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Abstract—This paper presents a collision-free navigation
control algorithm for a fleet of mobile robots to traverse an
unknown obstacle-ridden environment. The proposed leader–
follower-based navigation rule guarantees that the robots
maintain the minimum-allowed distance from the obstacles
while in motion. In this algorithm, the leader plans the safest
path based on the information received in each switching
period, which results in fewer computations and fast motion.
Computer simulation performed confirms the reliability and
robustness of the proposed algorithm. 

collisions among teammates as well as with any obstacle in
the region.
In this method, the leader collects the information with
its onboard sensors from the region and transmits the
information to its closest neighbor. It becomes the duty of
each teammate to continuously transfer the received
information to the closest neighbor in a single-strand chain
communication network.
The leader measures the distance between the obstacle
and itself in a finite number of directions [15] and updates
its heading toward the safest path, which is the one that
satisfies the minimum-allowed distance criterion from the
obstacle. Every teammate updates its heading based on the
information received from its closest neighbor through the
single-strand chain communication network. Consequently,
the need for continuous measurement and computation of
distance, velocity, or repulsive force are not required.
The position estimation switching algorithm is presented
in [16]. The validity and robustness of the proposed method
was confirmed via mathematical analysis and simulation.
The simplicity of the computation involved results in the
method being practical; however, it works only when there
is a single obstacle in the region of interest. We provide a
rigorous mathematical analysis of the proposed algorithm
with a proof of states. Furthermore, the computer simulation
performed confirms the validity and reliability of the
proposed algorithm.
The remaining part of this paper is organized as follows:
Section II gives a brief explanation of the related works; in
Section III, we present the problem formulation and
mathematical analysis; Section IV presents simulation and
results; and finally, Section V presents a brief conclusion.

Index Terms—navigation, mobile robot, obstacle avoidance,
decision-making algorithm, coverage control

I.

INTRODUCTION

Multi-robot networks have been increasingly utilized in
fields with complicated situations, such as military, security
and surveillance, agriculture, healthcare, and hazardous and
toxic environments [1], [2], [3], [4]. A robust and reliable
formation control strategy and path planning of a mobile
robot network is required for leading a team of mobile
robots to find the safest path, while avoiding collisions
among the robots as well as between a robot and any
obstacles in the area [5], [6].
There are two general categories of path-planning and
formation control strategy, namely, global and local
formation control strategies. Global formation control
strategy is derived from the prior information of the region,
whereas local formation control strategy denotes path
planning based on real-time information provided by the
onboard sensors in the area of interest [7]. Researchers have
proposed different formation and path-planning control
strategies such as the biological-reaction control method [8],
[9], the leader–follower strategy [10], [11], the swarm and
flocking algorithm [12], [13], and the behavior-based
control strategy [14].
In this work, we propose a leader–follower-based
formation control algorithm for a group of mobile robots,
wherein the robots are required to form a line for avoiding

II.

Virtual structure strategy was applied previously [17] to
propose an algorithm that can be used to navigate a multirobot team in a bounded region. The result confirms the
robustness of the proposed algorithm. However, this
algorithm requires continuous measurement to establish a
robust relationship between the robots.
A behavioral structure was proposed previously [18],
[19], [20] for obstacle avoidance. The model assigns a
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smoothly within a region, avoiding static convex obstacles
and collision among teammates. The navigation algorithm
follows a leader–follower pattern, implying that the team
leader finds the safest path based on the proposed
navigation law and the rest of the teammates follow the path
planned by the leader.

control strategy to each team member to maintain its
heading in alignment with the orientation of the field’s
vector. In this algorithm, each agent needs to be prescribed
a desired behavior to avoid obstacles. Furthermore, the
control algorithm ignores the collision among robots. An
artificial potential field algorithm was proposed previously
[21] and [22], wherein each obstacle is considered a source
of repulsive force whereas the target is considered a source
of attractive force. An advantage of this algorithm is that its
mathematical model is simple. However, the difficulty in
identifying the repulsive force is a disadvantage of this
method. A mixed-integer linear-programming-based control
algorithm to ensure successful obstacle avoidance was
proposed [23]; however, the nondeterministic polynomialtime problem that is used to find a safe path causes the
computational complexity to be high.
A mathematically rigorous navigation strategy was
proposed by Matveev et al. [24], [25]. Despite the
navigation model being feasible, it requires predetermining
the distance for each vehicle rather than the entire multirobot team.
III.

C. Structure of the Navigation Algorithm
The robots are assumed to be initially distributed
randomly within the area. The first step is to line up the
team members in a queue in order of distance 𝜂𝑖 between it
and its closest neighbor with respect to the leader.
Each team member is supposed to update their heading
and next position at time t with reference to the agent
immediately ahead of it. Obviously, the robots’ motion has
the Markov property as it depends only on the current time.
Each robot detects any object in the region within its
sensing range within a radius R. For the sake of simplicity,
we considered the sensing range of the robot as a perfect
disk shape; however, the hardware and the environmental
factors result in an imperfect disk shape in reality [26].
Assumption 1: We suppose that a team of multi-robot 𝑥𝑟𝑖 ,
where 𝑖 = 1,2, … , 𝑛, were randomly deployed in the area of
interest. We allocate index 1 to the team leader, 𝑥𝑟1 , that is
𝑗∗
located at point 𝑝𝑟1 . We consider a point 𝑝𝑘 ∗ in the outer
face of the obstacle 𝑗 ∗ ∈ 𝑗, where

PROBLEM FORMULATION

In this section, we present the dynamic model of the
robot and the algorithm for a safe navigation in an unknown
area with several multiple convex obstacles.

𝑗∗

𝑣𝑚𝑖𝑛 < 𝑣𝑖 (𝑡) < 𝑣𝑚𝑎𝑥

𝑂𝑗

𝑂𝑗

(3)

In Equation (3), 𝑘 denotes a set of finite numbers of all
visible points of the outer face of the obstacles to the
sensors at time 𝑡.
We define a set of angles 𝛤 = (𝛾1 , 𝛾2 , … , 𝛾𝑚 ), each
subtended by the maximum visible curve lies between
j
j
points 𝓅1 , 𝓅2 of each obstacle to the team leader. Then, we
j
j
define two lines ℓ1 and ℓ2 from the point 𝑝𝑟1 of the leader
j
j
to the points 𝓅1 , 𝓅2 of each obstacle as follows:

(1)

Then, we define a controlled variable 𝑈𝑖 that is a function
of robots’ polar angles and the distances of the robots with
the obstacles at time 𝑡:
𝑈𝑖 = [𝐷𝑟,𝑡 , 𝛩𝑟,𝑡 ]

𝑗

𝑑𝑖𝑠𝑡 (𝑝𝑟1 , 𝑝𝑘 ∗ ) = inf (𝑑𝑖𝑠𝑡(𝑝𝑟𝑖|𝑖≠1 , 𝑝𝑘 )) , 𝑘 ∗ ∈ 𝑘

A. Dynamic Model of Sensors
We consider 𝑥𝑖 (𝑡), 𝑦𝑖 (𝑡) as the Cartesian coordinates and
(𝑡)
𝜃𝑖
as the polar angle of the robot i in the plane. The
heading 𝜃𝑖 (𝑡) ∈ (0,2𝜋] is measured in an anti-clockwise
direction along the x axis of a reference frame that is
attached to the robot leader. Furthermore, 𝑣𝑖 (𝑡) and 𝜔𝑖 (𝑡)
stand for the linear velocity and angular velocity of the
robot i, respectively. The following condition must be
satisfied:

𝑗

𝑗

ℓ1 = 𝑖𝑛𝑓(∥ 𝑝𝑟1 − 𝓅1 ∥)
{ ℓ𝑗 = 𝑖𝑛𝑓(∥ 𝑝 − 𝓅 𝑗 ∥) ∀ 𝑗 = 1,2, … , 𝑚
𝑟1

2

2

and

(2)

𝑗′ 𝑗"

∢ℓ2 ℓ1 = 𝛾𝑚′ 𝑓𝑜𝑟 𝛾𝑚′ ∈ 𝛤, 𝑚′ = 1,2, … , 𝑚

𝑂

where 𝐷𝑟,𝑡𝑗 denotes a set of all measured Euclidean
𝑂𝑗
𝛩𝑟,𝑡

(5)

distances between all agents and the obstacles and
denotes a set of headings concerning the obstacles conveyed
by the leader to its closest neighbor, which in turn
communicates the same to the closest neighbor in a singlestrand chain communication network along the x axis.

The points 𝓅1 , 𝓅2 are assumed to be connected by a line
ℒ1j , which holds the following condition:

B. Navigation Algorithm
The main objective of this study is to develop a robust
and reliable algorithm for a team of mobile robots to move

and the set of lines (ℒ2𝑗 , ℒ3𝑗 ) are perpendicular to ℒ1𝑗 as
follows:
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j

j

𝑗

𝑗

ℒ1𝑗 = 𝑖𝑛𝑓 (∥ 𝓅1 − 𝓅2 ∥)

2

(6)
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̅̅̅̅
ℒ2𝑗 = 𝜀 𝑎𝑛𝑑 ̅̅̅̅
ℒ3𝑗 = 2𝜀

1
ℒ̃𝑖 = √ℒ1𝑗 ′ 2 + ℒ1𝑗 " 2 + 2ℒ1𝑗 ′ ℒ1𝑗 " 𝑐𝑜𝑠(𝛼1 + 𝛼2 )

𝑗
ℒ2𝑗 ⊥ ℒ1𝑗 𝑎𝑡 𝓅3 𝜖ℒ1𝑗
𝑗
ℒ3𝑗 ⊥ ℒ1𝑗 𝑎𝑡 𝓅2 𝜖ℒ1𝑗
𝑗

𝑗

𝑗

2

and the length of ℓ̃𝑖 as follows:

(7)
ℒ1𝑗
⁄
2

𝑗

{𝑑𝑖𝑠𝑡(𝓅1 , 𝓅3 ) = 𝑑𝑖𝑠𝑡(𝓅2 , 𝓅3 ) =

ℒ1𝑗′ ℒ1𝑗"
,
)
2
2

ℓ̃𝑖 = 𝑖𝑛𝑓 (

As shown in Fig. 1, ℒ1𝑗 , ℒ3𝑗 ,and ℒ4𝑗 represent the catheti
𝑗 𝑗 𝑗
and the hypotenuse of the right-angle triangle ⊿𝓅1 𝓅2 𝓅5 ,
where
𝛼𝑗 = 𝑡𝑎𝑛 −1

ℒ3𝑗

12

23

Definition 1: We consider 𝔇 = (𝑑 , 𝑑 , … , 𝑑

(𝑚−1) 𝑚

𝑗′
𝓅1 and

𝑗′

2𝑟

≫ 1+𝜀

In Equation (14), 𝜇0 represents the tolerance of allowed
distance result from the measurement error.

)

𝑗"
𝓅3

Proof: As shown Fig. 2, if the robot moves from location
𝑗′

𝒪1 to the location 𝒪3 , with the heading 𝛼1 based on ℓ1 and
ℒ1𝑗′

, the distance between the robot and the
the length of
2
′
obstacle 𝑗 is more than 𝜀. In the same way, if the leader
moves to the location 𝒪4 with the heading 𝛿𝑗 ′𝑗 " − 𝛼2 based

(9)

ℒ "
1𝑗

𝑗′

, the minimum-allowed distance
on ℓ1 and the length
2
between the robot and the obstacle j" would be satisfied.

Equation (10) shows that the leader has different options
to choose from when 𝑚 > 2 , which leads to more
computation, more energy consumption, and bewilderment
̃
̃
unless the leader chooses a 𝑑 (𝑘−1) 𝑘 , which satisfies the
following condition:
̃

𝑗"

𝑗′

𝑖𝑛𝑓 (𝑑𝑖𝑠𝑡 (𝑝𝑟1 , 𝑝𝑘 ∗ ) |𝒪2 , 𝑑𝑖𝑠𝑡 (𝑝𝑟1 , 𝑝𝑘 ∗∗ ) |𝒪2 ) ≥ 𝜀 − 𝜇0 . (13)

as a set of all minimum distances between the
of any two obstacles 𝑗 ′ and 𝑗 " in anti-clockwise direction.
The robots can traverse between any two obstacles within a
distance 𝑑 (𝑘−1) 𝑘 ∈ 𝔇𝑒 ⊆ 𝔇 if and only if
𝑑 (𝑘−1)𝑘

(12)

Based on the ℓ1 , which is considered as the x axis of the
attached
frame
to
the
leader
robot,

(8)

ℒ1𝑗

𝑗"

𝑗′
The vector ⃗⃗⃗
ℒ̃𝑖 denotes the resultant vector of 𝑙𝑖 and

𝑙𝑖 (see Fig. 2).

̃

𝑑 (𝑘−1) 𝑘 = 𝑠𝑢𝑝(𝑑 (𝑘−1)𝑘 ∈ 𝔇𝑒 ), 𝑘 = 1,2, … , 𝑚 (10)
𝑦 𝑎𝑥𝑖𝑠

ℒ1𝑗

"

𝑗"
𝛼2

𝑗"

𝓅2

𝑖

′

𝛼1

𝑗′
𝑗′

𝓅2

′

ℒ1 𝑗

𝒪1

𝓅𝟓 ℒ ′
3𝑗

𝑗

′

𝛽1 𝑖

ℒ2𝑗 ′ 𝓅𝟑𝑗

𝒪3
𝛼1

𝑗′

𝑗′
ℓ1

𝛼2

ℒ4𝑗 ′

𝒪4

𝛼𝑗 ℒ1𝑗 ′

𝑗′

𝓅𝟒

ℓ1

𝑥𝑟1

𝑥 𝑎𝑥 𝑠

𝑗′

𝓅1

𝒪2

𝑗′

ℓ2

𝛾𝑚 ′

𝜀

Figure 1. Measuring distances by the leader.

Proposition 1: If the robot 𝑥𝑟1 starts moving from the
location 𝒪1 toward the location 𝒪2 with two obstacles 𝑗 ′ and
𝑗′

𝑗"

𝑗 " in between, where (𝑝𝑟1 , 𝑝𝑘 ∗ ) |𝒪1 < 𝑑𝑖𝑠𝑡 (𝑝𝑟1 , 𝑝𝑘 ∗∗ ) |𝒪1 in
the direction of the vector ⃗⃗⃗
ℒ̃ as in

Figure 2. Computation of the switching position.

𝑖
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Consequently, we find the angle 𝛽1𝑖 while Equation (10)
holds:
𝛽1𝑖 = 𝑡𝑎𝑛−1 (

ℒ1𝑗′ 𝑠𝑖𝑛 𝛼1 +ℒ " 𝑠𝑖𝑛 𝛼2
1𝑗
ℒ1𝑗′ 𝑐𝑜𝑠 𝛼1 +ℒ1𝑗" 𝑐𝑜𝑠 𝛼2

);

(14)

therefore,
𝛼1 ≤ 𝛽1𝑖 ≤ 𝛿𝑗 ′ 𝑗 " − 𝛼2

(15)

and Equation (12) guarantees that the leader would settle
at location 𝒪2 while satisfying Equation (13).
Since the safest path is planned by the leader, each
teammate updates its own heading and distance based on
the information received from the robot preceding it to
avoid any consequent collision. The algorithm for
performing the updates for each follower is defined as
follows:

Figure 3.

Obstacle avoidance by the team of mobile robots.

12

𝑦(𝑘−1)𝑖 −𝑦𝑘𝑖

𝛽𝑘𝑖 = 𝑡𝑎𝑛−1 (

𝑥(𝑘−1)𝑖 −𝑥𝑘𝑖

)

(16)

Furthermore, each robot updates the maximum specified
distance between its current position and the position of the
robot ahead using
𝑑𝑖𝑠𝑡𝑘𝑖 (𝑥𝑘𝑟 , 𝑥(𝑘+1)𝑟 ) =∥ 𝒪(𝑘−1)𝑖 − 𝒪𝑘𝑖 ∥
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Figure 4. Distance of the leader and the obstacles (𝑚 × 10−1 ).

SIMULATION AND DISCUSSION

Fig. 3 shows how the multi-robot team moves in the
region while avoiding the obstacles. We consider a team of
5 pointwise robots and the first robot assigned is regarded
as the leader of the group.
The tolerance is considered as 𝜇0 = 0.1𝜀. where 𝜀 =
0.1 meters. Obviously, the leader can choose the safest path
in the area by applying the navigation rules (11) and (12);
other teammates can as well do same by following the
leader.
Furthermore, it is not possible to experience collision
when the agents update their heading and distances based
on the updating rules (16) and (17).
In Fig. 4, each graph represents the distance between the
leader and each obstacle in the region. As Fig. 4 confirms,
the distance between the leader and the obstacles never
exceeded the minimum-allowed distance except in step 11,
wherein a difference of 0.08 meters is an acceptable
tolerance value for 𝜇0 .
According to Table I, the robots update their headings
and distances in just 11 switching steps in a non-continuous
manner that results in a fast motion. Furthermore, the leader
has the minimum distance from the obstacle 2 in switching
step 11, which is 0.82 𝑚 × 10−1 ; it satisfies rule (14) and
confirms the validity and reliability of the developed
algorithm for avoiding multiple obstacles in a region by a
team of multiple robots.
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(17)

where the index 𝑘 denotes the number of robots while the
index 𝑖 denotes the permutation of each robot at each step.
IV.

Obstacle 1
Mean Value of Distances
Obstacle 2
Obstacle 3
Minimum
Allowed Distance

10

TABLE I. DISTANCES FROM THE OBSTACLES IN EACH SWITCHING STEPS
(𝑚 × 10−1 )
Switching
steps
1
2
3
4
5
6
7
8
9
10
11

Distance from
Obstacle 1
11.68
11.25
10.71
9.94
8.74
7.09
5.19
3.41
1.77
1.37
1.32

V.

Distance from
Obstacle 2
4.33
3.84
3.34
2.84
2.39
2.08
1.76
1.77
1.99
1.13
0.82

Distance from
Obstacle 3
2.19
2.1
2.01
1.85
1.58
1.32
1.41
1.56
1.83
3.18
4.48

CONCLUSION

In this study, we considered a group of robots in a region
occupied by convex obstacles. The obstacles were assumed
to be smooth and static. The mission of the team of mobile
robots was to traverse the area while avoiding the obstacles.
We developed a novel algorithm based on the leader–
follower concept, wherein the leader is the only agent that
plans the safest path and navigates the other team members
around the area of interest in just a few switching steps.
Each follower needs to update its heading and distance
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input constraints,” Automatica, vol. 44, no. 5, pp. 1343–1349, 2008.
[11] H. G. Tanner, G. J. Pappas, and V. Kumar, “Leader-to-formation
stability,” IEEE Trans. Robot. Autom., vol. 20, no. 3, pp. 443–455,
2004.
[12] X. Chen, M. Wu, and Y. Li, “Formation control based on adaptive
NN with time-varying interaction among robots,” in Proc. the 27th
Chinese Control Conference, CCC, 2008, pp. 341–345.
[13] R. Olfati-Saber, “Flocking for multi-agent dynamic systems:
Algorithms and theory,” IEEE Trans. Automat. Contr., vol. 51, no. 3,
pp. 401–420, 2006.
[14] T. Balch and R. C. Arkin, “Behavior-based formation control for
multirobot teams,” IEEE Trans. Robot. Autom., vol. 14, no. 6, pp.
926–939, 1998.
[15] M. Hoy, A. S. Matveev, and A. V Savkin, “Algorithms for collisionfree navigation of mobile robots in complex cluttered environments:
A survey,” Robotica, vol. 33, no. 3, pp. 463–497, 2015.
[16] A. Marzoughi, “A decentralized position estimation switching
algorithm to avoid a convex obstacle,” in Proc. Control Conference
(CCC), 2017 36th Chinese, 2017.
[17] R. W. Beard, J. Lawton, and F. Y. Hadaegh, “A coordination
architecture for spacecraft formation control control,” IEEE Trans.
Control Syst. Technol., vol. 9, no. 6, pp. 777–790, 2001.
[18] H. Rezaee and F. Abdollahi, “Motion synchronization in unmanned
aircrafts formation control with communication delays,” Commun.
Nonlinear Sci. Numer. Simul., vol. 18, no. 3, pp. 744–756, 2013.
[19] H. Rezaee and F. Abdollahi, “Mobile robots cooperative control and
obstacle avoidance using potential field,” in Proc. 2011 IEEE/ASME
International Conference on Advanced Intelligent Mechatronics
(AIM), 2011, pp. 61–66.
[20] F. Arrichiello, S. Chiaverini, G. Indiveri, and P. Pedone, “The nullspace based behavioral control for a team of cooperative mobile
robots with actuator saturations,” in 2009 IEEE/RSJ International
Conference on Intelligent Robots and Systems, 2009, pp. 5911–5916.
[21] O. Khatib, “Real-time obstacle avoidance for manipulators and
mobile robots,” Int. J. Rob. Res., vol. 5, no. 1, pp. 90–98, 1986.
[22] O. Montiel, U. Orozco-Rosas, and R. Sepúlveda, “Path planning for
mobile robots using bacterial potential field for avoiding static and
dynamic obstacles,” Expert Syst. Appl., vol. 42, no. 12, pp. 5177–
5191, 2015.
[23] M. G. Earl and R. D’Andrea, “Iterative MILP methods for vehiclecontrol problems,” IEEE Trans. Robot., vol. 21, no. 6, pp. 1158–
1167, 2005.
[24] A. S. Matveev, H. Teimoori, and A. V Savkin, “A method for
guidance and control of an autonomous vehicle in problems of
border patrolling and obstacle avoidance,” Automatica, vol. 47, no.
3, pp. 515–524, Mar. 2011.
[25] A. S. Matveev, C. Wang, and A. V. Savkin, “Real-time navigation
of mobile robots in problems of border patrolling and avoiding
collisions with moving and deforming obstacles,” Rob. Auton. Syst.,
vol. 60, no. 6, pp. 769–788, 2012.
[26] T. Liu and Z. P. Jiang, “Distributed formation control of
nonholonomic mobile robots without global position measurements,”
Automatica, vol. 49, no. 2, pp. 592–600, 2013.

based on the information received from its nearest
neighbour.
Both mathematical analysis and simulation results
confirm the robustness and validity of the proposed
algorithm. As discussed in Section IV, the navigation rules
(12) and (13) guarantee that the multi-robot team moved
through the path that was planned by the leader while
avoiding static obstacles in the region with minimum
computation. Furthermore, updating rules (17) and (18)
ensure a collision-free motion by the team members.
Future work would focus on performing this study in a
dynamic non-convex environment. Furthermore, according
to the structure of the proposed algorithm, information
gathering, data processing, and path planning take place at
distinct time intervals by the leader, which communicates
relevant information to other team members. As a result,
sensors and the processors do not need to perform data
capturing and processing continuously, thus resulting in
energy saving by the multi-robot team: this can also be
considered potential future work.
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