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a  b  s  t  r  a  c  t

Coordinated  path  planning  for  multiple  unmanned  aerial  vehicles  (multi-UAVs)  is  a  highly  significant
problem  encountered  in their  coordinated  control.  In  the  interests  of completing  mission  securely  and
efficiently,  the  advanced  multi-UAVs  control  technology  requires  a universal  smoothing  method  as  well  as
a precise  coordination  strategy.  In  this  paper,  we  propose  a novel  multi-UAVs  coordinated  path  planning
method  based  on  the  k-degree  smoothing,  a more  complex  environment  consists  of  multiple  threat
sources  of  which  is  constructed.  By  employing  the  Improved  Ant  Colony  Optimization  algorithm,  a  k-
degree  smoothing  method  is  also  presented  aiming  at obtaining  a more  flyable  path.  Additionally,  the
multi-UAVs  coordination  algorithm  is  induced  by  k-degree  smoothing,  allowing  the UAVs  to  arrive  at
the  destination  simultaneously  or in  an  acceptable  time  interval.  Finally,  simulations  of the  comparison
between  the  Improved  Ant  Colony  Optimization  and classic  algorithm,  the  detailed  smoothing  method,
and  the  coordination  are  respectively  conducted  to validate  that  the  proposed  approach  is  feasible  and
effective  in  multi-UAVs  coordinated  path  planning  problems.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Unmanned aerial vehicles (UAVs), the key to success for quan-
tities of unmanned missions, have been widely applied in military
and civilian fields, e.g., modern warfare, search and rescue under
disaster circumstances, and weather monitoring, thanks to their
low cost, strong viability and excellent maneuverability [1]. More
than 70 percent of the UAVs are used for military purposes, e.g.,
battlefield reconnaissance and surveillance, positioning and fire,
and damage assessment. They could also be employed for civilian
applications, especially for border patrol, environment exploration,
aerial photography, resource exploration, disaster monitoring and
so on [2]. UAVs work in dangerous environments, and it is always
important to keep their trajectories away from any type of threats
and restricted areas. Therefore, the best routes are what minimize
the risk of destruction of the UAVs, optimize some other planning
criteria, and fulfill all the constraints which are imposed by the
proposed mission, the physical characteristics of the UAVs, and the
environment.

Seeking the optimal solution to trajectory planning for UAVs
has been an active research area over the past few years. Roberge
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et al. [3] proposed Genetic Algorithm (GA) and Particle Swarm
Optimization (PSO) algorithm to reduce the complexity of the
path planning problem for UAV in a complex 3D environment. By
appropriately formulating of a partially observable Markov deci-
sion processes (POMDPs) based algorithm action space, transition
law, and objective function, UAV could be guided for tracking mul-
tiple ground targets [4]. [5] formulated the global route planning
problem for the unmanned aerial vehicles (UAVs) as a constrained
optimization problem in the three-dimensional environment and
proposed an improved constrained differential evolution (DE) algo-
rithm to generate an optimal feasible route. Additionally, artificial
bee colony algorithm combined with evolutionary programming
[6], fuzzy quadtree framework [7], improved travelling salesman
problem algorithm [8], and modified pulse-coupled neural network
model [9] are also applied to the intelligent agent’s path planning
problems. There are other algorithms utilized to solve similar opti-
mization problems, see [10–13].

However, single agent is limited by its capacity and load, which
makes it unable to complete complex tasks. Multiple agents coor-
dination, taking a collaborative approach to achieve a mission, is
possible to solve this issue. Gu et al. [14] proposed a new active
persistent localization (APL) scheme for a moving target using a
multiple-robot system, in order to obtain more accurate and robust
localization results. In terms of the trajectory coordination of multi-
ple mobile robots transportation problem, Michal et al. [15] revised
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the classical prioritized planning and made an asynchronous decen-
tralized variant of both classical and revised prioritized planning,
which can find solutions much faster in large multi-robot teams. A
co-evolutionary improved genetic algorithm (CIGA) for global path
planning of multiple mobile robots was addressed in [16], which
employed a co-evolution mechanism together with an improved
genetic algorithm (GA). Sujit et al. [17] presented a multi-UAVs
coordinated path planning method by selecting a path from the
feasible set of safe paths in coordination with other UAVs using
a dynamic leader approach to cover the entire unknown region.
An integrated multiple autonomous underwater vehicle (AUV)
dynamic task assignment and path planning algorithm was  pro-
posed for a 3-D underwater workspace with a variable ocean
current in [18] by combing the improved self-organizing map
(SOM) neural network and a novel velocity synthesis approach. To
maximize the collected information, another algorithm was illus-
trated in [19] for multiple Unmanned Air Vehicles (UAVs) path
planning in 3D environment, by introducing a novel evolutionary
operator in Genetic Algorithm and the utilization of mTSP. Addi-
tionally, Voronoi spatial partitioning is often utilized for multiple
agents environment modeling when performing certain tasks as
it can be constructed expediently, based on which the terminal
eligible path is obtained, as described in [20–22].

In this paper, we propose a novel coordinated path planning
algorithm for multi-UAVs under Voronoi environment. Different
from traditional Voronoi based path planning issues focusing on
single threat in the environment, we take into account multiple
threats, e.g., radar threat, terrain threat, missile threat, and differ-
ent treatments are adopted for corresponding threats to simulate
the actual battlefield in our environment modeling. Given the fly-
able capacity, an Improved Ant Colony Optimization algorithm
(IACO) the heuristic information function and pheromone update
method of which are redefined is applied to multi-UAVs initial
path planning, and to deal with the trajectory smoothing problem,
we creatively introduce a k-degree smoothing method. Addition-
ally, considering that the existed methods are inefficient in solving
the coordination problem, we propose the multi-UAVs coordinated
path planning algorithm, ensuring the smoothness of the trajecto-
ries and multi-UAVs to reach the targets simultaneously (strong
coordination) or with an acceptable time interval (weak coordina-
tion) and can be effectively applied to real time cooperative tasks.

This paper is organized as follows. Section 2 is devoted to
the environment modeling in terms of Voronoi diagram and the
weights set of Voronoi edges. The detailed presentation of initial
path obtained by the Improved Ant Colony Optimization algorithm,
k-degree smoothing, and the coordination strategy are illustrated
in Section 3. Several simulation experiments are conducted to con-
firm the high performance of the proposed algorithm in Section 4.
Conclusions and outlooks are drawn in the last section.

2. Environment modeling

Generally, previous works mainly considered about the length
cost, as well as the threat of terrain factor and radar for the Voronoi
diagram, and there is no difference in the treatment between ter-
rain factor and radar cost, making the assessment of threat sources
in the environment highly limited.

In this paper, we take into account not only the factors of length,
terrain and radar, but also the threat of enemy missiles. Differ-
ent treatments are employed for different types of threat sources
to determine the cost of Voronoi edges. Visually, an illustration
regarding multiple factors based on Voronoi diagram is displayed
in Fig. 1.

In order to clearly illustrate multiple UAVs cooperatively path
planning problem, some assumptions are given firstly:

Fig. 1. Environment modeling of the battlefield: R denotes the radar threat with
detection ability, T denotes the constant terrain factor, M is the adversary missile
with strike capability, the dotted line is generated by the Voronoi method.

(1) All the UAVs are located at different unique altitudes, hence
there is no need for collision avoidance, and the path planning
is simplified to operate in two-dimensional space.

(2) The UAVs fly with a constant rate, and the communication
among them is reliable.

(3) The threat sources are treated as particles and generating ver-
tices in Voronoi diagram.

As shown in Fig. 1, we  denote the threat along edge (i, j) in the
Voronoi diagram as

Jij = a

Nr∑
n=1

Jij,r(n) + b

Nt∑
n=1

Jij,t(n) + c

Nm∑
n=1

Jij,m(n) + dJij,l, (1)

where a, b, c, and d are constant and fulfill that a + b + c + d = 1; Nr, Nt

and Nm denote, respectively, the number of radars, terrain obstacles
and guided missiles; Jij,r(n), Jij,t(n), and Jij,m(n) are expressed as the
nth threat to edge (i, j) from radars, terrain obstacles, and guided
missiles, respectively; Jij,l represents the fuel cost of edge (i, j), which
can be defined as:

Jij,r(n)-Radar threat: due to that the UAVs can be detected by the
enemy radar, we  take the radar transmit power as a threat level and
denote the radar threat to UAVs by

Jij,r(n) =
∫ lij

V

0

Qn

R4
n(t)

dt, (2)

where V is the velocity of the UAV, lij is the length of edge (i, j), Rn(t)
is the distance between the UAV and the nth radar at time t, and Qn

is the detecting power of nth radar expressed as

Q = PtGAe�

(4�)2R4
, (3)

where Pt is power of the transmitter, G is gain of the antenna, Ae is
the effective acreage of the antenna, � is section acreage of radar
and R is the distance from radar to object.

A computationally more efficient and acceptably accurate
approximation to the exact solution is to calculate the threat cost
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