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Abstract— Wave-propelled unmanned surface vehicles
(USVs) rely on the forces exerted by the environment to
navigate as intended. The unpredictability of the environment
and the low speed and limited maneuverability that
characterizes such platforms motivates the need of a
continuous monitoring of both static and dynamic obstacles
over a long time horizon. In this manuscript we present
an automatic anti-collision and anti-grounding system that
integrates digital charts and automatic identification system
(AIS) messages received onboard to enhance the situational
awareness perceived by a wave-propelled USV, and enable
evasive maneuvers to avoid grounding and collisions with static
and dynamic obstacles. The acquired information is used in a
scenario-based model predictive control (SB-MPC) algorithm
that computes optimal behaviors that minimize the risk of
collisions, grounding and damage. Additionally, the proposed
system integrates environmental factors (wind, waves and sea
currents) in the SB-MPC optimization process, in order to
command the safest behavior when high sea states increase
the risk of drifting and grounding. The information contained
in Electronic Navigational Charts (ENCs) is represented
with point clouds, enabling fast software manipulation of
large areas and therefore increasing the USV responsiveness
when scenarios with static obstacles turn into dynamic
collision avoidance scenarios. The proposed anti-collision
and anti-grounding system is tested in simulations and field
experiments.

I. INTRODUCTION

Unlike common marine vehicles, the propulsion of wave-
propelled unmanned surface vehicles (USV) relies on the
forces exerted by the environment, for example, waves,
currents, and wind. The unpredictability of the environ-
ment, the low speed and the limited maneuverability that
characterizes wave-propelled USVs motivate the need of
monitoring continuously both static and dynamic obstacles at
sea. Detailed knowledge of the surrounding environment and
vessels is important in order to maximize safety and ensure
risk-free operations in both the near and distant future. While
the knowledge of surrounding vehicles can be acquired with
the automatic identification system (AIS) and radars, marine
vessels usually rely on Electronic Navigational Charts (ENC)
[1] to locate themselves with respect to land and static objects
present at sea.
Supporting navigation of marine vehicles with digital charts
is an already investigated topic. However, most of the ef-
forts concerning unmanned platforms focus on solving path
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planning problems [2] and make use of classical techniques
such as Voronoi diagrams, rapidly-exploring random trees,
artificial potential fields, occupancy grids and A* algorithm.
In [3], digital charts are instead used for determining whether
a route is navigable or not and a method to obtain an
optimized navigation area using water depth information is
proposed. An interesting example of situational awareness
based on Electronic Navigational Charts (ENC) is described
in [4], where several features are extracted from the digital
catalog and enclosed in a database. This procedure enhances
safer operations by providing the USV’s onboard navigation
system a priori knowledge of the environmental features and
hazards.
Our work combines the information extracted from elec-

tronic charts, and presents an extension of the simulation-
based Model Predictive Control (MPC) algorithm for colli-
sion avoidance described in [5] and [6]. This algorithm com-
putes COLREGS compliant behaviors that ensure collision-
free navigation among vessels equipped with AIS [7]. The
same algorithm is expanded in order to account for grounding
hazards and static obstacles such as islands, buoys, beacons
and permanent or temporary surface installations. This is
achieved by integrating the static obstacles represented as
point clouds within the field-tested MPC-based algorithm
described in [5]. Information about land and static objects are
stored in a database stored in the USV’s onboard computer
and are retrieved by the navigation software in the form of
WGS84 location point clouds via fast SQL queries. In the
proposed implementation, the current and future (forecast)
information about the sea state (wind and sea currents
speed and direction, surrounding bathymetry, waves height
and frequency) are included in the optizimation process, as

Fig. 1: The AutoNaut USV.



grounding might be preferred over a collision with other
vehicles in certain circumstances.
This work is specifically developed for the AutoNaut [8],
a commercially available wave-propelled USV designed for
long-duration field deployments (see Figure 1). The anti-
collision and anti-grounding system presented in this work
is part of the control architecture developed at the Norwe-
gian University of Science and Technology (NTNU) and
discussed in [9]. The speed of the AutoNaut is usually
0-3 knots and is mostly determined by surface currents,
waves and wind. As its behavior is mainly determined by
the environmental forces, knowledge of these is crucial to
the computation of the optimal control command, during a
collision scenario.

II. MPC STRATEGY FOR ANTI-COLLISION AND
ANTI-GROUNDING

Model Predictive Control (MPC) is a powerful control
method that can be used to compute an optimal trajectory
based on predictions of the obstacles’ motion, and account
for their uncertainty. In this method, we formalize risk,
hazard, operational constraints and objectives as a cost
function in an optimization problem [5]. MPC has in
fact been extensively employed for collision avoidance in
automotive vehicles [10], underwater and ground vehicles
[11], and aircraft traffic control [12].
The main challenges of anti-collision algorithms are related
to the convergence and computational complexity of
the optimization itself. In fact, complex scenarios may
lead to non-convex optimization formulations which are
affected by local minima. This, and the fact that real-time
implementation requires low computational latency, makes
it challenging to implement MPC algorithms for collision
avoidance.
Higher performance and low software complexity can be
achieved by limiting the optimization process of MPC over
a finite number of control behaviors, based on a comparison
of the cost, feasibility and risk that they involve [13], [14].

The main objective of the scenario-based MPC (SB-MPC)
algorithm is to compute modifications to the desired course
(χd) and speed (ud) that lead to a COLREGS-compliant USV
trajectory. Since AutoNaut’s speed cannot be controlled, this
work only considers course offsets. While the obstacle’s
future motion is predicted as a straight-line trajectory, this
formulation focuses on a hazard minimization criterion (i.e.,
a cost function) that considers dynamic obstacles and COL-
REGS compliance. Unlike previous works that make use
of the same optimization principles [15], [16], this analysis
integrates anti-grounding functionalities that include land and
static obstacles (e.g., buoys, beacons, islands, permanent or
temporary installations). It is demonstrated that the extended
algorithm provides efficient anti-collision and anti-grounding
functionalities, that can operate at the same time and result in
evasive maneuvers to avoid both static and moving obstacles.
Finally, the integration of environmental factors allows the
algorithm to choose the best control behavior that keeps the

USV far from ground in case of high sea states, minimizing
the risk of damaging the vehicle.
This work is based on the algorithm proposed in [5] and
implemented in [6], that computes the best control behavior
associated to the worst-case hazard for each scenario, where
the latter is a combination of own vehicle and predicted
dynamic obstacle trajectories.

A. Own USV model

A prediction model of the USV is necessary to generate
the trajectories to be evaluated by the cost function. This
analysis assumes that the trajectory computed with the
kinematic equations only is accurate enough. The kinematic
model η̇ = R(χ)v is therefore employed [17], where η =
(x, y, χ) denotes the position and course over ground in the
earth-fixed frame, R(χ) is the rotation matrix from body-
fixed to earth-fixed frame and v = (vx, vy, r) denote the
velocities in surge, sway and yaw decomposed to BODY-
fixed frame. The prediction of the trajectory in a scenario k
is obtained by inserting the desired values into the kinematic
equation. This model is however very simplistic, since it
assumes no drift due to winds and currents (i.e., χ = ψ,
where ψ is the heading angle). As discussed in [18], steering
of the USV is very much affected by the environmental
forces, making this model not suited to represent the true
dynamics of the USV in some cases. Nevertheless, the
applicability of this model is confirmed by [19], in which
both the kinematic equation and the full 3-DOF model were
tested and produced only minor differences in the simulation
results.

B. Risk factors and collision costs

Essentially, the algorithm computes the best control be-
havior associated to the worst-case hazard for each sce-
nario, where the latter is a combination of own vehicle and
predicted dynamic obstacle trajectories. The cost function
indicates the hazard evaluation criterion used in the anti-
collision strategy. This works adopts the main components
proposed in [5] and [6].

1) Collision avoidance with dynamic obstacles: Accord-
ing to [5], the risk factor for collision with obstacle i can
defined as

Rk
i (t) =

 1
|t−t0|p

(
dsafe
i

dk
0,i(t)

)q
, if dk0,i(t) ≤ d

safe
i

0, otherwise
(1)

where t0 is the current time and t > t0 is the time of
prediction. The index k denotes a scenario associated with
a single course offset belonging to χk

ca ∈ [−90◦,+90◦]
leading to a trajectory with distance dk0,i(t) to obstacle i

at time t under scenario k. The distance dsafei and the
exponent q ≥ 1 must be selected large enough to follow
COLREGS rules (e.g., COLREGS rule 16 that demands
early and substantial give-way actions). In order to prioritize
avoiding collisions that are close in time over those that are
further into the future, the exponent p ≥ 1/2 indicates the
inverse proportionality to time until occurrence of the event.



Thus, the collision risk factor is higher for events close in
time than for events in the more distant future.
The cost associated with collision with an obstacle i is
chosen to be

Ck
i (t) = Kcoll

i |~vk0 (t)− ~vki (t)|2, (2)

where Kcoll
i is the cost of collision parameter. The relative

velocity of the obstacle is included, in order to minimize the
consequences of a collision if a complicated situation would
occur, where a collision is unavoidable. ~vk0 is the predicted
velocity of the own vehicle and ~vi is the predicted velocity
of the obstacle with index i in scenario k. We observe that
since the own vehicle’s ground speed is typically less than 3
knots, the cost associated to a collision is mostly proportional
to the obstacle’s speed.

2) Collision avoidance with grounding and static obsta-
cles: The risk factor for grounding and collision with static
obstacles, associated with each course offset k is defined as

Rk
g(t)=

{
(rk(t))q

|t−t0|m , if dkc (t) ≤ d
safeG
k ∨ dk±(t) ≤ d

safeG
k

0, otherwise,
(3)

where rk(t) = rkc (t) + rk+(t) + rk−(t) and rkc (t) = dsafeG

dk
c (t)

,

rk+(t) = dsafeG

dk
+(t)

and rk−(t) = dsafeG

dk
−(t)

. The distance dkc (t)

is the distance between the own vehicle and the grounding
obstacle at time t when own-ship follows the center direction
χLOS + χk

ca, which is in the direction of the course offset
that is currently being evaluated in scenario k. The terms
dk− and dk+ correspond the distances between the own-ship
and land locations found in the −15◦ and +15◦ directions,
i.e., χLOS +χk

ca±15◦, and their projection onto the desired
course path as defined in Figure 2. This is done to ensure
safe navigation through narrow passages, keeping enough
distance to land on the sides. Here, −15◦ and +15◦ are
used, since this grounding data already is available for these
courses. However, this can be tuned to include a wider range
of directions to ensure that the distance to land in the range
−90◦ to +90◦ is being kept larger than the safe distance
to land. For collision avoidance with dynamic obstacles, the
exponent factor p is used to prioritize events that are close

Fig. 2: Definitions of the distances used in the anti-grounding
risk function.

in time over those that are further in the future and because
there is an uncertainty of where the dynamic obstacle will be
located in the future. For anti-grounding, since the obstacles
and their locations are static the last argument is no longer
valid. On the other hand, the USV will have more time
to maneuver when looking further ahead. Nevertheless, the
exponent m should have a smaller value for anti-grounding
than for collision avoidance.
The cost associated with grounding is chosen to be

Ck
g (t) = Kg +KenvE

k(t), (4)

where Kg is the cost of grounding, Kenv = [k1, k2, k3, k4]
is a vector containing the weights for each environmental
factor. The environmental factors are contained in the vector
Ek(t) = [B,H,W (χk

ca), C(χ
k
ca)]

T , that will be explained in
Section III. The horizontal plane velocities of the obstacle
and the own USV are not included, since static obstacles do
not move and the ground speed of the USV is low.

C. Hazard evaluation

In summary, the total hazard associated with scenario k at
time t0 is

Hk(t0) = max
i

max
t∈D(t0)

(
Ck

i (t)R
k
i (t) + Ck

g (t)R
k
g(t) + κiµ

k
i (t)

)
λiτ

k
i (t)) + f

(
χk
ca

)
,

(5)
where the first and second terms of the cost function are
the collision hazard and the grounding hazard, respectively.
As described in [5], the term κiµ

k
i (t) is the cost of not

complying with COLREGS, where κi is the tuning parameter
and µk

i ∈ (0, 1) is a binary denoting violations of COLREGS
rule 14 or 15. The term λiτ

k
i (t)) is a COLREGS-transitional

cost, where λi is a tuning parameter and τki (t) ∈ (0, 1) is
described in [6]. Finally, the fifth term is the cost of deviating
from the nominal course respectively. We observe that the
grounding hazard term Ck

g (t)R
k
g(t) is representing the term

g(·) used in [5].
The selected control behavior at time t0 among the sce-

narios k ∈ 1, 2, ..., N is the one with minimal hazard Hk(t0)

k∗(t0) = argmin
k
Hk(t0). (6)

During a potential collision scenario, this minimization is
done at regular intervals of 5 seconds. In [5] it is emphasized
that this optimization is “brute-force” deterministic and guar-
antees that the global minimum is found after a pre-defined
number of cost function evaluations.

III. ENVIRONMENTAL FACTORS FOR COLLISION
AVOIDANCE SCENARIOS

Typical scenarios encountered by the AutoNaut are in
coastal environments including fjords and archipelagos that
may involve multiple dynamic and static obstacles. Situa-
tions with reduced maneuverability of the USV might occur
depending on the sea state. For this reason, the collision
avoidance system needs to be aware of the prevailing envi-
ronmental conditions in order to let the USV navigate safely.



A. Bathymetry

The bathymetric features might differ greatly between
fjords, archipelagos and other coastal areas. In this work,
it is assumed that it is associated a higher cost to a steep
rocky shelf than a flat sandbank because the USV would most
likely suffer greater damage by colliding with the former.
Information about the bathymetry and the seabed can be
extracted from the ENCs. In the algorithm implementation,
the bathymetry is treated as a binary term that indicates
whether the shore is safe (B = 0, e.g., sandy) or not (B = 1,
e.g., rocky).

B. Heave displacement

For the AutoNaut, the heave displacement and the wave
height are very similar in amplitude. A large displacement
in heave is associated to a higher environmental hazard
because it indicates rough sea and increases the danger of
damage if grounding. The heave displacement and wave
height are measured directly in the onboard GNSS and/or
IMU. Alternatively, the USV’s pitch angle can be used.
Similarly, high waves correspond to higher environmental
hazards because they make the sea shallower in the troughs,
and increase landing force to grounding. In the proposed
implementation, the average heave displacement is named
H .

C. Wind

Similarly to [20], for a scenario k the wind cost for the
static obstacle i is defined as:

W k
i (t) =

Vw(t)
k

d0,i(t)k
max(0, χk

ca · βw(t)k)), (7)

where V k
w and βk

w are the wind speed and direction defined
according to [17] and dk0,i is the distance between the USV.
The dot product scales the wind force contribution toward
the static obstacles in any orientation around the USV. This
means that the risk increases with an obstacle to the east
of the vehicle if the wind is coming from the west, etc.
The dot product is positive when the angle between the
USV-to-obstacle vector and the wind direction vector is less
than 90◦. Negative dot products are however set to zero,
disregarding favorable winds with respect to perceived risks.

D. Sea current

Similarly, the sea current cost C is defined as:

Ck
i (t) =

Uc(t)
k

d0,i(t)k
max(0, χk

ca · βc(t)k)), (8)

where Uc and βc are the Earth-fixed current velocity and
direction.

E. Total environmental cost

The total environmental cost for a course offset χk
ca is

finally defined as:

KenvE
k = k1B

2 + k2H + k3W (χk
ca) + k4CO(χ

k
ca). (9)

The weights in Kenv are tuned in simulations with a trial
and error approach. Moreover, the weights can be adjusted
to make some terms have a greater impact on the total
cost than others, mostly depending on the current scenario
and onboard measurements. The impact of large values of
the bathymetry term and the heave displacement factor is
emphasized by adding an exponent. The bathymetry, heave
displacement, and wave height factor will give a constant
cost for each course offset and will therefore only affect
the trade-off between collision or grounding. The wind and
current term, on the other hand, are functions of the course
offset and will give different costs for different course offsets,
depending on the direction of the wind and the current. For
this reason, these terms will also affect the choice of the
optimal course offset during pure anti-grounding situations
(i.e., no surrounding vessels).

IV. HYDROGRAPHIC DATA EXTRACTION AND
TRANSFORMATION

The anti-grounding system developed in this work is based
on digital charts (ENCs), which are vector-based electronic
maps that contain all information necessary to conduct
safe navigation at sea. The employed S-57 digital charts
is provided by the Norwegian national hydrographic offices
[21] for the International Hydrographic Organization (IHO).
The S-57 ENC contains several features describing both
static objects but also bathymetric information. The DEPARE
object, for example, represents the depth of the queried area
and is the most useful feature for navigational use, since from
that one could infer the coastline and the depth of shallow
waters.
To store and use the a priori geographic information on the
USV, a local SQLite [22] database was created. The SQLite
database was chosen because it does not require connection
to a server, and because onboard navigation software DUNE
[23] contains the necessary libraries. Another benefit is that
it’s a very light-weight database, since it stores the entire
amount of information in a single file.

The two-dimensional grids uses a lot of storage, and
searching for the desired area in the data also becomes
computationally expensive. The approach of extracting only
the vertices of the polygons is explored. This means that the
vehicle only gets to know the boundaries of static obstacles
or areas present at sea. For the DEPARE object, this means
that the software onboard the USV can only observe the
depth contours as it explores an area with different depths.
This is considered to be enough for implementing anti-
grounding functionalities. For further reducing the amount
of data handled with this method, just including the depth
ranges that are interesting can be done. For the purpose
of anti-grounding, depths above a certain threshold can be
ignored, because the USV is only interested to know if it is
heading towards a shallow area.

V. ARCHITECTURE DESIGN

Figure 3 shows the designed software architecture.
A navigation plan is commanded from shore based on



Fig. 3: Designed software architecture including anti-
collision (AC) and anti-grounding (AG) functionalities.

the available communication link, is received onboard
the USV and a dedicated software digests it. A plan is
infeasible if, for example, the path that connects multiple
desired locations crosses land, islands, or static obstacles
contained in the database. Also, a navigation plan is
considered infeasible if the commanded path makes the
USV navigate too close to static obstacles. As it navigates,
the software will periodically assess the mission safety,
by computing the USV’s position with respect to the
queried digital information. The periodical queries extract
database information in a surrounding of the USV, so new
information is provided as the USV moves. This is essential,
since the navigation performances of the AutoNaut are
highly dependent on the sea state and, environmental forces
may cause the USV to drift from the original path which
was initially considered safe. This means that a mission
can initially be evaluated as safe and, during its execution
dangers appear and the plan is not safe anymore. Figures
4 shows the initial evaluation of mission plan commanded
from shore. The plan involves three way points around the
Munkholmen island (Trondehim Fjord), starting from the
initial USV’s location. Bathymetric information is displayed
in the form of point clouds whose color is defined based
on the depth of the seafloor in the considered location.

Fig. 4: Point clouds of Trondheim’s coastline, depth contours
around Munkholmen and depth of the commanded path.

Moreover, Figure 4 also shows that the software evaluates
the safety of a commanded navigation plan by querying
the depth of the path connecting the target locations. By
checking the depth soundings along a commanded path, the
software is able to halt the execution of a mission in which
the target destinations or the paths that connect them are
not in safe, navigable waters.

The results presented in this manuscript are a combination
of field tests and simulations. In the first section below, pure
anti-collision functionalities are presented and discussed.
Then, the anti-grounding system is evaluated with a set of
simulations. Finally, anti-collision and anti-grounding func-
tionalities are tested together and the results are discussed.

VI. EXPERIMENTAL RESULTS: ANTI-COLLISION
WITH DYNAMIC OBSTACLES

The collision avoidance algorithm was tested for the first
time on the field in December 2019 in Børsa, 20 km south-
west of Trondheim (Central Norway). The experiment lasted
two consecutive days. On the first day, some virtual obstacle
vessels were simulated on the operator’s laptop onshore and
the local network created on the laptop was shared with the
USV. Doing so, the AutoNaut was perceiving the virtual
obstacles as if they were actually real vehicles navigating
at sea. An instance of DUNE is run on the operators’ laptop,
where vehicles acting as obstacles for the collision scenarios
are simulated. The operators are in this way capable of
simulating motored vessels. The simulated vessels are set
to transmit a fake AIS message over the closed network
at regular intervals, in way that emulates actual vehicles at
sea. The simulated message contains both their static and
dynamic information, usually encapsulated in AIS messages
1, 2, 3 and 5. Whereas dynamic information (types 1, 2, 3
messages) is used by the collision avoidance algorithm to
predict the ship’s state and trajectory, the notion of its size
(type 5 messages) is used to let the AutoNaut determine the
appropriate clearance.

The onboard software monitors the vessels transmitting
AIS messages in the 5000 meters surrounding the AutoNaut.
When a potential collision scenario is identified, the collision
avoidance algorithm runs at an interval of 5 seconds. This
is considered enough, given the slow dynamics of the USV.
However, if the distance between the AutoNaut and one or
more obstacles drops below a defined safety threshold, this
interval is reduced.
Table I contains the parameters that are used in this initial
test, which happened on 12th of December 2019.

The obstacle’s and AutoNaut’s states are evaluated with
a time step T = 5 s over a prediction horizon H of
600 seconds. The software remembers the vessels in the
dmax range up to Tmax = 240 s, period after which
the potential obstacles which do not update their state via
AIS are discarded from the monitored list. The algorithm
considers an obstacle as a potential threat when its distance
to the AutoNaut drops below dsbmpc = 700 m, meaning that



Symbol Value AC Value AG
Prediction horizon H 600 s 600 s

Time step T 5 s 60 s
Max. obstacle surveillance range dmax 5000 m 5000 m

Disappeared obstacle Tmax 240 s /
SB-MPC surveillance range dsbmpc 700 m /

Minimal safe distance to obstacle dsafe 300 m 100 m
Minimum safe depth Hsafe / 5 m

TABLE I: Anti-collision (AC) and anti-grounding (AG)
algorithm parameters.

Fig. 5: Head-on scenario with a moving obstacle.

action will be taken within this range if a potential collision
is predicted. This range was chosen given the limited width
of the fjord in the test area. A larger range should be used
when the USV operates autonomously in open waters: given
its slow dynamics it is desirable to perform safety maneuvers
well in advance.
The first presented field test is a simple head-on scenario
in which the obstacle is moving towards the AutoNaut. In
this experiment, the simulated obstacle has a ground speed
of approximately 1.3 m/s and a course of 118◦, as depicted
in Figure 5. When the distance between the two vehicles
drops below 700 meters, the collision avoidance algorithm
commands a positive course offset χca = +60◦. The new
desired course becomes χd = −2◦. It can be noticed that a
larger course offset is commanded, since COLREGS rule 14
state that in a head-on scenario a vehicle is expected to turn
starboard in order to avoid the other one. Once the AutoNaut
is located on the port side of the obstacle the offset is set
to χca = 0◦ since the algorithm expects that also the other
vessel is taking the necessary action. However, the obstacle
does not comply with the COLREGS regulations and keeps a
constant speed and course. The algorithm computes therefore
a 90◦ course offset in order to avoid the collision and try
keeping the desired minimal safety clearance to the obstacle.
The minimal distance between the USV and the obstacle is
approximately 200 meters. Once the obstacle has passed, the
AutoNaut resumes nominal navigation towards the desired
destination.
In the second experiment, the obstacle is in the port ahead
sector (see Figure 6), i.e., the obstacle see the AutoNaut on
it starboard side. COLREGS rule 15 states that in a crossing
situation with risk of collision, if one vessel can see another
vessel on its starboard side, the former has to give way. In

Fig. 6: Crossing from starboard scenario with a moving
obstacle.

the same situation, the vessel that has the other one on its
port side is the stand-on vessel. In other words, the simulated
obstacle is expected to take a starboard turn in order to avoid
colliding with the AutoNaut. In the test, this does not happen,
and when the distance between the two vehicles drops below
dsbmpc, the algorithm opts for a course offset χca = +45◦

as shown in Figure 6. While the AutoNaut keeps navigating
with the new course χd = 20◦, the obstacle does not take
any action to avoid collision and the collision avoidance
algorithm is forced to keep the same course offset in order
to avoid collision and respect the desired minimal distance.
When the obstacle has passed the AutoNaut, the offset is
zeroed and the USV resumes line-of-sight navigation towards
the desired location. The minimum distance between the two
vehicles is 330 meters.
On the second day of field trials the operational setup was

further modified. In this occasion, a 5.6 m long motorboat
(named Buster) was employed to act a obstacle. Since this
boat is not equipped with a AIS system, it was decided to
create again a fake message and run this in the laptop’s
DUNE instance. Unlike the previous experiments, this time
the telemetry of the simulated obstacles was obtained by the
laptop’s GPS and, the operator with the laptop was passenger
on the motorboat. In this way, as the boat was moving
on the sea, the laptop’s GPS was providing telemetry data
to DUNE, which was emulating the AIS on a vessel and
sharing that with the AutoNaut over the closed network.
In other words, the AIS of the motorboat was emulated
through DUNE and the motorboat itself was acting as a
vessel transmitting AIS messages. The advantage of using
this setup is that the scenario can be more flexible, i.e., it is
possible to steer the Buster in order to change the scenario.
The first tested scenario involves two head-on situations,
in which the Buster heads towards the AutoNaut. Figure
7 shows the first situation. Again, the obstacle does not
comply with COLREGS regulations and keeps a constant
course of approximately 115◦ and speed of 3.5 m/s. This
time the algorithm decides to disregard COLREGS rules as



Fig. 7: Head-on scenario involving the Buster.

Fig. 8: Head-on scenario involving the Buster.

a starboard turn is likely to lead to a collision. The decided
offset is therefore χca = −90◦. The minimal distance be-
tween the vehicles during this scenario is approximately 200
meters, which is the maximum clearance that the AutoNaut
can impose between the two vehicles given their velocities
and the provided course offsets. Once the obstacle has passed
over, the USV resumes its straight-line navigation towards
the desired destination. Few minutes after, the Buster was
driven back to its initial location and a new head-on scenario
was initiated. Figure 8 shows the second consecutive head-on
situation. This time the AutoNaut finds itself on the port side
of the obstacle’s frame, making it easier for the algorithm to
choose a positive course offset.

VII. SIMULATION RESULTS

In this section we discuss two scenarios. In the first we
show how the MPC-based collision avoidance algorithm
is used as a simple anti-grounding system. In the second
scenario we show instead how the information retrieved from
digital charts is used to achieve a combined anti-collision and
anti-grounding system, in which the relative position of land
is taken into account during the optimization process.

A. ENC-based anti-grounding

In this section, the results of the anti-grounding system
are presented. To date, anti-grounding functionalities are
only tested in simulation whose objective is to assess the
feasibility and limitations of the proposed method.
The anti-grounding system checks for land or static obstacles
every Tg = 60 s, given the low speed of the USV. In this
implementation, the S-57 object DEPARE (depth area) is

the only object considered since from this it is possible to
retrieve the coastline as well as areas with shallow waters.
Despite the database also contains information about other
static objects at sea, in this analysis the main focus is
the depth contours. When the system scans the USV’s
surroundings, a query is made to the database containing the
ENC data point clouds, asking for the depth of all the data
points located within a distance of dmax = 5000 m from
the AutoNaut, whose depth is within a specified range. For
this reason, a minimum safe depth value parameter (Hsafe)
is defined (see Table I).
Then, the algorithm iterates through the retrieved information
in order to find the point that is the closest to the AutoNaut
for each of the directions corresponding to the course offsets.
This results in a new vector containing the closest data point
in each course offset direction. Each point retrieved from
the point-cloud database contains the geographic location
and depth of the seafloor.
In this implementation, the SB-MPC algorithm is used
for anti-grounding functionalities only, treating the land
information as an obstacle that does not move. The
optimization is then run as if the obstacles were moving
(with zero speed). In order words, exactly as before, the
algorithm iterates through all the possible course offsets and
chooses the one corresponding to the lowest hazard, based
on the associated distance to land along the considered
offset. This is achieved by computing the risk and cost
of grounding for each course offset. The chosen optimal
course offset is added to the course angle from the LOS
guidance law, and the modified course reference is sent to
the autopilot.

In the first scenario, the AutoNaut moves straight towards
the Munkholmen island with a course of approximately 90◦.
Figures 9a-9d show the evolution of the hazard as a function
of distance and of the environmental factors. Different values
for wind and current velocity and direction are tested, while
the remaining terms are set to constant values: bathymetry
B = 1, heave H = 2 m. The given wind and current
directions are the absolute directions, and the course of the
AutoNaut is kept at 87◦ in all simulations. The plots in Figure
9a and 9b show that when the wind and current are directed
towards land, the hazard is higher. Figure 9b shows in fact
that the hazard still increases, since the USV keeps moving
towards the island, but it does not grow high since wind and
sea current try to push the vehicle towards West. Similarly,
in Figure 9c, the wind and current speeds are lower than in
Figure 9b, but still the hazard is higher since the direction of
wind and current push the AutoNaut towards Munkholmen.
In Figure 9d, the wind and current come from the front sides
of the vehicle, resulting in a smaller hazard than in Figure
9a, but a similar hazard as in Figure 9c, and higher than
in Figure 9b. Note that the hazard has a magnitude in the
size of 105 in all of the four plots shown here, confirming
that the environmental factors can have a large impact on the
perceived grounding hazard.

The behavior shown through these plots validates
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Vw = 10 m/s, βw = 90◦,

Uc = 0.3 m/s βc = 90◦
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Vw = 10 m/s, βw = 270◦,

Uc = 0.3 m/s βc = 270◦

0 50 100 150 200 250 300
0

1

2

3

4

5

6

10 5

320

340

360

380

400

420

440

(c)
Vw = 5 m/s, βw = 90◦,

Uc = 0.1 m/s βc = 90◦
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(d)
Vw = 10 m/s, βw = 60◦,

Uc = 0.3 m/s βc = 120◦

Fig. 9: Plots of the grounding hazard and distance to land
with environmental factors added, when the AutoNaut moves
towards land. Different wind and current speeds and direc-
tions are tested.

that the anti-grounding system behaves according to the
theory presented. When the AutoNaut approaches land,
the grounding hazard increases significantly. Adding the
environmental factors results in a considerable increase
in the grounding hazard, depending on the velocity and
direction of wind and currents. A higher velocity leads to
a larger hazard. Moreover, when the wind and current are
directed towards land, the hazard increases.

The anti-grounding system is tested in simulation. In the
first simulation, the USV is commanded to a mission that
involves crossing a portion of land in order to reach the target
destination. If the anti-grounding system is not activated, the
vehicle would just hit land (white dashed arrow in Figure
10). Figure 10 shows the depth information extracted by the
algorithm. The distance to land in the direction of the course
offsets (χ+ χca) is provided to SB-MPC, which selects the
appropriate offset needed to avoid grounding. The minimum
safe distance to land is set to 100 meters, since the way point
is located in a bay. The objective is that AutoNaut reaches
it without getting closer to land than the minimum safe
distance indicates. Instead, the minimum safe depth is set to
10 meters, meaning that the AutoNaut considers this depth
as ground and wants to keep the minimum safe distance to
this depth contour. The 10 meters depth contour is the dark
blue contour shown in Figure 10.
It is important to emphasize that the anti-grounding system
is a part of the reactive obstacle avoidance control system
and is not intended to be used as a path planning system.

Fig. 10: The AutoNaut avoids land by keeping a safety
distance from the coastline.

Therefore, it does not aim at finding the optimal path to a
way point. Even though the anti-grounding system manages
to find a good solution in most of the situations, it cannot
be guaranteed to work optimally. Because of its relatively
short time horizon, it can get stuck in narrow passages and
complex areas and not be able to find the optimal path for
a longer mission.

B. Combined anti-collision and anti-grounding

In this last section, the combination of both systems is
evaluated and discussed with simulations. The objective is to
test the proposed system when the AutoNaut operates close
to land, when environmental conditions are not favorable
and other vessels are present in the vehicle’s surroundings.
In such situations, the algorithm should balance the risk
of grounding with that of colliding with a moving vessel.
The tuning of the costs are essential to guide the algorithm
towards the desired behaviour. Additionally, the knowledge
of sea state plays a main role in the control decision since
grounding may be cause more or less damages depending on
the state of the sea.
Figures 11 and 12 show a head-on scenario in which a

simulated obstacle navigates towards the AutoNaut, without
complying with COLREGS rules, at a constant speed of 13
m/s. When the anti-grounding system is deactivated (Figure
11), the algorithm chooses a 90◦ starboard turn, since this is
the preferred COLREGS direction as stated in rule 14. The
shortest distance between the two vehicles is 142 meters,
while the shortest distance between land and the AutoNaut
is about 65 meters. In this head-on scenario, the obstacle
maintains a high speed and approaches the AutoNaut straight
ahead, which means that the AutoNaut has too little time to
react, and cannot manage to keep the minimal safety distance
(300 meters), although it turns 90◦ starboard. When the anti-
grounding system is enabled (Figure 12), the AutoNaut turns
to port instead, to avoid getting closer to land, at the same
time as it avoids collision with the obstacle. The shortest
distance between the two vehicles this time is 202 meters,
and the shortest distance to land is about 240 meters, which
explains why the AutoNaut does not choose to turn starboard.
In this situation, the priority of avoiding grounding in com-



Fig. 11: Head-on without anti-grounding activated.

Fig. 12: Head-on with anti-grounding activated.

Fig. 13: Head-on with anti-grounding activated.

pliance with COLREGS rule 18 (responsibilities between
vessels) over complying with COLREGS rule 14 (head-on).
The same simulation was repeated with a lower obstacle

speed of 6 m/s. Figure 13 shows the same exact head-on
simulation with the only difference being the fact that the
algorithm is aware of land. It can be observed that, knowing
that land is very close on the USV’s starboard side, the
algorithm chooses a smaller offset (χca = +45◦). Then in
order to respect the minimal safety distance to the other
vessel, the algorithm commands a +90◦ offset for a short
period, before the offset is zeroed and normal navigation
is restored once the obstacle has passed. Despite land is
close to the USV, the algorithm chooses a starboard turn,
since the obstacle’s speed allows the AutoNaut to comply
with COLREGS rules, while avoiding collision safely and
navigate at a minimum desired distance from land. Despite
the minimal distance between the two vehicles cannot be
respected (approximately 150 meters), the minimum safety
distance to land (dsafeg = 100 m) is respected since the
measured minimum distance is 120 meters.

Including the environmental state: In this section, the
environmental factors and their additional cost KenvE

k are
added in the simulations. The simulated scenario is the same
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Fig. 14: The evolution of each cost depending on the course
offset.

Fig. 15: Head-on with anti-grounding activated and sea state
included.

as in the previous section and the speed of the obstacle is
kept constant at 6 m/s. The environmental state is included,
in order to understand if the environmental factors have
an impact and, most importantly, the desired impact on
the decisions of the collision avoidance and anti-grounding
algorithm. In rough conditions, it is expected that the USV
prioritizes avoiding grounding obstacles more than before
and is careful about going close to land. In order to stress
the importance of the sea state in the control decision, high
environmental costs are considered. A change in behavior
demands quite a high additional cost, which is desired since
complying with COLREGS is important to ensure safe nav-
igation at sea and should be the standard behavior. The total
environmental cost can be tuned by adjusting the weights
in the Kenv factor. The values of the environmental factors
used in this scenario are defined as: [B,H, Vw, βw, Uc, βc] =
[1, 2 m, 10 m/s, 30◦, 0.3 m/s, 30◦]. The weights and the
grounding cost are defined as Kenv = [10, 50, 50, 100] and
Kg = 100 respectively. The values of the factors are set to
create rough environmental conditions. The plot in Figure
14 shows the cost of each environmental term together
with the resulting total environmental cost KenvE

k for each
course offset. As intended by design, the cost is highest for
the course offsets that coincide with the wind and current
direction. The costs from the sea current and the bathymetry



are quite low compared to the cost from wind and heave
motion. This can be changed by adjusting the weights in the
Kenv vector.
Figure 15 shows that despite the obstacle speed is low
enough to allow the USV to comply with COLREGS rule
14, the algorithm opts for a port maneuver. This is due to
the wind and current that push the AutoNaut towards land on
its starboard side. It can be noticed that the AutoNaut turns
−90◦ to port, instead of turning +45◦ to starboard where it
was considered safe to go in the previous simulation when
the environmental state was not included in the optimization
(see Figure 13). Because there is a quite strong wind and
a current directed North-East, in addition to high waves,
the total environmental cost is so high that keeping a safe
distance to land is prioritized over choosing the COLREGS
compliant behavior. Still, the AutoNaut manages to avoid
collision with the obstacle and, at the same time, a safe
distance from land is kept on its starboard side. The shortest
distance to the obstacle is 118 meters, which is only a few
meters shorter than before (Figure 13), while the shortest
distance to land has increased to more than 200 meters.
This result shows that in rough environmental conditions,
the system will prioritize avoiding grounding obstacles, and
that the environmental factors can have an impact on the
decisions of the AutoNaut.

VIII. CONCLUSIONS

The automatic anti-collision and anti-grounding system
presented in this chapter is a reactive obstacle avoidance
control system intended to make the AutoNaut aware of,
and avoid, the surrounding moving and static obstacles in
situations where it has to diverge from its originally planned
path. The simulations and experimental results presented
in this paper show that the performance of the collision
and grounding avoidance system can be tuned as desired.
Furthermore, the full system functionalities should be further
tested in the field in order to assess the validity of the
theoretical assumptions.
A future work is to include the nonlinear dynamic model
of the USV and use that to update the vehicle’s state when
winds and currents affect its navigation [18].
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