) = —¢(x;,x;) for any
x€RN. Then for any weighted undirected graph G=(V,E,.A) of order N and a group of numbers
51, /SN,

Z a;jsip(xj,x;) = Z a;i(sj—si)p(xj,x;)-

i,j=1 z] 1
Lemma A.4 ([18]). Let z€R" and 0<r<s. Then the following norm equivalence property holds:

wNE fa NP f1a NP (1
Ylzl ) < Xlal ) o (Xl ) = o)
i=1 i=1 i3 ni=

Lemma A.5 (Young’s Inequality, [18]). Let p,q be positive real numbers satisfying 1/p+1/9=
1. Then for any a,b>0,
al b1
ab< —+—
roq’
and equality holds if and only if a? =b1.

Lemma A.6 ([37]). Suppose there exists a continuous function V(x):D — R defined on a neigh-
bourhood D CRN of the origin such that

V(0)=0 and V(x)>0, V(x)<0, xeD\{0n},
then the origin is asymptotically stable, i.e. lim;_, || x(t)|| =0.

Lemma A.7 ([1]). Suppose there exists a continuous function V(x): D — R defined on a neigh-
bourhood D CRN of the origin, real numbers ¢ >0 and p € (0,1) such that

V(0)=0 and V(x)>0, V(x)<—cVP(x), x€D\{0n},
then V(x) =0, t > T and the settling time T can be bounded from above as
V1P (x0)

=y
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