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Abstract— Autonomous robotic boats are devised to transport
people and goods similar to self-driving cars. One of the
attractive features specially applied in water environment is to
dynamically link and join multiple boats into one unit in order
to form floating infrastructure such as bridges, markets or
concert stages, as well as autonomously self-detach to perform
individual tasks.

In this paper we present a novel latching system that enables
robotic boats to create dynamic united floating infrastructure
while overcoming water disturbances. The proposed latching
mechanism is based on the spherical joint (ball and socket)
that allows rotation and free movements in two planes at
the same time. In this configuration, the latching system is
capable to securely and efficiently assemble/disassemble floating
structures. The vision-based robot controller guides the self-
driving robotic boats to latch with high accuracy in the
millimeter range. Moreover, in case the robotic boat fails to
latch due to harsh weather, the autonomous latching system
is capable to recompute and reposition to latch successfully.
We present experimental results from latching and docking
in indoor environments. Also, we present results in outdoor
environments from latching a couple of robotic boats in open
water with calm and turbulent currents.

I. INTRODUCTION

In robotics, there are two main methodologies for as-
sembly structures with autonomous robots regardless of the
environment (terrestrial / aerial / water). The first is robots
transporting the building blocks for constructing the structure
[1] [2]. The second method is robots attaching themselves to
the structure as a building unit [3] [4].

In this study we follow the second methodology, in which
the robot is a building unit. But first we introduce develop-
ments in autonomous underwater vehicles (AUV) docking
stations and present how we embed these concepts in our
autonomous latching system for robotic boats.

AUVs have extensive development of docking systems that
protect and recharge the underwater robot [S] [6] [7] [8]
[9] [10]. However, for robotic boats or autonomous surface
vehicles (ASV), there are relatively limited research accom-
plishments, specifically in latching systems for docking to a
station [11] [12] or to another boat or to multiple boats [13].
The main challenges are due to water and wind dynamics
which cause disturbances such as movements, vibration and
inclination on the boats.
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Fig. 1.

Autonomous robotic boats latched in train link configuration.

A. Latching system for AUVs

The process to latch an AUV into a docking station is
the following: The first step is homing. This step utilizes a
tracking system to assist in guiding the AUV into the dock.
This system is activated once the AUV is within a close
range of distance to the docking station. In order to measure
the distance between the AUV and a docking station, the
following sensors can be applied: 1) Acoustic. This solution
consists of an ultra short base line (USBL) with a range
up to 30m with the accuracy of +0.2m [5] [6] [9] [14].
2) Electromagnets. The electromagnetic solution is able to
provide the orientation within a range up to 10m with the
accuracy of £0.1m [7]. 3) Optics. The optical approach can
be thermal [15] or visual [10] [16] with a range up to the
visibility of the target (1m to 15m) and with high accuracy
in the millimeter range.

The second step of latching is docking, which specifically
refers to joining the AUV to a static docking station [17]
[15] [16] [14]. Several docking components in AUVs have
been widely considered by academy and industry. Among
these are:

1) Framed modular garage. The tubular garage is com-
monly shaped as a cone or funnel, which helps minimize the
level of precision required to dock the AUV by increasing
the target size. In this way, the vehicle approaches the funnel
entrance, while misalignments are mechanically corrected
[15] [16] [14].

2) Stinger. This system is similar to the aircraft base
stations, where the airplanes land with the help of a wired
hook that latches on a predetermined slot [5].

Once docking is done, the next step is garaging, in which
the vehicle is locked, securing its position. In this context,
the locking mechanism can be as simple as a hook, or
more elaborated system that involves active devices, such
as motorized-screws [18].



€= Forward

u Backward
s roll @ Socket (female)
urge o & © Ball (male)

Fig. 2.

Force vectors in the robotic boats.

B. Latching system for ASVs or robotic boats

The latching framework from O’Hara [13] is able to latch
multiple boats with a hook-wire mechanism and overcome
water disturbances. However, this latching system has several
limitations: 1) The latching/unlatching requires the robotic
boats to be spaced apart so the latching hook can rotate.
This limitation restricts the possibility to dynamically detach
one robot from a formed floating structure. 2) Also, the
system relies on an overhead camera, instead of a distributed
controller, as our self-driving robotic boats.

In this paper we present a novel latching system that
enables autonomous robotic boats to dynamically create
floating infrastructure in a secure and efficient way, while
overcoming water disturbances, see Figure 1. The roboats,
which are the robotic boats we placed the latching system on,
are expected to navigate autonomously on the water canals
of Amsterdam.

The proposed latching system takes into account the surge
and sway vectors (motions) of the roboat, with a funnel to
compensate the misalignment in the vertical axis (heave)
from water disturbances or weight imbalances. Moreover, in
certain configurations, the system only requires one actuator
to perform the latching of two boats.

This paper is structured as follows: Section II introduces
the design of our robotic boats, thrusters configuration,
mechanical model of the latching system and its functional
modes. Section III describes the model and controller our
robotic boats use to navigate. Section IV describes the guid-
ing controller for latching. Section V presents the algorithm
and control strategy for latching. Section VI shows the results
from the indoor swimming pool and outdoor test on the
Charles River in Boston, US. Conclusions are proposed in
Section VII, which also point out some of the next steps and
future challenges.

II. DESIGN

The aim of the autonomous latching system is to enable
robotic boats to latch to a docking station and to other roboats
for creating floating infrastructure, such as bridges, floating
markets and stage concerts. Therefore, the system is required
to latch fast, secure and efficiently, while overcoming water
disturbances and misalignments.

A. Robotic boat

The robotic boat consists of a rectangular base (2:1 ratio)
with four thrusters in the middle of its edges, see Figure
2. In this relationship the roboat is able to move forward,
backward, sideways and is able to rotate on its axis. The
dimensions of this robotic platform are 1000mm x 500mm x
150mm.

The perception and localization of the roboat are per-
formed by a VLP16 lidar (16 lines) located at the top
of the boat. Also, the robotic boats integrate a skirt of
Intel Realsense cameras to detect tags in the docks and on
other roboats for position estimation and identification. The
system integrates an IMU for recognition of inclination and
velocities.

B. Latching mechanism

The latching system is based on the ball — socket joint,
which allows a rotation about each of the three rectangular
axes. Each robotic boat integrates the two components of the
spherical joint and the number of connectors can be tailored
for each use case; i.e., in the towing use case, robotic boats
with connectors on the front and back can latch in train
link configuration and to a docking station. Moreover, if the
conectors are added on the sides of the roboats, the boats
can create a floating platform. In this way, the spherical joint
created between the connected roboats enables them to rotate
and move on the surge and sway vectors while overcoming
wave disturbances.

The latching system considers two cases: when a roboat is
latching to a docking station and when a roboat is connecting
to another roboat.

It is important to define these cases, because when latching
to a dock, we don’t want that the components on the dock to
require power. We expect passive elements that do not require
maintenance, nor connections for power in any means. On
the other hand, when putting together two roboats, both
components can be powered for integrating sensors and
actuators in order to help with the latching of the two floating
robotics platforms.

In this framework, there are three connecting components:

1) Passive Ball (male): The passive male part is used
only on docks, it consists of a central axis covered with a
3D printed protective rubber as a damping element and a
ball on the front-edge, see Figure 3a. The pins also integrate
a floating device to maintain their positions with respect to
the water level to be in the same level as the floating robotic
boats.

2) Active Ball (male): The active male part is integrated
on the roboats and can be extended or contracted with a
linear actuator when reaching for the connection on other
roboats. This actuation is required for adding roboats into
an already formed floating platform.

3) Socket (female): The female part consists of a funnel
to guide the male ball into an actuated receptor that traps
the ball, creating the spherical joint between the parts, see
Figure 3b. The receptor consists of three arms that are guided
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a) Passive male integrates a bearing stud on the front of the pin and 3D printed soft plastic as damping element. b) Socket (female) integrates a

funnel to guide the male ball into a receptor that traps the ball. This receptor integrates a mechanism with three arms that when closed forms the ball-socket.
Also, integrates a laser system to detect when the pin is inside to close the socket. ¢) Socket elements: disk with guides, three arms, one servomotor and

the ball detection system with laser crossing the socket.

by a disk, enabling the actuation of the arms with only one
servomotor.

The ball’s socket is created when the arms are closed and
when opened the arms released the trapped bearing stud. This
receptor integrates an electric system similar to the security
systems, in which a laser beam activates an alarm. In our
case, the laser beam is crossing the open socket to detect
if the ball is inside the socket space. So when the laser is
blocked by the ball, it reacts by rotating the disk, closing the
socket and trapping the ball, creating the spherical joint, see
Figure 3c.

C. Passive markers

The roboats are required to dock in the Amsterdam canals,
which are a historical heritage site. Thus, our methodology
should be minimally invasive to the canal walls and should
not integrate any active tags that require a power supply (i.e.
lamp or infrared). For this reason, we propose the apriltags
method for guiding the roboats to docking stations. These
tags offer a good framework for detection and identification,
plus can be customized [19]. Moreover, the apriltags on the
dock side can be made of tiles or stones to be less invasive.

III. MODEL

The dynamics and model of our robotic boats were de-
fined in [20]. The robotic boats implement model predictive
control (MPC) for navigation. The applied force and moment
vector T is:
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where B is the control matrix describing the thruster config-
uration and u is the control vector. a is the distance between
the transverse propellers and b is the distance between the
longitudinal propellers, fi, f>, f3 and f4 are the forces
generated by the corresponding propeller, see Figure 2. Each
propeller is fixed and can generate continuous forward and
backward forces.

IV. GUIDING CONTROLLER

The roboats are configured in swarm fashion, meaning that
each robot is an independent entity and that there is no direct
communication between them, only by visual cues.

The main reason for integrating apriltags in our au-
tonomous latching system is that the roboat’s localization
based on lidar with NDT matching has an accuracy in the
range of +100mm. However, this precision is not enough for
putting together the boats on open water, since an accuracy
in the range of +40mm is required to perform the latching.

In this context, the robotic boats implement the “low”
accuracy localization +100mm when performing path plan-
ning and obstacle avoidance, while the “high” accuracy of
+40mm is implemented in short distances. Specifically, when
the camera is able to find the apriltag and the boats are a
couple of meters apart from each other and within £27.5°.

The latching system assumes that the roboats and the
docking station are floating at similar levels above the water,
so the misalignment from waves is compensated by the
funnel, see Figure 4.

A. Working space - simplifying 3D space into a 2D plane

The controllable space is defined by a 2D x - y plane on
the water. This is to simplify the problem from 3D space to a
2D plane. Since, we don’t take into account the heave vector,
as this is compensated by the funnel and in our assumption
all elements are floating on the water, see Figure 5.

The distances and angles between two roboats are given
by three variables:

« dx is the difference in position in the x-axis (the distance
between the entities)

« dy is the difference in position in the y-axis (the distance
to the left or to the right)

« Y is the angle between the two entities

B. Guiding controller

In this section, we present our methodology to latch a
couple of roboats, R, and Rj3, resulting in a new floating
platform R3 = Ry UR3. We use the trajectory controller with
the passive marker detection to guide the robotic boat to latch
to another roboat on the open water.
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Fig. 4. The funnel compensates water level differences from the waves
in the z — axis, and also misalignments in the y — axis from the guiding
controller.

In our approach, one robotic platform waits in a position,
similar to a “balancing” robot, becoming a pseudo-docking
station, while the other roboat performs the movements for
latching.

1) Balancing robot : In the balancing robot state, we want
the robotic boat to maintain a certain position x*.

2) Latching action : In order to latch the robotic platforms
R, to R3, we take as reference a pair of connectors (s,b),
socket (female) and ball (male), such that s € Ry and b € Rj3.
In this configuration, module s latches to b, and it docks
through the x axis of R3. The position of the connector s
in the coordinate frame of connector b, Rz, is denoted by
8) y(b) z(b)).

§ S &S

The docking method can be modeled as an intensity
function </f, which is followed by the guiding controller
as:

wr = 7f (5" ) ©)

The intensity function is defined as the acceptance ratio by
the conical funnel, which is a cone with radius r = 40mm,
height 4 = 80mm and aligned with the roboat R3 x — axis.
In this case, the radius r defines the maximum error that is
tolerable during docking, e.g. misalignment error (error <
+40mm) that is adjusted by the mechanical funnel.

The funnel acceptance angle is 27.5°, meaning that if the
ball b is moving with a constant velocity v, it will move
towards the socket s. Otherwise, the latching may fail and
the roboat must retake its initial position for the guiding
controller to reposition itself and retry the latching algorithm.

V. LATCHING CONTROLLER

In order to read the actual angle between the camera and
the apriltag, the tag detection requires that the camera and
the tag are with the same orientation. At the same time,
to estimate the actual orientation between them, the tag
detection requires that the camera is directly facing the tag.
Therefore, the latching controller integrates a hybrid control
strategy which tries to position the camera to face the tag
with the same orientation.

The latching controller integrates three PD controllers:

Fig. 5. 2D simulation environment for latching roboats, R, 4y is the lateral
distance between parts, Ry, is the distance between them and angle sz.

o Control I: Minimize lateral distance dy;; = R34, — R2g4,

e Control II: Minimize longitudinal distance dx,), =
R34 — R24yx

« Control III: Minimize the angle y between the entities

The hybrid controller initially tries to set the roboats to
have the same orientation by minimizing dy,; and the angle
v between them. If the error is greater than the tolerances,
the latching roboat R, is set to maintain a distance of
1000mm from the target to keep minimizing these errors until
the error from Control I and Control III are inside the funnel
tolerances. Then R, (roboat with the socket) moves forward
minimizing dx;;, while combining the lateral distance and
angle strategies to latch the balancing roboat R3 with the
ball, see Algorithm 1.

Algorithm 1 Latching algorithm
Require: dy;,dxp, Y, flag_missed target
Ensure: Camera targeting tag
min(dys »)
min(y)
if flag missed target == 0 then
if dx;;, > Omm then
if dy;;, < 10mm or y < 2° then
min(dx,p)
else
Move back 1m and keep minimizing dy,, and y
min(dx,p - 1m)
end if
else
flag_missed target = 1
end if
end if
if flag_missed target == 1 then
Go to initial position and retry to latch
min(dxp - 1m)
if dx;, > 1m then
flag_missed_target = 0
end if
end if
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VI. EXPERIMENTS

This section contains the results from our developed
latching system tested indoors and outdoors. The experimen-
tal results validate the mechanical design and the guiding
controller used for accurately positioning the roboats side to
side for latching.

A. Indoor experiments at MIT - swimming pool

Tests were performed in a swimming pool, with dimen-
sions of 20m x 10m x 1.5m. In this facility the water is calm
with minimal disturbances (roboat roll, pitch and yaw angles
RPY < 1°).

1) Latching to a “balancing” roboat : The roboat with the
ball R; autonomously keeps its position “balancing” waiting
to be latched by the roboat with the socket R,. In this setup,
the roboat R, navigates from one corner of the swimming
pool to face the “balancing” roboat and then activates the
guiding controller to perform latching, see Figure 6.

The roboat that is balancing is not completely static. It
is oscillating its position d, and dy =50mm and orientation
RPY £ 1°, creating a challenging situation for the guiding
algorithm, since it’s required to adapt its position and orien-
tation to a moving target.

Figure 6 shows the forces, position and orientation for
a successful latching between the roboats. In this case, the
position in dy must be < 900mm since the camera and target
are mounted in the center of the roboats, the position in
dy < £40mm and the angle yaw < £27.5°. Even though the

orientation registered noisy peaks, the plot from the position
of the roboat shows a smooth drive, minimizing the distance
to the target dy, from 2250mm to 900mm, and minimizing
the lateral distance dy, from 70mm to < 10mm.

B. MIT Sailing pavilion - Charles River (outdoor)

In this location, we tested the most challenging latching,
which is between two roboats. We tested and registered data
a couple of times in different dates. In one test we registered
pitch and roll angles up to +1.5°, similar to the registered
angles in the roboat’s working environment (Amsterdam
canals). We will refer to this test as the “calm” water test.
In addition, another test was performed in “turbulent” water
with registered pitch and roll angles up to +5°.

In both experiments the roboats where able to latch.
However the roboat misses the target the first time, then
recomputes the position and orientation of the target to
autonomously retry and latch successfully the following
times.

In the calm water experiment, the balancing roboat regis-
tered an error in position in the range of +100mm and an
error in orientation: roll +1°, pitch £1.5° and a yaw +2°.
While in the turbulent water experiment, the error in position
was +200mm, and, the error in orientation: roll +1°, pitch
+5° and a yaw £2°, see Table I. The causes of missing
the target were: the error in position and orientation of the
balancing roboat and the reflections of light on the framed
apriltag perceived by the camera.
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couple of times after one missed attempt. In the same way, the roboats in turbulent water registered pitch and roll angles in the range +5° and were able

to latch a couple of times after one missed attempt.

TABLE I
BALANCING ROBOAT ERROR AND LATCHING SUCCESS RATE (20
ATTEMPTS PER EXPERIMENT).

Balancing error First attempt
position (mm) and effectivity
angle (°) successful rate

Indoors dx, dy and angle percentage

Latching to a dock 0 99%

Latching to a docked dy,dy = 20mm 95%

roboat RPY =~ 1°

Latching to a balancing dy,dy =~ 50mm 80%

roboat RPY =~ 1°

Outdoors dx, dy and angle percentage

Latching to a balancing dy,dy ~ 100mm 50%

roboat in calm water R~1°, P~15°Y ~2°

Latching to a balancing dy,dy = 200mm 33%

roboat in turbulent water | R~ 1°, P~5° Y ~2°

Figure 7 shows the experimental results from the calm
and turbulent water tests. The roboat R, with socket wants
to latch to the balancing R3. The plots reveal the position and
orientation for a one miss and two latch sequence in both
experiments. In the plot it is easy to notice how the pitch
angle from the roboat was affected by the waves. Also, it is
possible to notice the water current in the plots. The roboat
R, reaches the latching point faster in the turbulent test. In
these experiments, the roboats are latched when the position
d; < 900mm, dy < £40mm and yaw < £27.5°.

VII. CONCLUSION AND FUTURE WORK

This paper presents an autonomous latching system for
self-driving robotic boats. The system is able to latch ef-
ficiently to a docking station and to another robotic boat
while overcoming water disturbances and misalignments.
The system is mechanically reliable, based on the spherical
joint principle that enables rotation and movement in two
directions between the latched parts.

In our framework, the roboats work in swarm fashion,
which means that each robot is an independent entity and
there is no direct communication between them. The roboats
are guided globally by the path planning and obstacle
avoidance algorithms with positioning errors in the range of
+100mm. However, the positioning errors must be < 40mm
for performing latching between roboats on open water.
Therefore, we developed a vision based guiding controller
able to position the roboats with high accuracy for latching.

The experiments were performed in an indoor swimming
pool and outdoors, on the Charles River in Boston, US. In
the experiments, the autonomous latching system showed
good results when latching a couple of roboats in extreme
turbulent environments with waves that tilt the roboats +5°
in pitch and roll. In this difficult environment, the guiding
system misses the target in its first attempt. However, it
autonomously adapts by repositioning the roboat to retry and
successfully latches to the floating roboat.
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