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The main goal of this paper is to design a team of agents that can accomplish multi-target pursuit formation using

a developed leader–follower strategy. It is supposed that every target can accept a certain number of agents. First, each

agent can automatically choose its target based on the distance from the agent to the target and the number of agents

accepted by the target. In view of the fact that all agents are randomly dispersed in the workplace at the initial time,

we present a numbering strategy for them. During the movement of agents, not every agent can always obtain pertinent

state information about the targets. So, a developed leader–follower strategy and a pursuit formation algorithm are

proposed. Under the proposed method, agents with the same target can maintain a circle formation. Furthermore, it

turns out that the pursuit formation algorithm for agents to the desired formation is convergent. Simulation studies are

provided to illustrate the effectiveness of the proposed method.
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1. Introduction

In recent years, there has been a growth in inter-
est in the area of multi-agent systems (MASs).[1−5]

These systems potentially consist of a large num-
ber of agents, such as unmanned underwater ve-
hicles (UUV),[1] unmanned aerial vehicles (UAV),
and unmanned ground vehicles (UGV). MASs pro-
vide numerous applications in various practical fields,
such as building automation, intelligent transporta-
tion systems,[2] surveillance, terrain data acquisition,
and underwater exploration. The advantages of MASs
over single-agent ones include cost reduction, effi-
ciency and robustness improvements.

The prerequisite for these agents is team co-
operation for accomplishing predefined goals and
requirements. One critical problem for coopera-
tive control is to design appropriate protocols and
algorithms, such that the group of agents can
maintain a desired formation. Traditional meth-
ods in the study of formation control generally
fall into three categories, namely, leader–follower
approaches,[6,7] virtual structure approaches,[8] and
behaviour-based approaches.[9] Other techniques that
have already been applied to this problem include ma-
trix theory,[10,11] algebraic graph theory,[12,13] reced-
ing horizon control (RHC),[2,14] and game theory.[15]

Meanwhile, cyclic pursuit strategy has also been
investigated in the formation control of multi-agent
systems. Based on cyclic pursuit strategy, a dis-
tributed cooperative controller was proposed to solve
the target-capturing task in Refs. [16]–[18]. In these
researches, n identical autonomous mobile agents were
distributed in the workplace, and it was assumed that
each agent can always obtain pertinent state infor-
mation of its neighbours and the target. However,
this assumption is impractical or unnecessary in many
practical situations. To illustrate this, consider ani-
mals that forage or travel in groups. In many cases,
few individuals have pertinent information, such as
knowledge about the location of a food source, or of a
migration route.[6] Also, when the number of agents is
very large, it is costly to exchange the formation data
to each agent. Furthermore, agents are assumed to
be dispersed in a counterclockwise star formation at
the initial time. Obviously, this assumption is strict,
because in many cases agents are randomly dispersed.

If more than one target is located in the work-
place, target allocation for agents becomes a new is-
sue. In Ref. [19], a routing policy was proposed to
solve the dynamic vehicle routing problem, in which
there were multiple vehicles and multiple classes of
demands. In Ref. [20], Cassandras et al. considered
a class of discrete resource allocation problems which
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can be formulated as discrete optimisation problems.
To the best of the authors’ knowledge, target allo-
cation for multi-agent systems in formation has been
paid little attention. Most of the existing works on for-
mation control are based on the common assumption
that a group of agents pursues the same target. How-
ever, this assumption is strict in certain situations.
For instance, when more than one target is considered
in the workplace, agents will face a dilemma in choos-
ing their targets. To some extent, how to choose the
appropriate targets for multi-agent systems becomes
a new issue. This issue requires that every agent can
automatically choose an appropriate target and keep
a pursuit formation with the other agents that have
the same target.

In this paper, we develop a novel formation frame-
work for multi-agent systems. This framework may
also be considered as a pursuit–evasion game, in which
agents are pursuers and targets are evaders. The tar-
get, if enclosed by agents with a circle formation, may
be considered to be captured. There are two control
objectives in this research: one is that every agent
can automatically choose its target at the initial time;
another is that agents with the same target can main-
tain a circle formation ultimately enclosing the tar-
get, namely, the targets should be captured by agents.
Under the first control objective, a strategy of choos-
ing a target is presented. In view of the condition
that not every agent can always obtain pertinent state
information about the targets, a developed leader–
follower strategy is presented. We also provide a num-
bering strategy, which can break up the initial state
assumption of the agents in Refs. [16]–[18]. Based
on the leader–follower and numbering strategies, a
distributed pursuit formation algorithm is proposed.
Meanwhile, to avoid collision between agents, an ad-
ditional control input is combined with the formation
algorithm. Finally, the convergence of the pursuit for-
mation algorithm for agents to the desired formation
is also analysed.

The paper is organised as follows. In Section 2,
system modeling and problem formulation are pre-
sented. In Section 3, we introduce the pursuit forma-
tion control strategy. Simulation studies are provided
to illustrate the effectiveness of our method in Section
4. Conclusions and future work are given in Section
5.

2. System modeling and problem

formulation

Multi-agent systems: define a set of agents as
Ω = i {i = 1, 2, . . . , N}, where N is the number of
agents. For agent i with two-dimensional (2D) coor-
dinates, the position and input vectors are denoted
by pi ∈ R2 and ui ∈ R2, respectively. The dynam-
ics of agent i at time t is described by the following
continuous-time equation

ṗi(t) = ui(t). (1)

For the dynamic system, the following assump-
tions are made.

Assumption 1 We consider the formation
framework as a pursuit–evasion game where agents
are pursuers and targets are evaders. Targets, if en-
closed by agents with a circle formation, are assumed
to be captured by them. Initially, targets and agents
disperse (or hide) randomly in the workplace. Once
detected by agents, targets will move away from them.
Let t0 denote this specified instant when targets are
detected. Meanwhile, it is assumed that agents can
gain (or detect) the state information about the tar-
gets at time t0.

Remark 1 For the precision constraints on sen-
sors and disturbances in a real environment, agents
cannot always obtain pertinent state information
about the targets after time t0. This situation is sim-
ilar to the traveling or foraging of animals in a group.
Not all the members have pertinent information, such
as knowledge about the location of a food source, or
of a migration route during the movement process.

Assumption 2 Each target can only accept a
certain number of agents.

Remark 2 To accomplish a complex task in a
civil or military field, such as surveillance and traffic
control, etc., a certain number of agents is enough.

Each agent has a limited communication capabil-
ity and it can only communicate with agents within its
neighbourhood. The neighbouring set[21,22] of agent i

at time t is denoted as

Ni(t)

= {j : ‖pi − pj‖ < r, j ∈ [1, 2, . . . , N ], j 6= i}, (2)

where ‖·‖ is the Euclidean norm. We assume that
all agents have an identical influence (or sensing) ra-
dius r > 0. During the course of motion, the rela-
tive distances between agents may vary with time, so
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the neighbours of each agent may change. We de-
fine the neighbourhood graph G(t) = {V, E(t)}[23] to
be an undirected graph consisting of a set of vertices
V = {1, 2, . . . , N}, whose elements represent agents in
the group, and a set of edges E(t) = {(i, j)}, contain-
ing unordered pairs of vertices that represent neigh-
bouring relations at time t.

3. Multi-target pursuit formation

In this section, we design a team of agents who
can accomplish multi-target pursuit formation by us-
ing a developed leader–follower strategy. First, the
strategy for choosing a target is presented. Second,
we provide the leader–follower strategy and the pur-
suit formation algorithm for multi-agent systems.

3.1. Strategy for choosing a target

At time t0, m(m < N) targets and N agents are
considered in the workplace, and an arbitrary target k

can accept sk agents, namely,
∑m

k=1 sk = N. To illus-
trate the strategy of choosing an appropriate target
for agent i, we define another index Pik as

Pik = P d
ik + P ρ

ik, (3)

where P d
ik denotes the probability term about dis-

tance from agent i to target k, and P ρ
ik denotes the

probability used to show whether target k can still
accept agent i. If target k can still accept agent i,
P ρ

ik = 1; otherwise, P ρ
ik = 0. Let Dik denote the rela-

tive distance between agent 1 and an arbitrary target
k (k ∈ [1, 2, ..., m]). The values of P d

ik are shown in
Table 1.

Table 1. Values of Pd
ik.

distances Di1 ≥ · · · ≥ Dik ≥ · · · ≥ Dim

Pd
ik 1�m · · · k�m · · · 1

From Assumption 1, we know that all the agents
are static in the workplace and they can gain the state
information about the targets at time t0. Then we can
describe the process of choosing a target for each agent
as follows.

Initiation At time t0, a recorder is used to store
the number of agents which belong to an arbitrary
target. There are m recorders that are used to store
the number of agents with respect to m targets. The
initial value of each number is set at 0.

(a) The recording process starts from agent 1. By
calculating the distance D1k, we can obtain the val-
ues of P d

1k and P ρ
1k = 1. Further, we can obtain P1k

by calculating the function in Eq. (3). Choosing the
largest value for P1j , we can say target j is the target
of agent 1. The number to target j in the recorder
adds 1.

(b) Subsequent steps can be deduced by analogy.
Finally, the target of every agent is determined.

Remark 3 For each agent, three situations
should be highlighted as shown in Fig. 1. (i): On
the left of Fig. 1, we can see target j and k keep the
same distance from agent i. Meanwhile, target k can
accept agent i, but target j cannot. So the chosen
target for agent i is k. Comparing Pik with Pij , we
find Pik > Pij . (ii): In the middle of Fig. 1, target
j and k can both accept agent i, but target j keeps
a shorter distance with agent i than target k. So the
chosen target for agent i is j. Comparing Pik with Pij ,

we find Pij > Pik. (iii): On the right of Fig. 1, target k

can accept agent k, but target j cannot. Meanwhile,
target j keeps a shorter distance with agent i than
target k. So the chosen target for agent i is k. Then
we can find Pij = P d

ij ≤ 1 < 1 + P d
ik = Pik, namely,

Pik > Pij . In brief, we can draw the conclusion that
Eq. (3) can satisfy all the situations in practice.

Fig. 1. Three situations for choosing the appropriate target.
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3.2.The leader–follower strategy and

pursuit formation algorithm

After choosing an appropriate target, each agent
needs to keep a pursuit formation with the other
agents which have the same target. To realise this
process, we present a developed leader–follower strat-
egy. The leaders are virtual agents whose commu-
nication and computing abilities are strong enough,
and the agents can be considered as followers whose
communication and computing abilities are limited.
In other words, the formation information is divided
into two independent parts, namely, global and lo-
cal. The global information determines the position
of the desired formation, and a small number of lead-
ers can obtain the global formation information. The
local information determines the relative positions of
the followers with respect to the frame decided by the
leaders.

Remark 4 In the leader–follower strategy, each
agent requires information on all the subgroup-mates.
Then, this leader–follower strategy may face the fol-
lowing challenges: (i) If the number of subgroup-mates
is large, stricter requirements of computation ability
will be needed. (ii) The leader should have anti-
interference ability, because followers rely firmly on
the leader. In view of these challenges, we assume
that the leader should have strong computing and
anti-interference abilities.

In this paper, there are m targets, namely, N

agents will be divided into m groups based on the
strategy of choosing a target. For simplicity, we
only provide the control method used in one group of
agents. The proposed method can then be extended
to the remaining m− 1 groups by updating the num-
ber of agents in every group. In the specified group,
n(n < N) agents are considered, and the initial posi-
tion of the leader is the gravity centre of the positions
for these agents. Agents in this group are driven to
track the leader and maintain a circle formation en-
closing it, and the leader is used to pursue the mov-
ing target. To finish the target tracking task for the
leader, we can use the potential function method, first
proposed by Khatib in Ref. [24]. Then the potential
function can be defined by[25−27]

U =
1
2
ζ1pT

ltplt, (4)

where ζ1 > 0 is a scaling factor for the attraction, and
plt = pt − pl is the relative position vector from the

leader to the target, pt and pl are the positions of the
target and leader, respectively.

The vector plt can be described by plt = [xlt, ylt]T,
and ‖·‖ represents an Euclidean norm. vt ∈ R2 and
vl ∈ R2 are the velocities of the target and leader,
respectively. θt and θl are respectively the angles
of vt and vl, and ψ is the angle of plt. The rela-
tive motion between leader and target is described by
ṗlt = [ẋlt, ẏlt]T, where ẋlt = ‖vt‖ cos θt − ‖vl‖ cos θl

and ẏlt = ‖vt‖ sin θt − ‖vl‖ sin θl.

Lemma 1 To make the leader track a mov-
ing target, the control input for the leader should be
planned such that ṗlt points to the negative gradient
of U with respect to plt.

Proof First, we study the situation that the tar-
get is static in the workplace. To track a static target
for the leader, the potential function can be defined
as

Ǔ =
1
2
ζ̌1pT

ltplt, (5)

where ζ̌1 > 0 is a scaling factor for attraction; plt =
p̌t − pl is the relative position vector from the leader
to the target, p̌t and pl are the positions of target and
leader, respectively.

We choose a Lyapunov function

H(pl) = Ǔ =
1
2
ζ̌1pT

ltplt ≥ 0. (6)

Differentiating H(pl) in Eq. (6) with respect to
time t, we have

Ḣ(pl) = −ζ̌1pT
lt ṗl. (7)

To make the leader catch up with the static tar-
get, we can assume that ṗl points to the negative gra-
dient of Ǔ with respect to pl, namely,

ṗl = −∇pl
Ǔ = ζ̌1(p̌t − pl). (8)

Then Eq. (7) can be rewritten as

Ḣ(pl) = −ζ̌2
1 ‖plt‖2 ≤ 0. (9)

Note that Ḣ(pl) = 0 if and only if ‖plt‖ = 0,

namely, Ḣ(plt) = 0 only when the leader has caught
up with the static target. Combining with the result
H(pl) ≥ 0, we can obtain ‖plt‖ → 0 when t → ∞,

namely, the assumption in Eq. (8) can guarantee the
leader to catch up with the static target. Therefore,
we can draw the conclusion that ṗl should point to the
negative gradient of Ǔ with respect to pl, if the leader
requires to track a static target.

For a moving target, we can assume that the tar-
get is static relative to the leader. Then, the dynamic
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environment can be transferred into a quasi-static en-
vironment, and the new state information can be ex-
pressed as follows: p̃l is the new position of the leader,
˙̃pl is its velocity, and Ũ denotes the new potential
function of the leader. Based on the conclusion in
the static environment, the control input of the leader
should be planned such that ˙̃pl points to the negative
gradient of Ũ with respect to p̃l, if the leader requires
to catch up with the quasi-static target.

Then, transfer the quasi-static environment into
the dynamic environment, namely plt = p̃l, ṗlt = ˙̃pl,
and U = Ũ . We can draw the conclusion that ṗlt

should point to the negative gradient of U with re-
spect to plt, if the leader requires to catch up with the
moving target. This completes the proof. ¤

Based on Lemma 1, it is necessary to make

ṗlt = −∇pltU. (10)

Then the following equation can be obtained

vl = vt + ζ1plt, (11)

which is equivalent to

‖vl‖ = (‖vt‖2+2ζ1 ‖plt‖ ‖vt‖ cos(θt−ψ)+ζ2
1 ‖plt‖2)0.5.

(12)
From Eq. (11), the velocity component vl and vt,

which are perpendicular to plt, have the same value,
namely,

‖vl‖ sin(θl − ψ) = ‖vt‖ sin(θt − ψ), (13)

which is equivalent to

θl = ψ + arcsin(‖vt‖ sin(θt − ψ)/ ‖vl‖) (14)

with ‖vl‖ 6= 0.

Meanwhile, we should also consider another case
where the leader is static. If the leader is static in the
workplace, we can draw the following conclusion: the
target is static in the workplace; meanwhile the leader
has already caught up with the target. Then, we can
assume θl = θt if ‖vl‖ = 0, namely, the leader’s angle
will be the same as the target’s.

Based on the above discussion, the control input
for the leader can be planned

ul = vl = (‖vl‖ cos θl, ‖vl‖ sin θl)
T

, (15)

where

‖vl‖
= (‖vt‖2 + 2ζ1 ‖plt‖ ‖vt‖ cos(θt − ψ) + ζ2

1 ‖plt‖2)0.5,

θl

=





ψ + arcsin(‖vt‖ sin(θt − ψ)/ ‖vl‖), if ‖vl‖ 6= 0;

θt, else.

Lemma 2 Under the control input in Eq. (15),
the leader can catch up with the target.

Proof We choose a Lyapunov function as

H(plt) = U =
1
2
ζ1pT

ltplt ≥ 0. (16)

Differentiating H(plt) in Eq. (16) with respect to
time t, we have

Ḣ(plt) = ζ1pT
lt ṗlt. (17)

From Eq. (10), we have

Ḣ(plt) = −ζ2
1 ‖plt‖2 ≤ 0. (18)

Note that Ḣ(plt) = 0 if and only if ‖plt‖ =
0, namely, Ḣ(plt) = 0 only when the leader has
caught up with the target. Combining with the result
H(plt) ≥ 0, we can obtain ‖plt‖ → 0 when t → ∞,

namely, the leader can catch up with the moving tar-
get. ¤

Next, we consider how to form a circle formation
for the target-capturing task by the group of agents(or
followers). In Refs. [16] and [17], a cyclic pursuit for-
mation algorithm was proposed to solve the formation
problem of multi-agent systems. Unfortunately, there
it was assumed that agents were dispersed in a coun-
terclockwise star formation at the initial time. Obvi-
ously, this assumption is strict, because in many cases
agents are randomly dispersed. Taking the actual con-
ditions into consideration, we provide a numbering
strategy for the agents, in which they are randomly
dispersed in the workplace. By using this numbering
strategy, the formation control algorithm for agents is
proposed. The process of numbering agents are de-
scribed as follows.

Initiation At time t0, n agents that have the
same target are randomly numbered as 1̃, 2̃, . . . , ñ, as
shown Fig. 2(a). Let p = (p1, p2, . . . , pn)T denote
the position vector of the agents where pi = (xi, yi)T.

Define A = { i| yi ≥ 0, i ∈ [1, 2, · · · , n]} and B = { i|
yi < 0, i ∈ [1, 2, · · · , n]}. It is assumed that the num-
ber of agents in set A is c (c > 0), then the number in
set B is n − c. The angle θi between agent i and the
leader can be described as
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θi =





arccos
xi − xl√

(xi − xl)2 + (yi − yl)2
, if i ∈ A;

2π − arccos
xi − xl√

(xi − xl)2 + (yi − yl)2
, if i ∈ B;

(19)

where xl = (1/n)
∑n

i=1 xi, and yl = (1/n)
∑n

i=1 yi.

Fig. 2. The process of numbering agents. The black ball denotes the leader, and the grey ones denote agents.

Step 1 First, we number the agents in A. Com-

pare θ1 with θ2, if θ1 ≥ θ2, we consider agent 2 and

compare θ2 with θ3. If θ1 < θ2, we continually com-

pare θ1 with θ3. and so on. Finally, we can obtain the

smallest angle that may be θh. Then agent h can be

labeled as 1.

Step 2 Compare the rest c− 1 agents in A, and

number them by analogy, finally we can number all

the agents in A as 1, 2, . . . , c;

Step 3 The process of numbering the agents

in B is similar to the situation in A. The only

difference is that the number record is described as

c + 1, c + 2, . . . , n. Finally, all the agents can be num-

bered, as described in Fig. 2(b).

Using the above numbering strategy, a distributed

pursuit formation algorithm can be proposed. The de-

tailed control objectives are described as follows:

(a) n agents enclose the leader at uniformly

spaced angle and maintain this angle;

(b) each agent approaches the leader and main-

tains a distance R.

To illustrate the control objectives more explic-

itly, we show a desired formation pattern in Fig. 3,

where φ1 = φ2 = · · · = φ6 = π/3 and ‖ri‖ =

‖pi − pl‖ = R, i = 1, 2, . . . , n.

Fig. 3. A desired formation, in which the black ball de-

notes the leader and the grey ones denote the agents.

From Eq. (1) and noting that ri = pi − pl and
ri = (‖ri‖ cos θi, ‖ri‖ sin θi)T, we have

ui(t) = ṙi(t) + ṗl(t)

= ṙi(t) + ul(t), (20)

subject to Eq. (15) and

ṙi(t)

=


 cos θi(t), −‖ri(t)‖ sin θi(t)

sin θi(t), ‖ri(t)‖ cos θi(t)





 ‖ṙi(t)‖∥∥∥θ̇i(t)

∥∥∥


 , (21)

where ui(t) is the distributed control input for agent
i at time t.
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In Eq. (21), the adaptive control laws for agents
i can be designed by

‖ṙi(t)‖ = ζ2(R− ‖ri(t)‖),
θ̇i(t) = ζ3$i(t), (22)

where ζ2 > 0 and ζ3 > 0 are scaling factors, and $i(t)
can be planed such that

$1(t) = −θ1(t), i = 1,

$i(t) = θ1(t)− θi(t) + 2π(i− 1)/n, i = 2, 3, . . . , n.

(23)

Theorem 1 Consider the specified group of n

agents who have the same target. It is assumed that
all the agents are randomly spaced in the workplace
as shown in Fig. 2(a). By numbering the agents and
using the control input in Eq. (20), all the agents
will maintain a circle formation enclosing the leader,
namely, ‖ri(∞)‖ = R, and φi = 2π�n for all the
agents(i = 1, 2, 3, . . . , n).

Proof For agent 1, we can have θ̇1(t) = −ζ3θ1(t)
where ζ3 > 0. Then, solving this differential equation,
we have

θ1(t) = C1 e−ζ3t, (24)

where C1 is a constant.
It is obvious that θ1(t) → 0 when t →∞, namely,

the angle θ1 converges to 0 finally.
For agent i(i > 1), we can have θ̇i(t) = ζ3(θ1(t)−

θi(t) + 2π(i − 1)/n). At arbitrary sampling constant,
θ1(t) can be considered constant. Then, solving this
differential equation, we have

θi(t) = C2 e−ζ3t + θ1(t) + 2π(i− 1)�n, (25)

where C2 is a constant.
From Eqs. (24) and (25), we have θi(t) → θ1(t) +

2π(i− 1)�n → 2π(i− 1)�n when t →∞.

Further, it holds that θ2(t) − θ1(t) = θ3(t) −
θ2(t) = · · · = θn(t) − θn−1(t) as t → ∞. Therefore,
φi = 2π�n for all the agents (i = 1, 2, 3, . . . , n) when
t →∞.

Next, we prove that all the agents maintain the
same distance from the leader, namely, ‖ri(∞)‖ = R

for all the agents (i = 1, 2, 3, . . . , n). Solving the differ-
ential equation ‖ṙi(t)‖ = ζ2(R − ‖ri(t)‖) in Eq. (22),
we have

‖ri(t)‖ = C3 e−ζ2t + R, (26)

where C3 is a constant.
Obviously, ‖ri(t)‖ → R when t → ∞, namely,

ri(∞) = R for all the agents (i = 1, 2, 3, . . . , n). Then,
the proof is complete. ¤

Corollary 1 Consider the system of N agents,
in which agents are randomly spaced in the workplace.
Extending the control method, which is used by arbi-
trary agent i(i ≤ n), to all agents from 1 to N , then
each agent from 1 to N will maintain a circle forma-
tion enclosing the target with the other agents who
have the same target.

Proof By using the strategy of choosing a target,
we obtain that each agent can automatically choose its
target. Combining Lemma 2 with Theorem 1, we can
draw the following conclusion: each agent from 1 to
n can maintain a circle formation enclosing the tar-
get. Furthermore, we can extend the control method,
which is used by arbitrary agent i(i ≤ n), to all agents
from 1 to N . The conclusion can be modified as: each
agent from 1 to N will maintain a circle formation
enclosing the target with the other agents which have
the same target. ¤

To avoid collision between agents, we should also
consider the interactions between agents. If the agents
are close-spaced, a repulsive force should act on the
agents, namely, there should no collision between
them. Then we can use the potential function method
to construct a potential field. Under the potential
field, each agent can maintain a safe distance from its
neighbours. Let pij = ‖pi − pj‖ denote the actual dis-
tance between agent i(i ≤ N) and agent j; r∗(r∗ < r)
is the so-called threat distance of the neighbours. The
definition of the interior potential function should sat-
isfy:

(a) the function approaches infinity as pij → 0;
(b) it cuts off at r∗.
Therefore, this differential potential function can

be defined as

Ur
i =

∑

j∈Ni(t)

∫ pij

r∗
E(τ)dτ (27)

with

E(pij) =




−ζ4(pij − r∗)

pij
, pij ∈ (0, r∗],

0, pij ∈ (r∗,∞],

where Ni(t) is the neighbourhood of agent i at time t.
ζ4 > 0 is scaling factor for the interior potential.

Combining with the results in Eq. (20), the dis-
tributed control input of agent i at time t can be de-
signed as follows:

ûi(t) = ui(t) + ur
i (t), (28)
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where

ur
i (t) = −∇pi

Ur
i =

∑

j∈Ni(t)

E(pij)
(pj − pi)

pij
.

Lemma 3[3] Under the control input in Eq. (28),
there is no collision between agents.

Proof The proof is similar to the result in
Ref. [3], and hence omitted.

4. Simulation results

This section presents the simulation studies of the
proposed control scheme on a group of 35 agents and 3
targets. Initially, the targets and agents are randomly
dispersed in the workplace. Once detected by agents,
the targets will immediately move to avoid being cap-
tured by them. Under the control scheme in Section
3, all agents will achieve the required circle formation.
The sampling time is δ = 0.01s and the simulation is
performed for t = 47s. The trajectories and velocities
of the three targets are specified by

p1
t = [3 + 0.06t, 6− 0.06t]T, v1

t = [0.06,−0.06]T;

p2
t = [3 + 0.065t, 7]T, v2

t = [0.065, 0]T;

p3
t = [1, 5 + 0.1t]T, v3

t = [0, 0.01]T.

Some parameters in the simulation are given in
Table 2. The transmission range of each agent is
r = 2.5, and the threat distance of the neighbour is
r∗ = 0.05 m. The initial positions of agents are cho-
sen stochastically from a real white Gaussian noise of
power 2dBW, which can be generated in MATLAB
with the following command: y = wgn(70, 1, 2).

Table 2. Parameters of each target.

target 1 target 2 target 3

ζ1 2 1 1.5

ζ2 3 5 7

ζ3 3 5 5

ζ4 0.5 0.5 0.5

R 0.8 0.6 0.8

n 10 10 15

Figure 4 shows the initial positions of the agents
and targets. After time t0, agents begin to track
the targets while maintaining the desired formations,
which can be seen in Fig. 5. At time t = 47 s, all the
agents have already formed the desired formations, as
illustrated in Fig. 6.

Fig. 4. The initial positions of the agents and targets.

Fig. 5. The positions of the agents and targets at time

t = 11 s.

Fig. 6. The positions of the agents and targets at time

t = 47 s.

From Table 2, we know that each agent should
keep a desired position R with the target at a uni-
formly spaced angle. To show the results more clearly,
we give the position and angle errors in Figs. 7 and 8,
respectively. We define Per(1) =

∥∥pi − p1
t

∥∥−0.8 as the
position error for the agents that belong to target 1,
Per(2) =

∥∥pi − p2
t

∥∥− 0.6 for the agents that belong to

018901-8
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target 2, and Per(3) =
∥∥pi − p3

t

∥∥ − 0.8 for the agents
that belong to target 3. Further, we define Aer(1)
= ‖θi+1 − θi‖−π�5 as the angle errors for the agents
that belong to target 1, Aer(2) = ‖θi+1 − θi‖ − π�5
for target 2, and Aer(3) = ‖θi+1 − θi‖−π�10 for tar-
get 3. Through Figs. 7 and 8, it is obvious that all the
errors approximately converge to zero.

Fig. 7. The position errors for all the agents which belong

to different targets.

Fig. 8. The angle errors for all the agents which belong

to different targets.

To avoid collision between agents, each agent
should maintain a safe distance from its neighbours.
Depicting all the relative distance between any two
agents is a complex task (595 curves should be con-
sidered), so we only show some of them, namely,
i = 1, 6, 12, 18, 24, 30. The relative distances between
these agents are shown in Fig. 9. It is obvious that
there is no collision between agents, because the dis-
tances are all greater than zero.

Fig. 9. The relative distances between the agents (i =

1, 6, 12, 18, 24, 30).

5. Conclusions and future work

We have presented a team of agents that can ac-
complish multi-target pursuit formation by using a de-
veloped leader–follower strategy. The formation infor-
mation is divided into two independent parts, namely,
global and local. The leaders decide the positions of
the desired formations, and agents are used to main-
tain relative positions of the other agents by using the
local information. Then, a numbering strategy and
the distributed control algorithm are proposed. Under
this control scheme, each agent from 1 to N can main-
tain a circle formation enclosing the target with the
other agents which have the same target. Meanwhile,
we also consider the collisions between agents, and the
potential function method is used to guarantee that
there is no collision between agents. Finally, simula-
tion shows the effectiveness of the proposed method.

In this paper, the target assignment is static, i.e.,
each agent will select an invariable target to pursue.
However, as the system evolves, each agent may se-
lect a different target to pursue according to certain
optimal objectives. Separating the tasks of target se-
lection and target enclosure in time may be a more
interesting challenge. Although this paper does not
consider systems with dynamic target assignment, we
will consider this problem in more depth in our future
work.
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