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Abstract

The relevance of developing control systems for autonomous inland waterway vessels is noted. In order to develop
an algorithm for the movement of an autonomous surface vessel operating on inland waterways (IWW), typical
navigation tasks are considered for its automatic control system: determining the vessel's position, straight-line
movement, circulation, divergence and overtaking, mooring, emergency maneuvering, interaction with other traf-
fic participants. The analysis is based on the provisions of the Rules for the Navigation of Vessels on Inland Water-
ways of the Russian Federation and educational literature.

The methods of interaction between an autonomous vessel and a conventional navigator, the limitations and pros-
pects of this technology are considered separately.

To construct a block diagram of the algorithm for maneuvering an autonomous inland waterway vessel, a number
of foreign publications and methods for the movement of autonomous vessels were analyzed.

The main operations of navigation on inland waterways are considered. Based on the analysis of foreign and
national sources, a consolidated algorithm for performing maneuvers of autonomous surface vessels (ASV) is
proposed.
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Introduction The aim of the study is to determine the algorithm for diverg-
The rapidly developing new water transport mode — autonomous  ing and overtaking inland waterway vessels for use in automatic
— requires new control systems. For inland waterways, these control systems for inland navigation.

tasks are only just beginning to be developed.
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The authors set the main objectives of the study, such as to con-
sider the main maneuvers when moving the ANS in accordance
with the Rules of Navigation of Vessels on Inland Waterways of
the Russian Federation (PPVVP), formalize recommendations
on passing and overtaking for the self-propelled guns of autono-
mous surface vessels.

Today, technologies and methods for managing marine autono-
mous surface vessels (MAS) already exist and are being actively
developed abroad and in Russia, whereas river navigation has a
number of specific features and limitations.

In particular, when passing at sea, a large area is used for the
maneuvering of ships, which allows for any given safety mar-
gin, whereas in narrow passages and on the river this margin is
practically non-existent.

When operating a vessel in such an environment, precision con-
trol of course and speed, limited by strict time limits, begins to
play arole.

In addition, both traditional (conventional) vessels with a live
crew on board and new autonomous vessels will coexist on the
water for a fairly long time. At the same time, the movement and
maneuvers of autonomous vessels must not only ensure safety,
but also comply with the requirements of the PPVVP and the
expectations of ordinary navigators.

In other words, the automation must control the vessel in accor-
dance with the main task of navigation as carefully, with an ex-
cessive reserve in distances and intervals, as a young navigator.
It is known that the task of navigation is to deliver a vessel from

point A to point B in the least (or specified) time (T—>min), or at

the lowest fuel consumption (bT—>min), in accordance with the
PPV VP, while ensuring the required level of safety of navigation
on inland waterways (IWW).

Research Results
Let us consider typical maneuvering tasks that are solved when
ships move along inland waterways.

Vessel Positioning

For safe operation, it is necessary to accurately determine the
position of the vessel relative to the fairway (CF).

AIS is used today to determine the location of conventional ves-
sels.

For autonomous vessels (AS), the task of determining the ves-
sel's location can also be assigned to AIS, with mandatory du-
plication. In this case, the position of the autonomous vessel is
determined:

- according to GNSS GLONASS/GPS data as part of two ship
receivers (to increase accuracy); when GNSS receivers are lo-
cated at the bow and stern ends, it is possible to determine the
orientation of the vessel in space; it should be noted that the error
in positioning obtained from GNSS GLONASS/GPS signals can
reach significant values, in some cases local failures may be ob-
served, which does not allow an autonomous vessel to be limited
exclusively to GNSS sensors;

- according to radar data;

- integration of data obtained from a strapdown inertial naviga-
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tion system (SINS);

- a technical vision system of an autonomous vessel, which
allows the use of a mechanism for precise reference to known
“permanent” coastal objects and geographic landmarks.

Also, a significant gain in accuracy is possible by comparing the
parameters of the situation with data obtained from a previously
created database - a “digital twin” of the water area.

Interaction of the Navigator with Traffic Participants

When vessels pass each other both in narrow passages and in
open water, as well as during overtaking and other maneuvers,
one of the most important means of ensuring safety and alerting
navigators is VHF radio communication.

All registered vessels must comply with the requirements of the
IWPR regarding the use of appropriate light and sound signals,
as well as the requirements of the Radio Regulations for the Mo-
bile Service and the Mobile-Satellite Service on Inland Water-
ways.

Thus, paragraph 71 of the PPVVP states: “in the event of a
malfunction of the VHF radio communication installation, the
vessel/train may only move to the nearest point for repair of ra-
dio-electronic equipment.”

It is clear that ship radio communication today remains a manda-
tory requirement for navigation on inland waterways.

Ship Control by a Navigator

To create a vessel control algorithm, we will consider typical
navigation maneuvers, where we will distinguish two types of
movement:

- uniform movement along the route (movement at a given speed
along the CX axis with compensation for the impact of the ex-
ternal environment, adequate maneuvering to ensure safe diver-
gence from other road users, and overtaking them);

- uneven movement along the route (acceleration, braking, ma-
neuvering, including emergency maneuvering).

Uniform Movement Along the Course or Lane of the Fairway
- for the GDP, the rotation frequency of the screws n is selected,

corresponding to the economic course (bT —> min), or the value
of the propeller speed to ensure the traffic schedule / minimize

travel time (T—>min), however, it must be possible to adjust the
speed taking into account local navigation conditions to “safe
speed” values, which may be significantly lower than the crite-
rion speed values;

- the ship's steering gear is shifted by an amount equal to the
required compensation for external conditions / drift and drift
angle. The rudder (rudder) shift angle is calculated using a spe-
cial method.

Change of Course (turn)

- the radius is calculated, as well as the start and end point of the
maneuver (depending on the inertial and hydrodynamic charac-
teristics of the vessel/train and ensuring the safety of the maneu-
ver under given sailing conditions, including taking into account
the running lane);

- when reaching the starting point of the turn, the steering gear
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is shifted to a value corresponding to the required turning radius
under the given sailing conditions;

- when controlling exclusively with rudders in narrow waters,
it is usually necessary to perform a “holding” maneuver in ad-
vance upon reaching a specified value of the angular velocity
of turn (depending on the maneuvering characteristics of the
vessel/train and ensuring the safety of the maneuver under the
specified sailing conditions);

- when controlling the propulsion system (at low speeds, when
mooring, possibly in combination with thrusters (PU)) it is pos-
sible to reduce the rotation speed or pitch of the propeller;

- on open water the turning radius of the AN can be increased,
which reduces the energy costs of the maneuver with a slightly
increased maneuver time.

Discrepancy

Narrow divergence is one of the most difficult maneuvers, so
let's look at it in more detail2:

“If it is impossible to ensure the specified zone along the width
of the shipping channel, it is necessary to reduce the speed of the
vessel, down to the minimum.

When the distance to the oncoming vessel is 2-3 hull lengths,
both vessels vigorously put the rudder to the right and come
closer to the edge of the canal. It is impossible to approach the
edge of the canal in advance, at a large distance between the
vessels, since it is difficult to keep the vessel close to the edge
for a long time. At the moment when the stems of the vessels are
level, the rudder is shifted to the left in order to move the stern
and begin moving along the oncoming vessel, simultaneously
increasing the rotation frequency of the propeller. The vessels
round each other, making a smooth turn to the left. When the
bow approaches the beam of the midship of the other vessel, the
rudder is shifted to the right in order to prevent the stern from
moving towards the edge of the canal. Due to the interaction of
hydrodynamic forces between the vessels and each vessel with
the shore, both vessels tend to turn to the left.

The skippers should control the movement of the vessels, but
not prevent them from turning smoothly to the left. As soon as
both vessels pass each other cleanly, they will again enter the
channel axis. The movement must be assisted by the rudder and,
upon entering the channel axis, the vessel must be held on the
set course.
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Figure 1(b): Divergence in wide water — in the SRD [done by the authors].
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If one of the vessels delays its movement to the left during the

divergence and remains at the right edge of the canal after the

other vessel passes, the influence of the shore effect (repulsion
of the bow and attraction of the stern) can sharply deviate it to

the left and even turn it across the canal. In order to prevent a

turn to the left, it is necessary to hold the vessel with the rudder

in a timely manner, up to the point of shifting the rudder to the
right side, and to assist with the operation of the engine until the
vessel reaches the canal axis."

In this case, the divergence algorithm can be formalized as fol-

lows:

»  radio notification of your location and maneuver when ap-
proaching a narrow area/turn/section with limited visibility;

+ agreement with an oncoming vessel to carry out a diver-
gence maneuver;

*  when vessels approach within line of sight (at least 500 m)
or in response to a signal from another vessel, the corre-
sponding light signal is switched on, in accordance with the
requirements of the PPVVP;

»  propeller speed - does not change or increases to the lev-
el necessary to ensure the necessary controllability in the
event of an excessively dangerous approach;

* when passing in narrow passages - minimal deviation of
vessels from each other, only to prevent the influence of
dangerous hydrodynamic effects (suction);

* deviation from an oncoming vessel in a narrow passage
(Fig. 1a) to ensure safety; or when passing in wide water
(Fig. 1b) — movement in one’s own lane in the traffic sepa-
ration system (TSS); in this case, the steering gear is shifted
to perform a maneuver to ensure a safe passing distance. If
necessary, a maneuver of “holding” and (turning) the stern
away from the oncoming vessel is performed.

*  When passing dangers on the water, a minimal deviation
of course from the obstacle is allowed, only to prevent a
collision.

Overtaking (Passing)

» agreement with the overtaken vessel on overtaking (auton-
omous vessels communicate with each other using a digital
protocol, communication between the AS and human-con-
trolled vessels using a special message exchange protocol).
If the overtaken vessel responds negatively, overtaking is
prohibited.

»  Providing appropriate maneuvering instructions.

Overtaking Vessel (ANS)

* the overtaking vessel usually moves closer to the CX axis
if local navigation conditions permit; the deviation and the
permissible distance from the CX are determined by the
navigator;

* when vessels approach each other at a distance of direct
visibility (at least 500 m), the overtaking vessel makes a
request to overtake (usually on the left side of the overtaken
vessel); if the request is confirmed, subsequent overtaking
is carried out;

» the rotation speed of the propellers - to ensure safe naviga-
tion, it can be increased to full speed;

*  When overtaking, the navigator must determine and main-
tain a safe approach distance from the vessel being over-
taken.

Page No: 04 /

www.mkscienceset.com

Overtaken Vessel (ANS)

* when vessels approach each other within line of sight (at
least 500 m), in response to another vessel’s request to over-
take, if such a maneuver is agreed upon, the side on which
overtaking will be carried out is confirmed;

* reduces the propeller speed to reduce its own speed by
agreement with the overtaking vessel (usually n is reduced
by 25%; in the case of poor visibility or dangerous approach,
the overtaking vessel may be allowed to pass by reducing
the propeller speed until it stops completely);

*  when overtaking, the navigator must determine and main-
tain a safe approach distance from the vessel being over-
taken;

*  The steering gear is shifted to the required value to ensure a
safe overtaking distance.

Maneuvering to Avoid a Collision when an Obstacle to Traf-

fic is Suddenly Detected

»  the possibility of dangerous approach to an obstacle is cal-
culated when only the rudders are controlled, and when both
the rudders and the propellers are controlled. If necessary, in
addition to the rudders, afterburner/reversal of the propeller
rotation direction is performed;

+ the steering controls are shifted in such a way as to ensure
the performance of a maneuver to bypass an obstacle, tak-
ing into account the provision of a safe distance from the
obstacle;

« If available and possible at low speeds, it is possible to use
steering devices.

Departure from the Berth / Lifting Anchor

* radio announcement of your maneuver before starting to
move towards the CX

*  the rudder is shifted to ensure movement along a trajectory
that ensures a safe exit to the CX (if possible, in open water,
at acute angles of up to 30°).

»  the rotation frequency of the propellers increases smoothly
until the set speed is reached .

Mooring/Anchoring
» radio notification of your maneuver when approaching the
pier;

»  when approaching a berth/berthing area, the rotation speed
of the propellers is smoothly reduced to the minimum safe
level, allowing the vessel to maintain maneuverability;

+ the movement of a vessel without a PU to the berth is usu-
ally carried out at an acute angle relative to the berth. If the
vessel has a PU, it is possible to use them near the berth, up
to and including moving alongside;

» the angle of the shift / the law of change of the angle of the
shift and the control of the PU is selected in such a way as
to ensure the most parallel position possible of the side of
the vessel and the wall of the berth when touching the berth
at speeds of up to 0.1 m/s;

*  When anchoring, the speed of the vessel at the moment of
anchor release must also not exceed the safe speed (selected
by the navigator).
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Table 1: Qualitative indicators* of control actions for an inland watercraft in calm water, light wind and a current speed of no more

than 4 km/h

Name of the maneuver

Propeller speed control

Steering control

Uniform movement along the route

n=nnom or
n= neconomy of running

Angle of transfer®= Bdrift

Change of course when reaching a turn-
ing point on the route

does not change

Re-laying®, taking into account the need
for obsession

Discrepancy does not change / decreases tonmin Rudder shift maneuver to provide a dis-
Overtaking another vessel n= nmax tance to prevent “sticking”
Overtaking another vessel n< nnom

Departure from the pier n —>nnom Course for shipping lane according to the
situation
Mooring n —>nmin A maneuver by shifting the rudders to
ensure a touchdown speed of no more
than 0.1 m/s
Emergency maneuvering n —>=+ nmax Rudder shift maneuver

® —>max to ensure minimal divergence
from the obstacle

*Determining quantitative indicators for each vessel requires separate model and full-scale tests.

Interaction of ANS with Traffic Participants

If, in addition to the ANS, there are traditional vessels on the SS,
it is necessary to ensure that radio communication requirements
are met, for which purpose it is necessary to have a special com-
munication system on board the AS.

This could be an intelligent automatic responder (similar to
a voice assistant) with the ability to recognize and synthesize
speech, for communication between the AT ANS and a live cap-
tain or shore specialist.

Let us propose a variant of such a solution.

Autonomous Ship - Conventional Ship / Shore Communi-
cation

Currently, voice intelligent chatbot technologies are actively de-
veloping, for example, in the solution from SberTypical voice
bot capabilities include:

. human voice recognition;

. imitation of speech;

. analysis of the obtained data and decision making;

. conducting a full-fledged dialogue in a given area of
knowledge.

Speech Recognition
The ability to hear and understand a person is the main task of
the program. End2End technologies are used for this.

Speech Synthesis

The prepared answer is converted into speech. High-quality au-
dio tracks read by a speaker or synthesized speech are used.
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One of the signs of successful generation of natural speech is a
result when it is impossible to distinguish artificial speech from
synthesized speech by ear. For this, proven speech service plat-
forms are used.

Decision Making

The generated information enters a trained system with a mul-
titude of scenarios, on the basis of which further decisions are
made.

Once configured, such a chatbot can be used as an Al vessel
answering machine for dialogue with captains of other vessels
and VTS dispatchers.

Autonomous Vessel-to-Autonomous Vessel Communication
For two ANS, this may be a system of messages using a special
certified protocol.

Since communication between Al of autonomous vessels will
not require a speech flow, the ANS of vessels will communicate
with each other using a flow of AIS data with instructions for
divergence (interaction), according to a specialized protocol. In
this case, logging of information exchange and its transmission
to the shore in real time will be mandatory.

Automatic Vessel Control
To construct a control algorithm for an autonomous vessel, ex-
isting control algorithms for sea vessels, including autonomous
ones, were analyzed [1-10].
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Figure 2: Safety domain for the MASS vessel
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Figure 3: Implementation of the collision avoidance algorithm [6] where OZT (Obstacle Zone by Target) is the target obstacle
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Figure 5: Schematic diagram of collision assessment Research Center for Intelligent Transportation Systems, Wuhan University
of Technology, China

From the analysis of the indicated works it is evident that for the
MANS in one form or another the concept of a “safety zone” is
introduced, which has the form of an ellipse with the center of
gravity coinciding with the center of gravity of the vessel and
exceeding the dimensions of the vessel by 2-5 times along the
main axes.

A number of works are devoted to collision risk assessment,
considered, for example, in [8]. These methods include trajec-
tory clustering, graph method, extremely short-term trajectory
prediction method, xG-Boost method, time series modeling and

multi-criteria forecasting.

The work is devoted to the application of an encoder-decoder
model with an attention mechanism for predicting a collision
along a trajectory based on AIS data.

In an algorithm of the method for identifying risks when ships
navigate complex waterways is presented, which consists of two
procedures: determining the type of vessel and classifying the
risk of collision, rice.6.

AIS data

Scatter distribution map of
target ship positions.

| Encounter situation analysis

Distribution density map
around own ship

Division of ship heading

T

Ship domain model in
complex waterways

boundary in ships domain

Equation B of safety distance

Keep speed
& course

Equation B and L, and 7,,

Combining the Equation L of the
collision avoidance detection lines

Calculating intersection point of

Emergency collision
avoidance

Timely collision
avoidance

|_—

Figure 6: Block diagram of the collision risk assessment method.

Explanation of the algorithm: "When the position data (from
AIS, radar or fusion of their data) of own ship and target ship are
collected in real time. By determining whether the target ship
is within the ship type, whether the collision risk detection line
crosses the safety distance boundary of own ship, and whether
the time to the intersection point between the collision risk de-
tection line and the safety distance boundary of the ship type is

Page No: 07 /

www.mkscienceset.com

sufficient, the collision risk level is estimated, forming a method
for rapid identification of the risk of collision of ships in com-
plex waterways."

Also, in the work direct quantitative recommendations are giv-
en: “according to research conducted with experienced sailors
and Wen'’s research, the safe distance between one’s own vessel
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and a target vessel sailing ahead in the same direction is about
200 m on the Yangtze River” [7].
Collision prevention algorithms are varied; among the latest de-

velopments, one can note an algorithm for a large number of
vessels in a closed water area, developed by the Department of
Ship Automation at the Maritime University of Gdynia [10].

Input data: ACO parameters
WYos. Vos. ¥1sj. initialization:
Vrsj. Ntsj, DT a. B,p.n, T
U ls’ S max_it
Calculate [ =1 /
Wrrsj, VITs;.
NfTSj
Determine
dangerous TSs YES
i Solutions
construction by
Build a artificial ants
graph l
L 1| B8 Select
g update s the best solution|
and present
results

Figure 7: Block diagram of the ant colony optimization algorithm for preventing ship collisions

Dangerous target ships are considered to be target ships whose
courses intersect with the course of their own ship and the point
of intersection of the trajectories of both ships located in the ob-
servation zone. For each of these objects, the algorithm calcu-
lates the distance of its ship from the intersection point and the
time after which its ship will arrive at the intersection point.
Based on the results of the analysis, for inland waterway vessels
we will adopt a safety zone equal to 2 hull lengths and 2 hull
widths on each side.

Generalized Algorithm for Ship Maneuvering

Based on the conducted analysis, as well as the results of, we
propose a generalized algorithm for performing maneuvers by
an autonomous VVT vessel [11-18].

Once the vessel has started moving, the automatic navigation
system receives data from:

- a navigational cartographic system that meets the requirements
of the national river register;

- GNSS sensors;

- ship radar;

- machine vision systems;

- other awareness sensors.

Based on the data, a 2D surface of the water area is constructed
with the boundaries of the shipping channel, a depth map (if a
digital twin is available), and objects in the water area.

The objects are analyzed, classified, their safety zones (ZZ) are
constructed, and their speeds and accelerations are assessed.
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Analysis and prediction of the trajectories of objects in the water
area is carried out to determine the probable intersection of the
/ZB.

If the vessel's ZB does not cross other zones, then movement
continues along the specified route trajectory.

In the case of a calculated collision, it is determined whether a
moving or stationary object falls within the ZB.

If the object is stationary, an evasive maneuver is performed by
turning the rudder, for which a trajectory is calculated that satis-
fies the minimum action condition; the time of movement along
the new course is also calculated, after which the vessel's course
is changed.

In the case of a moving target, the target is classified and, if it
is a normal vessel, an attempt is made to contact its captain. If
successful, the onboard Al specifies the divergence (overtaking)
maneuver — by course and/or speed, after which a new propeller
speed and/or a new course and maneuver time are calculated
and set.

The maneuver is then carried out until it is completed, after
which the course is returned or a transition to a new course oc-
curs according to the plotted trajectory; the vessel’s movement
continues.
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Figure 8: Block diagram of the algorithm for implementing the ANS maneuver [completed by the authors].

PA
PA HET
ObvexT NoABIKHLIA
BOTOBOPEHHOCTL C ADYIMM CYAHOM
0 MaHEBDe KYPCOM / CKOPOCTHIO
HET Pacuer Kypca
ANS HENEPECEUSHMA ONACHLX 30H ¥ BPEMEHN MAHEBDA
A
Pacver neoGxoaMMOoi BeMumHb N ANA
HENEPECEUEHMA ONACHLIX 30H W BPEMEHK MEHEBPd

W 4BCTOTYY BPAUY BUHTA N VISMEHeHIUE KYPCA Ha 333mbi yron fi

ey

Bo3spar ra npexHwid Kypc
WM HA HOBLSE KYPC CONAcH0

(— )

Figure 9: Block diagram of the algorithm for implementing the ANS maneuver (continued).
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Conclusion

The main operations of navigation are considered, and the qual-
itative characteristics of the control of the inland waterway pro-
pellers of ships are summarized.

Based on the analysis of foreign and national sources, a general
algorithm for performing an ANS maneuver is proposed.

To determine the quantitative parameters of navigation maneu-
vers and numerical algorithms for control systems of autono-
mous inland waterway vessels, similar to those existing for au-
tonomous sea vessels , further research is needed.
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