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Abstract: Efficient motion planning of multiple unmanned surface vehicles (USVs) in a
dynamic maritime environment is an important requirement for increasing mission efficiency
and achieving motion goals. The current study integrates two approaches of intelligent path
planning and virtual target path following guidance for multi-agent USV framework to perform
a coordinated and cooperative navigation of USVs in a constrained maritime environment. In the
current study, a safety distance constrained A* approach produces an optimal, computationally
efficient and collision free path which is later smoothed using a spline to provide an optimal
trajectory as input for virtual target based multi-agent guidance framework to navigate multiple
USVs. The virtual target approach provides a robust methodology of global and local collision
avoidance based on known positions of vehicles. The combined approach is evaluated with
the different number of USVs and in different environmental scenarios to understand the
effectiveness of approach from the perspective of practicality, safety and robustness.
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1. INTRODUCTION

Motivated by the increased presence of autonomous
agents, research organizations and industrial firms are
putting their effort in the development of unmanned vehi-
cles, able to operate autonomously in the marine environ-
ment. Current state of high-performance marine vehicles
operating in marine environment, which were once just a
figment of our imagination as a prototype tool, are consol-
idated reality of today’s maritime framework, employed
in the most diverse array of applications ranging from
reconnaissance in hostile areas to operations in dangerous
weather conditions to name a few.
A substantial research has been conducted in the last two
decade towards increasing autonomy of the USVs, being
the basis of the near-future autonomous ships. Moreover, a
step further in the development of autonomous systems is
the capability of operating in a team, so as to improve the
overall system performance in terms of cost and safety.
With this final objective of allowing a multi-USV agent
team to navigate autonomously within a commercial route
such as coastal area or an harbour, a number of problems
have to be solved in order to provide the essential capabil-
ities to the system to operate in an autonomous and safe
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manner.
The first need is the realization of a path planning
system, capable of computing an optimal route within
a constrained maritime environment in a computation-
ally effective manner. Towards optimal path planning of
USVs, evolutionary approaches such as Ant Colony Al-
gorithm (ACO) (Song, 2014) or Particle Swarm Optimi-
sation (PSO) (Song et al., 2015) and grid-based heuris-
tic approaches (Casalino et al., 2009; Singh et al., 2017)
have been adopted in the literature. Traditionally, grid-
based search techniques have been found most efficient
in generating path in fastest computation time, which is
an important on-board requirement for real time USV
operations (Mohanty and Parhi, 2013). Many studies have
been conducted on the subject of grid based path planning
in the area of USVs from different perspectives of collision
avoidance, heading constraint,environmental disturbances
and energy consumption (Kim et al., 2012, 2014; Lee et al.,
2015; Svec et al., 2011). In the present context of autonomy
required in the marine environment, autonomous naviga-
tion of USVs in a practical marine environment needs to
be cognizable of three important issues, namely, safety,
reliability of the mission and likelihood of the success
(Statheros et al., 2008).
The navigation within common commercial routes requires
the compliance with the International Regulations for Pre-
venting Collisions at Sea (COLREGs) suggested by In-
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ternational Maritime Organization (IMO) (IMO, 1988).A
notable review comprising of research conducted in the
past decades towards path planning algorithms of marine
vehicles and their development in compliance with COL-
REGs can be found in the work of Tam et al. (2009). Lee
et al. (2004) used a fuzzy logic approach for navigating a
USV in a dynamic environment in compliance with COL-
REGs. A COLREGs based A* approach was proposed for
way point navigation of an USV complying with rule 14
of COLREGs in an environment cluttered with static and
moving obstacles (Naeem et al., 2012).Kuwata et al. (2014)
used a velocity obstacle approach for navigating a USV in
compliance with COLREGs.
As feasible routes have been defined, an USV needs a
robust algorithm to guide itself along the desired track,
where trajectory tracking and path following are two well
known approaches adopted in literature. Trajectory track-
ing is concerned with development of control approach to
force USV reach and follow a time parameterised trajec-
tory. Sliding mode control (SMC) (Fahimi and Van Kleeck,
2013), backstepping technique (Liao et al., 2014) and
Lyapunov method (Liu et al., 2014) are few well known
nonlinear control techniques applied in last decade for
USV trajectory tracking. Considering low manoeuvring ca-
pability of USV, path following technique has been found
more practical and effective approach for an USV control.
Line-of-sight (LOS) guidance law (Breivik and Fossen,
2005) and its combination with several non linear control
methods for stabilizing speed (Healey and Lienard, 1993),
heading (Fossen and Pettersen, 2014) and disturbances
(Borhaug et al., 2008) towards minimising cross-track and
along-track error have been proposed in the literature.
As soon as the number of the employed autonomous vehi-
cles increases, a methodology for formation maintenance
and motion coordination is required to ensure the proper
guidance of the overall team. Three main approaches
namely, Leader-Follower (Liu and Bucknall, 2015), Co-
ordinated Path Following (Ghabcheloo et al., 2006) and
Virtual Target (Bibuli et al., 2009) have been adopted
in the cooperative task handling of USVs. The Virtual
Target approach has been able to guarantee a better global
convergence and remove singularities by reducing amount
of data exchange to overcome bandwidth limitations com-
pared to other two approaches.
To the best of the authors knowledge, only splines of
primitive shapes with no optimal characteristic has been
chosen in literature towards cooperative motion planning
of USVs. The current work is the integration of an op-
timal path planning approach (as described in Sec. 3)
with a Virtual Target approach proposed in Bibuli et al.
(2009).This extension of optimal path planning to multi-
USV framework (following the idea developed in Bibuli
et al. (2014)) leads to optimal convergence of motion
goals leading to removal of theoretical singularities of path
following. In addition to that, the current study considers
shoreline effect of an real time marine environment into
account towards multi-USV motion goals.
This work is organised as follows : section 2 describes the
methodology adopted in this paper; a brief introduction
to the constrained A* path planning algorithm has been
described in the section 3; concept of basic path-following
with multi vehicle coordination are described in section 4
while in section 5 results of coordinated vehicles motion

are presented. Lastly, conclusions are reported in section
6.

2. METHODOLOGY

The current study adopts a two layered approach towards
the multi-USV framework. In the higher level of the
hierarchy, a robust path planner based on constrained A*
approach is adopted to generate optimal waypoints, which
are later smoothed using the polyfitting operation. This
smoothed trajectory is given as an input to the lower
level guidance system based on virtual target approach
integrated with a swarm aggregation algorithm based on
attraction- repulsion strategy. Fig.1 shows a schematic of
the methodology adopted in the present paper.

Fig. 1. Schematic of integrated path planning, path follow-
ing and swarm aggregation approach

3. PATH PLANNING

In the online planning, a constrained environment of
Portsmouth harbour is chosen as the area of interest as
shown in Fig.1. A safe distance A* approach as shown in
Fig.2 is being applied to the harbour environment, leading
to the generation of optimal waypoints. In this approach,
fixed start and goal states are chosen with 8-connectivity
resolution in configuration space i.e. a binary map of the
harbour where obstacles (black region) are represented
by 1 and open space (white region) is represented by
0. USVs are non-holonomic vehicles, which disable them



to make sharp manoeuvres leading to the requirement of
smoothed trajectory. A zigzag trajectory is produced from
the waypoints generated from the proposed approach. The
chosen waypoints for smoothed trajectory are tabulated in
Table 1. The waypoints are chosen so that complexity of
the navigation in a constrained harbour is accounted in
the offline approach. The generated trajectory from the
safety distance constrained A* approach and smoothed
trajectory from chosen waypoints are shown in Fig.3.

Fig. 2. A schematic showing the path generated by a con-
vectional grid based path planner compared against
the path generated by a grid based path planner by
considering safety distance and sea surface currents

Table 1. Chosen optimal waypoints (WP) from
path planner

Start WP 1 WP 2 WP 3 Goal

x (pixels) 238 261 272 285 299
y (pixels) 212 251 271 284 312

Fig. 3. Generated (left) and smoothed trajectory (right)
from the optimal waypoints produced by the path
planner. Binary map of 800 x 800 resolution is consid-
ered for the current study with one pixel representing
3.6 m on a real map

The chosen waypoints are fitted to an polynomial param-
eterised in terms of γ ∀ γ ∈

[
0,61

]
. Parametric equations,

Pd(γ) used as an input towards offline approach of path
following and swarm aggregation are shown below:

Pd(γ) =


x(γ) = γ + 238,

y(γ) = −0.000325(γ + 238)3 + 0.2637(γ + 238)2

..− 72.5508(γ + 238) + 6505

4. MULTI-VEHICLE PATH-FOLLOWING

The aim of allowing a team of USVs to execute a co-
operative path-following along a desired track, generated
through the above-mentioned methodology, is realized by
means of the coordinated path-following framework ini-
tially developed in Bibuli et al. (2014). The proposed
method is based on the integration of a virtual-target
based path-following algorithm with a swarm aggregation
technique. A brief description of the two sub-modules and
their functional integration is reported in the following of
this section.

4.1 Basic Path-Following

By referring to Fig. 4 and assuming the vehicle’s motion
restricted to the horizontal plane, the task consists in the
zeroing of both the position error vector d, i.e. the distance
between the vehicle and the virtual target attached to
the Serret-Frenet frame < f >, and the orientation error
β = ψ − ψf , where ψ and ψf are the vehicle’s direction
of motion and local path tangent respectively, expressed
with respect to the earth-fixed reference frame < w >.
Following the geometrical and kinematical analysis carried

Fig. 4. Path-Following modeling framework

out in Bibuli et al. (2009), the distance error model,
expressed with respect to the frame < f >, has the
following form:{

ρ̇ = (cc ν − 1) ṡ+ U cosβ
ν̇ = −cc ṡ ρ+ U sinβ

(1)

In order to solve the path-following problem for a single-
vehicle system, the aim is to develop a proper approach
angle function ψ∗, designed to reduce the linear error
components (ρ and ν) to zero. The desired angle ψ∗ is a
function of the cross-track error ν summed with the local
path tangent, thus ψ∗ = ψf + ϕ(ν), where the function
ϕ(ν) is required to satisfy the following constraints:

|ϕ(ν)| < π

2
; νϕ(ν) ≤ 0 ; ϕ(0) = 0

Relying on a low level controller, providing an auto-
heading regulator capable of tracking desired orientation



profiles, it can be stated that considering the candidate
Lyapunov function Vψ = 1

2 (ψ − ψ∗)2, the low level con-

troller provides a behavior such that V̇ψ ≤ 0, i.e. the
vehicle orientation converges to the desired angle ψ → ψ∗

and it can be rewritten as β → ϕ(ν). Moreover it’s worth

noticing that when V̇ψ = 0, an invariant set is defined, in
which the condition β = ϕ(ν) holds. The task of the path-
following controller design is achieved by the definition
of the Lyapunov function V = 1

2 (ρ2 + ν2); computing the
time derivative of the function V , the following expression
is obtained:

V̇ = ρρ̇+ νν̇ = −ρṡ+ ρU cosβ +−νU sinβ = V̇ρ + V̇ν

substituting ρ̇ and ν̇ with the equation system (1) and

defining V̇ρ = −ρṡ+ ρU cosϕ(ν) and V̇ν = −νU sinϕ(ν).
The speed of the reference frame ṡ, i.e. the velocity of the
virtual target moving along the path, can be used as an
additional control variable. Imposing

ṡ∗ = Kρρ+ U cosβ (2)

as the desired virtual target speed, where Kρ is a tunable

controller parameter, the function V̇ρ assumes the negative

form V̇ρ = −Kρν
2 ≤ 0. About V̇ν , recalling the above-

mentioned assumption on the attraction to the invariant
set defined by V̇ψ = 0, β can be substituted by ϕ(ν),

obtaining V̇ν = νU sinϕ(ν). Selecting the function ϕ(ν) as

ϕ(ν) = −ψa tanh(Kνν) (3)

with Kν as a tunable controller parameter and ψa the
maximum approach angle with respect to the local tangent
ψf , the term νU sinϕ(ν) is ≤ 0 because of the assumption
made on the function ϕ(ν).

Being the terms V̇ρ and V̇ν ≤ 0, thus entailing V̇ ≤ 0, the
global asymptotic stability for the path-following guidance
system is proven.

4.2 Vehicle Coordination

The goal of coordinating an USV team to converge to and
maintain a motion configuration, while at the same time
moving along a desired reference path is realized through
the definition of the following control input:

ẋi = usi + ug (4)

where the term usi , different for each USV, is the control
effort required to reach a collective behavior while the
term ug, common to all the USV, refers to the expected
trajectory of the fleet centroid, computed with reference
to section 4.1 as:

ug =

[
u∗ cosψ∗

u∗ sinψ∗

]
(5)

where u∗ is the desired speed for the formation along the
path and ψ∗ is the reference guidance angle computed by
the path-following module.
Considering a swarm composed of n robots, the following
aggregation dynamics for each robot i is given:

usi =
∑
j 6=i

g(xi − xj) (6)

where g(·) is the interaction function representing the
function of attraction and repulsion between neighboring
robots. In particular, g(·) is defined as:

g(y) = −y [ga(‖y‖)− gr(‖y‖)] , ∀ y ∈ Rm. (7)

where ga(·) is the attractive function and gr(·) is the
repulsive contribution, constrained by the following as-
sumptions:

ga(‖xi − xj‖) ≥ α

gr(‖xi − xj‖) ≤
β

‖xi − xj‖2
(8)

In order to maintain a practical equilibrium between the
swarm formation term usi and the path-following guidance
term ug, the usi component is modified as follows:

ẋi = ksat

∑
j∈Ni(t)

g(xi − xj)

1 +
∥∥∥∑j∈Ni(t)

g(xi − xj)
∥∥∥ , (9)

where ksat > 0 is the saturation gain.
The stability of the overall system, originated by the
interconnection between the path-following and swarm
aggregation modules, is formally proven in Bibuli et al.
(2014).

5. RESULTS

In order to ensure that complexity of the multi-USV
operation in a constrained maritime environment is cap-
tured, this section reports results of three and four vehicles
performing swarm aggregation and path-following from
a randomly generated initial formation towards a refer-
ence path generated from proposed path planner. Fig.5
and Fig.8 shows the aggregation behaviour combined with
motion against the reference path for three and four USVs
respectively. Initial, intermediate and final positions of the
formation are shown in Fig.5 and Fig.8. The reported
results account for external collision with the shoreline
into swarm evolution through attractive and repulsive
functions introduced in Bibuli et al. (2014). The collision
avoidance with the shoreline is simply implemented by
considering the shore profile as a set of repulsive fixed
points which, within a certain distance, concur in the
vehicle motion evolution. The motion of the vehicles with
respect to mutual agent interactions and to distance from
the shoreline can be varied acting on the parameters of
the attractive and repulsive functions. Fig.6 and Fig.9
shows the reference velocity profile for three and four USVs
respectively, where velocity of the i -th robot is ‖ẋi‖. It
should be noted that formation is function of initial posi-
tion and evolution along a desired reference. In Fig.7 and
Fig.10, actual surge speed and heading angle is compared
with reference speed and orientation for three and four
USVs framework respectively. In order to highlight the
effectiveness of the combined approach, physical limits of
an USV i.e. Springer is accounted in the guidance system
by bounding the maximum and minimum manoeuvring
speed between 0.2 m/s and 1.4 m/s as shown in Fig.6.

6. CONCLUSIONS

In this article, the integration of constrained A* path
planner with virtual target path following guidance for
multi-agent USV is reported. The easiness of integration,
given by the modular composition of path-planner, vehicle
formation aggregation and formation guidance procedures
makes it applicable for real time marine environment. A set
of results on three and four USVs demonstrates the validity
of the combined approach with respect to robustness



Fig. 5. USV motions during swarm aggregation combined
with path-following guidance for three USVs

Fig. 6. USV speed profiles assumed during swarm aggre-
gation evolution for three USVs

Fig. 7. USV speed and heading profiles during swarm
aggregation combined with path-following guidance
for three USVs

and collision avoidance. Future studies are focused on
optimising the multi-agent USV framework by testing the
combined approach with different reference path generated
from varying safety distances and adaptive formation
maintenance. In addition to that, effect of environmental
disturbances such as sea currents will be incorporated in
the offline and online level of the combined framework to
evaluate the reliability of the overall system with respect
to uncertain sea environment conditions.

Fig. 8. USV motions during swarm aggregation combined
with path-following guidance for four USVs

Fig. 9. USV speed profiles assumed during swarm aggre-
gation evolution for four USVs

Fig. 10. USV speed and heading profiles during swarm
aggregation combined with path-following guidance
for four USVs

ACKNOWLEDGEMENTS

The authors would like to acknowledge the Commonwealth
Scholarship Commission, UK for funding doctoral studies
at University of Plymouth, UK.



REFERENCES

Bibuli, M., Bruzzone, G., Caccia, M., Gasparri, A., Priolo,
A., and Zereik, E. (2014). Swarm based path-following
for cooperative unmanned surface vehicles. Proceedings
of the Institution of Mechanical Engineers, Part M:
Journal of Engineering for the Maritime Environment,
228(2), 192–207.

Bibuli, M., Bruzzone, G., Caccia, M., and Lapierre, L.
(2009). Path following algorithms and experiments for
an unmanned surface vehicle. Journal of Field Robotics,
26(8), 669–688.

Borhaug, E., Pavlov, A., and Pettersen, K.Y. (2008).
Integral los control for path following of underactuated
marine surface vessels in the presence of constant ocean
currents. In Decision and Control, 2008. CDC 2008.
47th IEEE Conference on, 4984–4991. IEEE.

Breivik, M. and Fossen, T.I. (2005). Principles of guidance-
based path following in 2d and 3d. In Decision
and Control, 2005 and 2005 European Control Confer-
ence. CDC-ECC’05. 44th IEEE Conference on, 627–
634. IEEE.

Casalino, G., Turetta, A., and Simetti, E. (2009). A three-
layered architecture for real time path planning and
obstacle avoidance for surveillance USVs operating in
harbour fields. In Oceans 2009-Europe, 1–8. IEEE.

Fahimi, F. and Van Kleeck, C. (2013). Alternative
trajectory-tracking control approach for marine surface
vessels with experimental verification. Robotica, 31(1),
25–33.

Fossen, T.I. and Pettersen, K.Y. (2014). On uniform
semiglobal exponential stability (usges) of proportional
line-of-sight guidance laws. Automatica, 50(11), 2912–
2917.

Ghabcheloo, R., Aguiar, A.P., Pascoal, A., Silvestre, C.,
Kaminer, I., and Hespanha, J. (2006). Coordinated
path-following control of multiple underactuated au-
tonomous vehicles in the presence of communication
failures. In Decision and Control, 2006 45th IEEE
Conference on, 4345–4350. IEEE.

Healey, A.J. and Lienard, D. (1993). Multivariable sliding
mode control for autonomous diving and steering of un-
manned underwater vehicles. IEEE Journal of Oceanic
Engineering, 18(3), 327–339.

IMO (1988). Code on intact stability for all types of ships.
A.749 (18), amended by resolution MSC.75l, 69.

Kim, H., Kim, D., Shin, J., Kim, H., and Myung, H.
(2014). Angular rate-constrained path planning algo-
rithm for unmanned surface vehicles. Ocean Engineer-
ing, 84(Supplement C), 37 – 44.

Kim, H., Lee, T., Chung, H., Son, N., and Myung, H.
(2012). Any-angle path planning with limit-cycle circle
set for marine surface vehicle. In Robotics and Automa-
tion (ICRA), 2012 IEEE International Conference on,
2275–2280. IEEE.

Kuwata, Y., Wolf, M.T., Zarzhitsky, D., and Huntsberger,
T.L. (2014). Safe maritime autonomous navigation
with colregs, using velocity obstacles. IEEE Journal of
Oceanic Engineering, 39(1), 110–119.

Lee, S.M., Kwon, K.Y., and Joh, J. (2004). A fuzzy logic
for autonomous navigation of marine vehicles satisfying
colreg guidelines. International Journal of Control,
Automation, and Systems, 2(2), 171–181.

Lee, T., Kim, H., Chung, H., Bang, Y., and Myung, H.
(2015). Energy efficient path planning for a marine
surface vehicle considering heading angle. Ocean En-
gineering, 107, 118–131.

Liao, Y.l., Su, Y.m., and Cao, J. (2014). Trajectory plan-
ning and tracking control for underactuated unmanned
surface vessels. Journal of Central South University,
21(2), 540–549.

Liu, C., Zou, Z.j., and Hou, X.r. (2014). Stabilization
and tracking of underactuated surface vessels in random
waves with fin based on adaptive hierarchical sliding
mode technique. Asian Journal of Control, 16(5), 1492–
1500.

Liu, Y. and Bucknall, R. (2015). Path planning algorithm
for unmanned surface vehicle formations in a practical
maritime environment. Ocean Engineering, 97, 126–144.

Mohanty, P. and Parhi, D. (2013). Controlling the motion
of an autonomous mobile robot using various techniques:
a review. Journal of Advance Mechanical Engineering,
1(1), 24–39.

Naeem, W., Irwin, G., and Yang, A. (2012). COLREGs-
based collision avoidance strategies for unmanned sur-
face vehicles. Mechatronics, 22(6), 669 – 678.

Singh, Y., Sharma, S., Sutton, R., and Hatton, D. (2017).
Optimal path planning of an unmanned surface vehi-
cle in a real-time marine environment using dijkstra
algorithm. In Marine Navigation and Safety of Sea
Transportation, 399402. CRC Press.

Song, C.H. (2014). Global path planning method for usv
system based on improved ant colony algorithm. Applied
Mechanics and Materials, 568, 785–788.

Song, L., Mao, Y., Xiang, Z., Zhou, Y., and Du, K.
(2015). A study on path planning algorithms based upon
particle swarm optimization. Journal of Information &
Computational Science, 12(2), 673–680.

Statheros, T., Howells, G., and Maier, K. (2008). Au-
tonomous ship collision avoidance navigation concepts,
technologies and techniques. The Journal of Navigation,
61(1), 129–142.

Svec, P., Schwartz, M., Thakur, A., and Gupta, S. (2011).
Trajectory planning with look-ahead for unmanned sea
surface vehicles to handle environmental disturbances.
In 2011 IEEE/RSJ International Conference on Intelli-
gent Robots and Systems, 1154–1159.

Tam, C., Bucknall, R., and Greig, A. (2009). Review of
collision avoidance and path planning methods for ships
in close range encounters. The Journal of Navigation,
62(3), 455–476.




