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0 Introduction

As a kind of underwater vehicle without cables,
the Autonomous Underwater Vehicle (AUV) is an im⁃
portant tool for the exploration and development of
marine resources.

AUV is widely used in the military field, such as
anti-submarine warfare, mine warfare, intelligence
reconnaissance, patrol and surveillance, logistics
support, topographic mapping, and underwater con⁃
struction [1-3]. Therefore, all countries in the world are
devoting themselves to the research of advanced
AUV systems to enhance national defense. Many re⁃
search institutes such as the Woods Hole Oceano⁃
graphic Institution, the Monterey Bay Aquarium Re⁃
search Institute and the Ocean Research Center for

Massachusetts Institute of Technology in the United
States have developed a large number of AUVs for
short-term and long-term mine reconnaissance sys⁃
tems. In 1990, the Norwegian Defense Research Es⁃
tablishment formulated a long-term development
plan for AUV, in which the HUGIN series AUV has
been used in the mine-hunting demonstration experi⁃
ments of Royal Norwegian Navy. At the same time,
France and Russia have also carried out a lot of re⁃
search work on military AUV [4].

In the civilian field, AUV is mainly used for ma⁃
rine environmental investigation, seabed mineral and
biological resources exploration, marine rescue, ma⁃
rine archaeology, and construction and maintenance
of submarine cable[5]. With the support of China
Ocean Mineral Resources R&D Association, China
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and Russia jointly developed the CR-01 and CR-02
(6 000 m) AUVs, which can be used to perform
acoustic, optical and hydrological measurement
tasks in the polymetallic nodule mining areas of
deep-sea flat terrain. The US Tesla Offshore has car⁃
ried out the marine pipeline maintenance services
and the mapping of seabed geographical environ⁃
ment by using Bluefin-21 AUV. In 2011, the Mon⁃
terey Bay Aquarium Research Institute in the United
States launched the“Dorado AUV”in the Juan de
Fuca Ridge. The lowest navigation altitude of the
AUV is 50 m above the seabed, and its multi-beam
sonar can accurately map the seabed topography
around the crater [6-7].

In recent decades, in view of the importance of
AUV in civilian and military fields, countries have
made considerable progress in AUV technology [8-10],
and have developed the Multiple Autonomous Under⁃
water Vehicle (MAUV) system based on mission re⁃
quirements.
1 MAUV system

1.1 Progress in application research

Along with the research progress of AUVs, they
have become the underwater autonomous operating
system of performing specified tasks. However, it is
difficult for a single AUV to meet the application re⁃
quirements of some dynamic and complex tasks, re⁃
sulting in the generation of MAUV system [11-13]. In
terms of underwater operation, MAUV system has in⁃
comparable advantages compared with a single AUV
system because of its spatial distribution, high effi⁃
ciency, robustness and flexibility. The core idea of
MAUV system is to form a system with multiple sim⁃
ple AUVs to accomplish a given task by controlling
the coordination and cooperation of each AUV [14– 17].
Currently, the US Space and Naval Warfare Systems
Center has designed a distributed MAUV underwater
monitoring system, and established an underwater
base station to monitor underwater data. On the basis
of intelligent MAUV system, the Deep Sea Engineer⁃
ing and Technology Research Center of Harbin Engi⁃
neering University has also carried out research on
submarine combat environment detection and under⁃
water transportation of large-scale goods [18]. The un⁃
derwater network composed of MAUV can be com⁃
bined with the water network to form an omni-direc⁃
tional and three-dimensional information network,
in which surface warships or buoys can be used as re⁃
lay nodes to connect water and underwater. Because

the underwater information network can be used for
sea area surveillance, intelligence gathering and en⁃
vironmental monitoring in complex or high-risk envi⁃
ronments for a long time [19-22], the MAUV system has
important research significance and application val⁃
ue.
1.2 Progress in scientific research

In order to ensure the smooth completion of vari⁃
ous cooperative control tasks by MAUV, such as
three-dimensional collaborative investigation of un⁃
derwater environment, underwater cooperative
search, underwater cooperative capture and underwa⁃
ter information transmission, it is first necessary to
clarify the path planning of each AUV in the MAUV
cooperative operation system. However, the MAUV
cooperative path planning is a large-scale combina⁃
torial optimization problem with complex constraints.
It is necessary to plan the optimal or near-optimal
path from the starting point to the end point for each
AUV in the system, and then optimize the composite
paths of the whole system through coordination and
combination strategy, further achieving the shortest
total consumption time of system, minimum energy
consumption, minimum turning radius and maximum
acceleration [23-25].

On the other hand, when a certain task is complet⁃
ed through MAUV flocking cooperation, it is general⁃
ly required that multiple AUVs maintain a certain
formation to perform tasks, namely that the relative
spatial distance between the AUV and other AUVs
in the group should be controlled during the naviga⁃
tion to realize the formation control of AUV cluster.
Multiple AUVs in the system will transit from a ran⁃
dom initial state to a stable state that is regular or
meets the design requirements. In the process of
moving, the MAUV cluster not only follows certain
formation constraints, but also adapts to the current
working environment (for example, physical con⁃
straints of obstacles or space), which is quite chal⁃
lenging.
2 Path planning of MAUV

At present, the path planning methods of MAUV
are mainly as follows.

1) Bio-inspired Self-Organizing Map (SOM) algo⁃
rithm.

The bio-inspired SOM algorithm consists of three
steps: First, the winning neurons are selected by cal⁃
culating the Euclidean distance. Secondly, after a
certain neuron wins, a neighborhood function is de⁃

ZHAO R, et al. A review of path planning and cooperative control for MAUV systems 39

downloaded from www.ship-research.com



CHINESE JOURNAL OF SHIP RESEARCH，VOL.13，NO.6，DEC 2018
signed, which determines the influence of input neu⁃
rons on winning neurons and neighboring neurons.
The winning neurons are most affected; the influence
on neighboring neurons is gradually reduced; and
the neurons outside the neighborhood are not affect⁃
ed. The influence determines the weight adjustment
of neighboring neurons in a certain iteration process.
Finally, the AUV reaches the target point by updat⁃
ing the three-dimensional weight vector method [26].

2) Ant colony algorithm.
The ant colony algorithm is proposed by Dorigo,

an Italian scholar. Optimization is realized through
this algorithm by simulating the division and cooper⁃
ation of ant society [27]. The MAUV cooperative path
planning based on ant colony algorithm includes
path optimization and path checking. Before path op⁃
timization, the number of path points to be accessed
by each AUV should be allocated. In order to ensure
that the tasks of each AUV are equal, the access
path points should be allocated as evenly as possi⁃
ble. The order in which each path point is accessed
is realized by the ant colony algorithm, in which the
starting point of a certain AUV, the allocated path
point and its end point are connected to form the
path of the AUV. The same operation can be per⁃
formed on all AUVs to generate the path of MAUV.
If the number n of path points can be exactly divided
by the number m of AUVs, n/m path points will be al⁃
located for each AUV. If n cannot be divided by m,
the remainder will be assigned to each AUV one by
one from the beginning to the end until the allocation
is completed. The length of the path can be obtained
by calculating the distance between all neighboring
path points in the path (including the starting point
and the end point of the AUV), and the total distance
of MAUV can be obtained by summing the path
length of each AUV [28-29].

3) Internal Spiral Coverage (ISC) algorithm.
The ISC algorithm is an online coverage algorithm

based on raster map [30]. In this algorithm, a simple
circular robot is adopted to cover the environment,
and the range sensor (odometer) inside the robot is
assumed to be able to accurately measure the global
coordinates of the robot. In the coverage process, ISC
algorithm is divided into two stages: the boundary ex⁃
ploration stage and the online coverage stage. In the
boundary exploration stage, the robot starts from any
vertex of the environment and moves in a circle
along the boundary of environment on the right side.
The grid of contact sensor on the right side of the ro⁃
bot is assigned the value of 0, indicating that the grid

cannot be covered. The grid passed by the robot is as⁃
signed the value of 1, which means that the grid has
been covered. And the grid on the left side of the ro⁃
bot is assigned the value of 2, indicating the grid to
be covered in the next circle, namely, the coverage
path of online planning. At the end of the boundary
exploration stage, the environmental boundary can
be obtained. At this time, the robot completes a cir⁃
cle of coverage near the boundary, and plans the mo⁃
tion path of the next circle. Then, it enters the online
coverage stage. In the online coverage stage, the ro⁃
bot moves along the continuous grid assigned the val⁃
ue of 2 in the boundary exploration stage, and then
the grid is assigned the value of 1. At the same time,
the unassigned grid on the left side of the robot is as⁃
signed the value of 2. When the second circle of cov⁃
erage is finished, the coverage path of the third cir⁃
cle can be generated. In this way, the robot spirals in⁃
wards to cover all areas. If there is an obstacle inside
the environment, the obstacle will block the planned
path, resulting in discontinuity of the grid assigned
the value of 2. However, the obstacle will be detect⁃
ed by the contact sensor in front of the robot during
the next circle of coverage. The robot will still move
around the obstacle by walking along the boundary
of the object on the right side, and it will return to
the original planning path and continue to cover un⁃
til the grid assigned the value of 2 appears again. For
the common single rectangular environment, the en⁃
vironmental boundary is inwardly spiraled to com⁃
plete coverage through this algorithm [31-33].

4) Particle Swarm Optimization (PSO) algorithm.
In 1995, Kennedy and Eberhart proposed the PSO

algorithm. In the PSO algorithm, a group of random
particles should be initialized, and then these ran⁃
dom particles will follow the current optimal parti⁃
cles to search in the solution space, namely that the
optimal solution is obtained through iteration [34]. Ac⁃
cording to the PSO algorithm, Li et al. [35] proposed a
MAUV cooperative path planning algorithm with par⁃
allel two-layer structure. The algorithm is divided in⁃
to two layers: the main layer and the sub-layer. The
primary task of sub-layer planning is to plan paths
separately for each AUV through PSO algorithm.
Since the starting point, end point and environment
of each AUV in the system are different, the optimal
path for each AUV will be eventually different. The
main task of the main layer planning is to make the
best combination of different AUV paths, so that the
overall cooperative paths of multiple AUVs in the
combination are optimal and have no collision with
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each other. In the process of sub-layer planning,
with the increase of iterations, there will be problems
such as local optimum and slow convergence in the
later stage for the standard PSO algorithm. In order
to solve these problems, firstly, the inertia weighting
factor w and the learning factors c1 and c2 in the
PSO algorithm are dynamically adjusted by adaptive
parameters, and the appropriate evaluation function
for path planning is selected to obtain the optimal
path of each AUV. And then, the MAUV cooperative
optimal path of the whole system should be calculat⁃
ed by using the main layer planning combined with
Differential Evolution (DE) algorithm, namely that
the combined optimal path without collision among
multiple AUVs (between AUV and obstacles, and
among AUVs) and with minimal system consumption
can be obtained through the variation, crossover and
selection of DE algorithm. Finally, the adaptive func⁃
tion is evaluated [36].
3 MAUV flocking cooperation

technology

When performing tasks, each AUV in the MAUV
formation should maintain a certain formation and a
certain space distance from other AUVs in the forma⁃
tion. In terms of MAUV formation control, the forma⁃
tion control methods of mobile robots and surface
ships can be referred to, such as the method based
on leader-follower, the behavior and the virtual
structure [37-38], shown as follows.

1) Behavior-based method.
The behavior-based control method generates the

desired overall behavior by designing the basic be⁃
havior and local control rules of robots. The forma⁃
tion controller consists of a series of behaviors, and
each robot has basic behaviors, each of which has its
own target or task. In general, the behavior of robots
includes collision avoidance, obstacle avoidance,
moving towards the target and maintaining the forma⁃
tion. The collision avoidance means that the collision
among robots is avoided during the movement, and
the obstacle avoidance means that formation robots
avoid encountering obstacles in the dynamic environ⁃
ment. Maintaining the formation is the most basic in⁃
dependent behavior in formation control [39], and mov⁃
ing towards the target is to achieve the pre-specified
state. Balch and Arkin first proposed a behav⁃
ior-based control method, and designed the behavior
controller of maintaining the formation by using two
circular strategies. Cao et al. [40] proposed a control
implementation method for weighted synthesis of

sub-behaviors, namely that the control variables of
each sub-behavior are calculated separately, and
then the integrated control variables are obtained by
weighted averaging.

2) Artificial potential field method.
In terms of the artificial potential field method,

constraints among robots in the environment and for⁃
mation are represented by designing the artificial po⁃
tential field and the potential field function, and the
potential field is constructed through the obstacle re⁃
pulsion force and the target point gravitational force
of robots. The analysis and control are conducted
based on this, and the robot will choose the direction
of motion from the minimum potential valley ob⁃
tained in the plane. The advantages of this method
are that it is simple and easy to control in real time;
especially, it can deal with obstacle avoidance and
collision avoidance of obstacle constraints effective⁃
ly. The disadvantage is that the potential field func⁃
tion is difficult to be designed and there is a local ex⁃
tremum problem. Liang et al. [41] proposed a distribut⁃
ed controller based on the potential field function for
the nonholonomic mobile robots in the obstacle envi⁃
ronment. This distributed controller can ensure that
formation robots achieve the preset formation, while
avoiding collisions with each other and with obsta⁃
cles [42].

3) Leader-follower method.
In terms of the leader-follower method, a certain

robot is designated as the leader in the MAUV forma⁃
tion, and the rest are followers. The followers will
track the position and direction of the robot leader at
a certain interval [43-44]. In this method, one or more
leaders can be designated, but only leaders of a
group formation can be specified. The leader-follow⁃
er method has two types of controllers: l-l controller
and l- ψ controller. The relative position among
three robots is considered in l-l controller. Once the
distance between the follower and two leaders reach⁃
es the set value, the whole formation can be consid⁃
ered to be stable. The goal of l- ψ controller is to
make the distance and relative angle between the fol⁃
lower and the leader reach the set value [45]. Through
the leader-follower formation control method, the for⁃
mation control problem of underwater robots can be
transformed into that of follower tracking the position
and course of the leader through the hydrophone.
Considering the communication or mechanical fail⁃
ure of a robot in the MAUV formation, a formation
fault-tolerant control algorithm is established, which
can automatically re-adjust the formation after the
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robot fails, avoiding the subsequent robots dropping
out, thus realizing the fault-tolerant control of the
formation [46-47].

4) Virtual structure method.
The virtual structure method is mainly applied to

the formation flight control of aircraft and artificial
satellite. In this method, robots can maintain a cer⁃
tain geometric shape with other robots, and the rigid
structure thus formed is called a virtual structure. Al⁃
though the position of each robot relative to the refer⁃
ence system remains unchanged, it can change its di⁃
rection according to a certain degree of freedom. A
certain formation can be formed through MAUV by
using different reference points on the rigid structure
as their respective tracking targets: First, the desired
dynamic characteristics of virtual structure should
be defined. And then, the motion of virtual structure
is transformed into the desired motion of each robot.
Finally, the trajectory tracking control method of ro⁃
bots is obtained [48-50].

5) Model Predictive Control (MPC) method.
Traditional control methods are generally applica⁃

ble to control with clear models and deterministic en⁃
vironments, but the environment in practical applica⁃
tions is generally dynamic and uncertain [51]. Based
on the change of dynamic environment and the uncer⁃
tainty in the process, MPC method repeatedly uses fi⁃
nite optimization results instead of global optimiza⁃
tion results to realize the ideal combination of optimi⁃
zation and feedback and the full utilization of infor⁃
mation. Through online rolling optimization com⁃
bined with feedback correction of real-time informa⁃
tion, optimization at every moment can be carried out
based on the actual process [52].
4 Research prospects

The MAUV system has far-reaching political, eco⁃
nomic and strategic significance to enhance the de⁃
tection ability of marine resources and improve the
defensive ability of marine territory in China [53-54]. At
present, in terms of the path planning and coopera⁃
tive control for MAUV systems, there are mainly fol⁃
lowing research difficulties, which are also the devel⁃
opment direction of follow-up research.

1) MAUV dynamic adaptive technology.
After obtaining the uncertain model of marine en⁃

vironment, we should study how to obtain the overall
optimal performance of underwater vehicle cluster
network through dynamic adaptive formation. The
main research contents include the limited communi⁃
cation in water, the asynchronous transmission of in⁃

formation among the individual vehicles in forma⁃
tion, the adaptive control of MAUV formation net⁃
work, the analysis of the overall performance of
MAUV formation system, and the research of path
planning method for underwater vehicle under opti⁃
mal control [55-56].

In the course of navigation, with the reference
path of global route of offline planning, the path plan⁃
ning in the horizontal direction and the vertical direc⁃
tion can be carried out respectively, and the objec⁃
tive function of online planning can be established.
Taking the linearized lateral motion equation of an
underwater vehicle as the equality constraint, the
Hamilton function is constructed through the mini⁃
mum principle to solve optimal path and achieve the
optimal control of path. At the same time, it is solved
through the differential equations of classical varia⁃
tional extremum conditions combined with the gradi⁃
ent iteration method and the one-dimensional initial
value search method. And then, more accurate and
feasible three-dimensional underwater path can be
obtained.

2) MAUV distributed control technology.
There are certain similarities between MAUV for⁃

mation control and cooperative control of
multi-agents in the field of artificial intelligence.
Multi-agent cooperative control technology can real⁃
ize the functions of fast cluster control [57], traction
control [58], target capture [59-61], formation movement
along a given path [62] and formation control under de⁃
lay constraint [63]. Therefore, how to regard a single
vehicle as a relatively independent agent and draw
lessons from the existing agent cooperative control
method to achieve MAUV cluster formation control
is of great significance for the research. It is notewor⁃
thy that the cooperative mechanism of multi-agent
system is closely related to the group architecture, in⁃
dividual architecture, perception, communication
and learning of the system [64-65].

In order to solve the distributed control problem,
it is necessary to study how to complete their
sub-tasks independently to achieve mutual coopera⁃
tion by using agents, and pay attention to how to coor⁃
dinate their respective knowledge, goals, skills and
plans among multiple agents to take joint action to
solve the problem. While carrying out distributed
control of the MAUV cluster, it can be equipped with
mission sensors and various acoustic devices (for ex⁃
ample, multibeam echo sounder, side-scan sonar,
CTD, ultra-short baseline positioning system, Dop⁃
pler speed log and underwater sound communication
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systems) to quickly and efficiently complete the es⁃
tablished tasks [66-67]. Therefore, based on distributed
control technology, MAUV group behavior control
and cooperative decision-making and management
of multiple vehicles can be realized, and then the co⁃
operative task is completed.
5 Conclusions

At present, MAUV system is an important develop⁃
ment direction of underwater vehicle technology.
Through cooperation and coordination among robots,
MAUV system can not only improve the basic func⁃
tions of each robot, but also further expand intelli⁃
gent behavior in robot interaction. And then, coopera⁃
tive tasks, such as three-dimensional collaborative
investigation of underwater environment, underwater
cooperative search, underwater cooperative capture
and underwater information transmission, can be ac⁃
complished, which are conducive to improve the in⁃
telligence level of underwater vehicles and develop
marine equipment.

In this paper, in terms of the path planning and co⁃
operative control of MAUV system, its practical ap⁃
plication, scientific research progress and key tech⁃
nologies are systematically combed and summarized,
and the subsequent research directions are dis⁃
cussed.
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多自主式水下机器人的路径规划和控制技术
研究综述

赵蕊 1 ，许建 1，向先波 2，徐国华 2

1 中国舰船研究设计中心，湖北 武汉 430064
2 华中科技大学 船舶与海洋工程学院，湖北 武汉 430074

摘 要：自主式水下机器人（AUV）是海洋资源勘探和开发的重要工具，在民用和军用领域都发挥着重要作用。

随着 AUV技术的逐步成熟，通过构建多自主式水下机器人（MAUV）系统，令多个 AUV协作完成水下作业任务

已成为当前的发展趋势。MAUV系统对提高水下机器人的智能化水平及发展海洋化装备具有重要的理论研究

意义和实用价值。介绍目前MAUV系统的应用现状和科研进展，并对MAUV协同路径规划和集群协同控制技

术等研究热点进行系统化梳理，着重分析人工智能优化和编队协同的关键技术。最后，对MAUV系统未来的发

展方向进行展望。

关键词：多自主式水下机器人系统；路径规划；集群协同；编队控制

ZHAO R, et al. A review of path planning and cooperative control for MAUV systems 45

downloaded from www.ship-research.com




