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ABSTRACT

Context. There is considered the task of automatic collision avoidance with multiple targets, including maneuvering ones. The
object of the research is the process of automatic collision avoidance with multiple targets, including maneuvering ones. The subject
of research is the method and algorithms that implement the process of automatic collision avoidance from multiple targets, including
maneuvering ones.

Objective. The purpose of the article is development a method and algorithms for automatic collision avoidance from multiple
targets, including maneuvering ones, for the module of the onboard controller of the ship control system.

Method. This goal is achieved by periodically measuring the true speed of the vessel and relative speeds of the vessel and
targets, averaging the measured information to remove noise, estimating the true speeds of the targets, building, for the obtained
estimates of the true speeds of the targets, areas of allowable collision avoidance controls with each targets by numerical iteration of
the collision avoidance parameters (speed and course) at the nodes of a given grid in the area of their possible changes, determining
the relative speeds at the nodes of the grid ship and target movement and checking that the relative speeds don’t belong to sectors of
dangerous courses, building a general area of acceptable collision avoidance controls with all targets by combining areas of allowable
collision avoidance controls with each target, choosing collision avoidance parameters from the general area of acceptable collision
avoidance controls according to specified criteria. This allows to diverge from multiple targets, including maneuvering ones, in a
fully automatic mode. Changing the criteria for selecting discrepancy parameters leads to a change in the ship’s behavior in case of
discrepancy without changing the program code.

Results. The developed method and algorithms are implemented in software and investigated by solving the problem of collision
avoidance from multiple targets, including maneuvering ones, in a fully automatic mode in a closed circuit with the simulator Navi
Trainer 5000 for various types of ships, targets, navigation areas and weather conditions.

Conclusions. The experiments confirmed the performance of the proposed method and algorithms and allow to recommend them
for practical use in the development of modules for automatic collision avoidance with multiple targets, including maneuvering ones,
of the onboard controller of the ship control system.

KEYWORDS: ship collision avoidance system, automatic collision avoidance, collision avoidance from maneuvering targets,
collision avoidance, area of allowable controls.

ABBREVIATIONS perpendicular to the center plane and directed towards the

AIS is a Automatic Identification System;

ARPA is a automatic radar plotting aid;

BCS is a bound coordinate system; is located in the
center of rotation of the vessel, the axis OX lies in the
center plane and is directed forward, the axis OY is

starboard, the axis OZ complements the system to the
“right” one.

COLREG is an international rules for preventing
collisions;

ERML is an expected relative movement line;
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GCS is a geographical coordinate system; is located in
the center of rotation of the vessel, the axis OXg is
directed along the meridian towards the North, the axis

LOG is a device for determining the speed of the
vessel;

LSM is a least— squares method;

OYg is directed along the parallel towards the East,
the axis OZg complements the system to the “right”;

RADAR is a radar station;

RML is a relative movement line;

SDC is a sector of dangerous courses;

NOMENCLATURE
b j 1s a linear coefficients of the RML equation for the

j-target;
Dpj is a measured distance to the j-target;
Dy, is a area of safe collision avoidance;
E, j isaort, wich indicates the direction from lead

point of j-target to the vessel;
E;j isaort, wich indicates the direction of ELRM,

for the j-target;
Ey;j is a ort, wich indicates the direction of ELRM,

for the j-target;
k j 1s a angular coefficients of the RML equation for

the j-target;
Ky is a course of safe collision avoidance;
Kigj 18 a-true course of j-target;
K 1is a trial values of course;
kg is a angle gain factor;
K, is a angular speed gain factor;
k [ is a angle integral gain factor;

N is a number of RADAR measurements for building
RML.
Nig is a number of targets;

OE  is a distance to lead point of j-target.
ij is a measured bearing to the j-target;

U is a flow influence;
V\, is a measured linear speed vector;

Vinax is a maximum ship speeds;

Vihin is a minimum ship speed;

V,, is a linear speed vector;

an is a speed of safe collision avoidance;
V7 is a trial vector of speed;

V7 is atrial values of speed;

Vtgj is a-true speed vector of j-target;

Vigj 1s a module true speed vector of j-target;

W is a wind influence;

X, is a state vector of own vessel;

Xp is a absolute ship movement along the axis OX,
in GCS;

Xigj is a state vector of j-target;

X tgj 18 a-absolute movement of the j-target along the
OX, — acis in GCS;

Y, is a absolute ship movement along the axis OY, in
GCS;

Yigj is a absolute movement of the j-target along the
OY, is a acis in GCS;

d is a angles deflection of rudder;

AT is a period of information processing in the
onboard computer;

AV is a relative speed vector of the vessel and j-
target;

AVyj is a trial values of the relative speed of the
vessel and the j-target;

AVXj is a relative speed OX-projection in BCS;

AVyj is a relative speed OY-projection in BCS;

AX mj 1s a measured OX-projection of distance

between the vessel and the j-target in GCS;
Aij is a measured OY-projection of distance

between the vessel and the j-target in GCS;
0 is a angles deflection of telegraph;

©j is a angle, equal to half the SDC for the j-target;
Y, is a measured heading;

¥y, is a heading;

Q

avoidance with j-target;
®mz 1s a measured angular speed in BCS;

i is a areas of admissible control of collision

®p; 1s a angular speed in BCS.

INTRODUCTION

The article discusses the issues of automatic collision
avoidance with multiple targets, including maneuvering
ones. Currently, the main international legal document,
regulating the safety of navigation, is the Rules
COLREG-72 [1], adopted in 1972 and put into operation
since 1977, and the technical equipment of collision
avoidance are RADAR / ARPA [2-3].

Recently, the speed of ships and the intensity of
navigation have significantly increased, which has caused
a significant increase in the flow of information per unit
of time. It becomes increasingly difficult for navigators to
make the right decisions to prevent the development of
dangerous situations. Statistics of accidents in the global
maritime industry shows that 75-80% of all accidents
occur with the direct participation of a person. The human
factor today is the most dangerous element of the ship
management system. Analyzing these data, the experts
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concluded that a significant reduction in accidents can be
achieved only by reducing the influence of the human
factor on the management process. Modern ships have
become increasingly equipped with automatic and
automated control systems. The use of such systems
improves reliability, accuracy and flexibility, and also
provides new opportunities through the use of modern
mathematical tools. Automatic systems are also much
cheaper than traditional ones with the crew.

Technical equipmet of collision avoidance RADAR /
ARPA allow to capture, track and diverge with 40 targets
at the same time. However, RADAR / ARPA is an
automated equipment and involves the participation of
man in the collision avoidance. Thus, neither the
COLREG-72 Rules nor the RADAR / ARPA technical
equipment meet the current trends in the automation of
ship traffic control in conditions of increased speeds and
traffic flows.

In open sources [5—13], a more detailed analysis of
which will be done in the next section, various solutions
to the problems of automatic collision avoidance are
proposed, but all of them allow to collision avoidance
with only a few (from one to three) non-maneuvering
targets, despite the fact that the existing RADAR / ARPA
equipment allows to capture and accompany a much
larger number of targets (up to 40). Therefore, the
development of systems of collision avoidance with
multiple targets, including maneuvering ones, is an actual
scientific and technical problem.

The object of research is the process of automatic
collision avoidance with multiple targets, including
maneuvering ones.

The subject of research is the method and algorithms
that implement the process of automatic collision
avoidance from multiple targets, including maneuvering
ones.

The purpose of this article is development a method
and algorithms for automatic collision avoidance from
multiple targets, including maneuvering ones, for the
module of the onboard controller of the ship control
system.

1 PROBLEM STATEMENT
The are specified a mathematical model of a
controlled object (own vessel) in the form of a system of
nonlinear differential equations

dax,
dt
Xp =(Vn,0n,¥h, X, Y0,

= fn (Xn 9 Wa U7 e’ 6)5

models of external influences of wind W =f,,(t) and
flow U=f,(t). The measured linear speed of the vessel
Vi , angular velocity op,, yaw angle ‘Wp,, bearing Py,
and distance Dy, to each target take into account the

measurement errors determined by the passport data of

each sensors. Mathematical models of targets are also
specified in the form of a system of nonlinear algebraic
equations  figj (Xigj, Yigj > Vigj, Ktgj)» ] =1,2,.., Nyg  that

define the parameters of the movement of targets along a
route (speeds and courses), as well as target paths with
break points to simulate target maneuvers.

Required for given initial conditions — the position of
own vessel X,(0), the position of targets

th] (0), j = 1,2,..., th N

movement of targets on routes, specified routes, external
influences, measurement errors of motion parameters,
determine such controls that would allow to diverge from
specified targets, including maneuvering ones at a safe

distance (X, = Xygj)? +(Yp ~Vigi)? >= Dsa’, j = 1.2, Nyg -

specified  parameters  of

2 LITERATURE REVIEW

The main international legal document regulating the
safety of navigation today is the COLREG-72. The rules
apply only in cases where there is a danger of collision.
Rules COLREG-72 are verbal (and therefore sometimes
interpreted by navigators differently), are more focused
on the intuition of the navigator and not on exact
mathematical calculation, consider only the consistent
collision avoidance of the two vessels. After installation
on ships of the radar, it became possible to measure the
parameters of the relative movement of the vessel and
targets, as well as to carry out manually graphic
constructions on a maneuverable tablet to determine the
parameters of collision avoidance [2]. This method of
calculating the parameters of the collision avoidance has
not high accuracy and is also very labor intensive. To
automate calculations, modern radar systems have been
installed on modern ships. ARPA [3-4] frees the
navigator from a variety of manual operations, and the
built-in function “Playback maneuver” provides the
navigator with a convenient graphical interface for
solving problems of collision avoidance. However, ARPA
has significant drawbacks:

—ARPA is an automated system that assumes the
presence of a person in the control loop;

“The Replay Maneuver” function of the ARPA
provides the navigator with only a convenient graphical
interface, but the determination of the parameters of the
collision avoidance is still carried out manually “by eye”,
rather than relying on an exact mathematical calculation
that takes time;

—ARPA function “Playing maneuver”, as with manual
radar laying, does not allow to diverge from maneuvering
targets, since the task is solved one-time, before the
beginning of the diversion maneuver.

A lot of works of authors are also devoted to the
issues of automatic collision avoidance.

Thus, in article [5] proposed an automatic collision
avoidance system based on deep Q-learning. The
advantage of this method is to obtain information from
the environment with which the system interacts, which
can be used to optimize the behavior of the system. At the
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same time, Q-learning takes time, organizing storage of
information, its quick retrieval, as well as database
maintenance. In addition, during Q-training, the system
may not work optimally or even mistakenly, which is
fraught with serious consequences.

The article [6] describes a method for assessing the
risk of collision of ships, based on a complex non-linear
relationship between the degree of risk of collision and
the influencing factors. Collision risk assessments with
expert information on collision avoidance experience, are
entered into a database for subsequent use. The authors
proposed a regression model that is trained on the basis of
existing samples, in order to increase the accuracy and
speed of prediction. The solution proposed by the authors
involves training the system, which is not permissible
during ships diverge. In addition, the learning process is
associated with a long accumulation of information, the
use of databases, the organization of quick retrieval of
information from the database as well as the need for
additional maintenance of the database.

The article [7] describes the track planning method,
taking into account the dynamic characteristics of the
control object and the rules of COLREGS-72 to prevent
possible collisions. The method takes into account the
uncertainty of the trajectory in time. The risk of collision
is calculated using the probabilistic method, and the risk
zone of collision is adjusted to the predicted trajectory.
Also presented are simulation results that demonstrate the
feasibility of the proposed approach with examples of
shipping. The propoused method allows to estimate the
risk of collision with non-maneuvering targets, does not
form controls for implementing the collision avoidance in
the automatic mode and can only be used in automated
decision support systems.

The article [8] describes the use of AIS for tracking
the movement of targets through electronic exchange of
navigation data between ships with onboard transceivers,
ground and / or satellite base stations. The data collected
contains a large amount of information useful for safety at
sea and is used for: detecting anomalies of movement of
targets, route estimation, collision prediction and path
planning. The wuse of AIS data provides great
opportunities for ships collision avoidance due to more
accurate information about the parameters of their
movement, however, this method doesn’t allow to diverge
from not equipped with AIS ships or ships that hide
information about the parameters of their movement.

The article [9] describes the method of support
decisions in the case of collision avoidance of ships at
sea. The method is based on the use of the COLREG-72
and the accumulated experience of collision avoidance.
The described method assumes the presence of a person
in the control loop and the use of the Rules of the
COLREG-72 for collision avoidance. Since the
COLREG-72 Rules regulate collision avoidance with only
one non-maneuvering vessel, it cannot be used to
automatically diverge with multiple targets, including
maneuvering ones.

As a result of the analysis, the authors article [10]
came to the conclusion that the collision avoidance
algorithms developed over the past decades suppouse the
absence of maneuvering targets in the collision avoidance
process; collision avoidance from only two targets,
simplified dynamics of vessel and targets, etc. A collision
avoidance algorithm and a collision avoidance system are
proposed. The system visualizes changes course and
speed of the vessel, leading to a collision, that can be used
in manual control and in decision support systems.
Collision avoidance system can also offer evading
controls that comply with the Rules and have a minimum
number of operations.

This system is closest to the proposed by the authors
system of automatic collision avoidance with multiple
targets, including maneuvering ones.

A method of collision avoidance using predictive
models was described in [11]. Mathematical modeling in
the onboard computer predicts the trajectory of the vessel
and the target using the measured at the current time
parameters of the movement of the vessel and the
estimated movement parameters of the target. This
forecast, taking into account the rules of the COLREG —
72, is used to determine the optimal collision avoidance
management strategy. The disadvantage of this method is
the large load on the onboard computer due to the need to
implement a variety of forecasts in real time, as well as
the possibility of collision avoidance with only one
vessel.

The article [12] describes the method of probabilistic
obstacle handling based on information from a radar
sensor with target tracking, that considers measurement
and tracking uncertainties is proposed. A grid based path
search algorithm, that takes the information from the
probabilistic obstacle handling into account, is then used
to generate evasive trajectories.

The article [13] presents a combined Nonlinear Model
Predictive Control for position and velocity tracking of
underactuated surface vessels, and collision avoidance of
static and dynamic objects into a single control scheme
with sideslip angle compensation and environmental
disturbances counteraction. A three-degree-of-freedom
dynamic model is used with only two control variables:
namely, surge force and yaw moment. Nonlinear
disturbance observer is used to estimate disturbances in
order to be fed into the prediction model and enhance the
robustness of the computer. Collision avoidance is
embedded into the trajectory tracking control problem as
a time-varying nonlinear constraint of position states to
account for static and dynamic obstacles.

The article [14] describes an approach to real-time
collision avoidance that complies with the COLREGS
rules for Unmanned Surface Vehicle. The Evidential
Reasoning theory is employed to evaluate the collision
risks with obstacles encountered and trigger a prompt
warning of a potential collision. Then, is extended and
adopted the optimal reciprocal collision avoidance
algorithm so as to determine a collision avoidance
maneuver that is COLREGS compliant. The proposed
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approach takes into consideration the fact that other
obstacles also sense their surroundings and react
accordingly, conforming to a practical marine situation
when making a decision concerning collision-free motion.

3 MATERIALS AND METHODS

This article solves the problem of collision avoidance
from multiple targets, including maneuvering ones. The
structural diagram of the simulation objects is shown in
Fig. 1.

The onboard computer 7 receives the parameters of
the state vector of the vessel in the ACS as well as the
distances and bearings to each target, measured by the
radar 12 and comparator 5.

Block 8 of receiving and converting information reads
incoming data with a period of information processing,
scales it, translates it into a numeric code and feeds the
inputs of modules 7.1-7.n to solve various applied control
problems, in particular, in module 7.1. The considered
problem of managing the collision avoidance with
multiple targets, including maneuvering ones, is solved.
The required course values and speeds of collision
avoidance from the output of module 7.1 of the calculator
are fed respectively to autopilot 3 and to the power energy

and current speeds. The combined effect of controls and
disturbances on the control object 4 determines its
movement, which at each moment of time is characterized
by a state vector. Unit 2 models the movement of targets
in the same GCS, in which the movement of the control
object 4 itself is modeled. Fig. 2 shows the scheme of
collision avoidance of own ship O with two ships —
targets O, and O,. The reasoning below is also valid for
collision avoidance from any number of targets.

Own ship O (see Fig. 2a) moves with measured speed
Vi . Around own ship is drawn the safe area Ds.a.

Through the point of the last measurement (p. N) of the
target position, the relative movement lines RML,, RML,
are drawn, which are built in the onboard computer of the
vessel according to a series of observations 1,2,...,N

from the radar, using the least-squares method.

The essence of the LSM is the preliminary
accumulation of the measured radar information on the
bearing and the distance for each target for 15-30 antenna
turns, recalculation of the measured data in the Cartesian
coordinate system

AXj (1) = Dpyj (1) cos(Pryj (i),

installation 6, the outputs of which, taking into account AYppj (1) = D () sin(Pyy; (i)),1 = 1,2, ..., N;
the inertia and delays, are controls of the object 4. In
addition to the considered controls, the object 4 is also
affected by external disturbances 1 in the form of wind
1 2
U=£f, @&
5 < W= £, () Kegr- Tig
3 4 f= 1.4,
> J= 1M
v
ry = (Vy, iy, "Wy, Xy Pl
> 5
5 o
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i= I'N!g
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Figure 1 — Structural diagram of the objects of modeling
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Figure 2 — Diagram of the collision avoidance

with the subsequent approximation of the accumulated
data by a RML. This method is currently widely used in
ARPA. Further, using the koefficients
kj,bj, ji=12,.., th RML equation, the measured

coordinates of the target are specified so that they lie on
the RML, thus eliminating fluctuation errors in radar
measurements

AXmJ(N) = k]AYmJ (N)+bj, j =12,...., th ,
estimated vector AV j= (AVXJ- ,AVyj) relative vessel

speed and j-target
AVyj = (AX i (N) = AX i (D) (AT (N = 1)),
AVyj = (AYpj (N) =AY (D) (AT (N = 1)),

and also computes the true speed vector of the j-target

In Fig. 2a shows speed triangles
(VmsAV, Vigj, 1 =1,2), built for 2 targets at last

measurement points ( p. N ). Lead points E; ( E; ), pushed
forward by RML, ( RML, ) regarding p. N the distance
required to change the motion parameters of the vessel in
case of collision avoidance ( determined by its
maneuverability characteristics ). ERML;;, ERML,,
ERML,,, ERML,, — tangents to the safe area, drawn from
pOiIltS E] (E2) ERML“, ERML21 and ERMle, ERML22
form sectors of dangerous courses SDC; and SDC,
accordingly, in which the vector of relative speed of the
vessel and targets should not be located in case of

collision avoidance. In the Fig. 2 vector AV; € SDC, and
vector AV, € SDC,, both targets are dangerous and

collision avoidance is required. Change the direction of
vectors AV;, AV, can only be due to a change in the
speed vector of the own vessel ( the speed vector of the
target is not available for control ). As can be seen from
Fig. 2a, fulfillment of conditions V,, € Q; and V, € Q,
allows to avoid colission with both targets, where Q; —
the area of allowable controls in case of collision

avoidance with the first targets, is the area between the
circles V. and Vi, , without SDC,, and Q, — the area

of admissible controls in case of collision avoidance with
the second targets, is the area between the circles V.,
and V., , wthout SDC,. In Fig. 2b, these areas are also
shown in Cartesian coordinates. (€; bounded by blue
lines, and 2, bounded by green lines).

General area Q=0Q;NQ, consists of three
subdomains: A1-X1-E2-A2, B2-B2’-C2’-X3-B1, C1-X2-
C2 and is an area of allowable controls in case of collision
avoidance with two targets at the same time.

As you can see, the area Q is complex even for two
targets and its analytical construction is difficult. In this
regard, the authors proposed:

— the area of allowable controls should be built
numerically in the onboard computer, which allows
obtaining complex forms for any number of targets;

— the area of allowable controls should be built with a
period of processing collision avoidance algorithms in the
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onboard computer, which allows to take into account any
changes in the mutual movement of the vessel and the
targets, and therefore to diverge from the maneuvering
targets.

To build the area Qj, j =1..N¢g allowable control of

collision avoidance with the j-target are taken trial vectors
of collision avoidance Vy = (V1 cosKy,VysinKy) in

the grid nodes of the whole area (in Fig. 2b between
V nin »Vmax o1 the speed and between 0 and 360 degrees

on the course), for each trial vector, a trial vector of
relative motion is calculated with the j-target

AVTj =V — V1, which is checked for belonging

SDC;j:
(AVrj xE|j & AVyj xEp ) <0. (1)

Orts E;j,E,; are found by turning ort Eg; clockwise

)

and counter-clockwise by an angle © ; = arcsin( C?;
equal to half SDCj:
E|j=Eo;xe 9 E,y; =E¢; xe'¥ .
Single vector E(j and distance OEj to p. Ej, used in
the above equations, are determined by the formulas:
AX i (E) = Aij(N)+AVXjATm,

AYppj () = AYpn ; (N)+ AV ATy,

OE; =\/Aij2(E)+Aij2(E),
AXmj(E) AYpy; (E)

OE; OE;

If condition (1) is not met, trial vector
V1 =(Vy cos Ky,Vrsin Ky) belongs to the areas of

0j =

admissible controls. The area of permissible controls in
case of collision avoidance with all targets can be

obtained by combining the areas of permissible controls
with each target separately.
Q=0;NQ N...NApyg -

Any pair of collision avoidance parameters
(Vn1-Knp) €Q s valid for discrepancies with all targets

simultaneously. Therefore, further selection of the
parameters of the collision avoidance from Q determined
by additional conditions, for example, the conditions for
optimizing the collision avoidance, the stability
conditions (the invariance of the selected collision
avoidance parameters), the Rules of the COLREG —72,
etc. The deflection angle of the rudder & and the
deflection angle of the telegraph 6 are determined as

8 =ky (W — Kpp) + Ky 0m; +kj J.(\Pm —-Kppdt,

g Vo
2 Vmax
4 EXPERIMENTS

Algorithms for automatic collision avoidance with
multiple targets, including maneuvering ones, were
checked in a closed circuit with electronic simulators. As
an example, the data on the collision avoidance with the
five dangerous targets located around the vessel are given
below.

Fig. 3 shows a screenshot of the vessel, targets and
weather conditions from the visualization channels of the
simulator.

Fig. 4 presents a screenshot from the instructor's
workplace, which shows the position of the own ship CC,
and the target ships CL[;-CIL; at the time of the start of the
collision avoidance. Trajectories of target ships have
fractures, i.e. they are supposed to be maneuvered in the
course of the task.

Figure 3 — Screenshot of the vessel, targets and weather conditions from the visualization channels of the simulator

LS,
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Fig. 5 shows the position of the ships — the targets on  fragment with a common area of collision avoidance with
the radar screen at the moment of the beginning of the all targets simultaneously, as well as two areas of
collision avoidance. As you can see, 3 dangerous targets  collision avoidance with the first and second targets

(their relative motion vectors are highlighted in red). separately.

In Fig. 6 shows the areas of permissible controls in the Fig. 7 shows a screenshot from the instructor’s
process of collision avoidance at different points in time  workplace at the end of the collision avoidance.
(at the beginning of the collision avoidance, in the process Fig. 8 shows the position of the targets on the radar at

of collision avoidance and at the end of the collision the end of the collision avoidance.
avoidance). Each time point is represented by a vertical

N

tu1

s
Figure 4 — The position of the vessel and targets at the beginning of the collision avoidance
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Figure 5 — Position of targets on the radar screen at the moment of the beginning of a collision avoidance
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Figure 6 — Areas of permissible controls in the process of collision avoidance
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Figure 7 — Screenshot from the instructor’s workplace at the end of the collision avoidance
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5 RESULTS

There were considered the issues of collision
avoidance with many targets, including maneuvering
ones, in a fully automatic mode.

There were analyzed existing methods of automatic
collision avoidance of ships, their shortcomings were
revealed and the relevance of the solution of this problem
was substantiated.

There were developed a method and algorithms,
which allow solving the problem of collision avoidance
with multiple targets, including maneuvering ones, in
onboard computer.

The efficiency of the method and algorithms was
tested by mathematical modeling in a closed circuit with
an electronic simulator Navi Trainer 5000 for various
types of ships, targets, navigation areas and weather
conditions.

6 DISCUSSION

The developed method and algorithms make it
possible to diverge from multiple targets, including
maneuvering ones, and can be used to create the software
of the collision avoidance module of the onboard
computer of the ship control system.

As shown by the simulation results in a closed circuit
with the NTPRO 5000 simulator, the proposed method
and algorithms, compared with the previously described
solutions [5—-14], allow to diverge from multiple targets,
including maneuvering ones, in fully automatic mode.

CONCLUSIONS

There are proposed a method and algorithms for
automatic collision avoidance with multiple targets,
including maneuvering ones.

The scientific novelty of the results obtained is that
for the first time a method and algorithms for automatic
divergence with many targets, including maneuvering
ones, were developed. This one is achieved by

Figure 8 — Position of targets on the radar at the end of the collision avoidance

ACKNOWLEDGE ALARM
BOW CROSSING 2

periodically measuring the true speed of the vessel and
relative speeds of the vessel and targets, averaging the
measured information to remove noise, estimating the true
speeds of the targets, building, for the obtained estimates
of the true speeds of the targets, areas of allowable
collision avoidance controls with each targets by
numerical iteration of the collision avoidance parameters
(speed and course) at the nodes of a given grid in the area
of their possible changes, determining the relative speeds
at the nodes of the grid ship and target movement and
checking that the relative speeds don’t belong to sectors
of dangerous courses, building a general area of
acceptable collision avoidance controls with all targets by
combining areas of allowable collision avoidance controls
with each target, choosing collision avoidance parameters
from the general area of acceptable collision avoidance
controls according to specified criteria. This allows to
diverge from multiple targets, including maneuvering
ones, in a fully automatic mode. Changing the criteria for
selecting discrepancy parameters leads to a change in the
ship’s behavior in case of discrepancy without changing
the program code.

The practical value of the obtained results is that the
developed method and algorithms are implemented in
software and investigated by solving the problem of
collision avoidance from multiple targets, including
maneuvering ones, in a fully automatic mode in a closed
circuit with the simulator Navi Trainer 5000 for various
types of ships, targets, navigation areas and weather
conditions.

The experiments confirmed the performance of the
proposed method and algorithms and allow to recommend
them for practical use in the development of modules for
automatic collision avoidance with multiple targets,
including maneuvering ones, of the onboard controller of
the ship control system.
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VK 004.942:656.61.052
ABTOMATHYHE PO3XO/KEHHS 3 BATATBMA HIJISIMHA, BKJIIOYAIOYU MAHEBPYIOUYI

3inyenko C. M. — KaHA. TeXH. HayK, CT. BUKJIaaau Kadeapu ynpasiiHHA CyAHOM, 3aBigyBay JlabopaTopii eIEeKTPOHHUX TPEHaXKepiB,
XepcoHChKa Jep)kaBHa MOPChKa aKajeMis, YkpaiHa.

Hocos Il. C. — kaHa. TexH. HayK, JOIEHT KadeIpu HaBIraliitHuX cucTeM, XepCOHChKa IepXKaBHA MOPChKa aKaeMisi, YKpaiHa.

Mareiiuyk B. M. — acucteHT Kadenpu ynpapiiHHs CyJJHOM, 3aBiJyBay JabopaTopii eIeKTPOHHUX TpEeHaKepiB, XepCOHChKA AepKaBHA
MOpChKa aKajiemis, Ykpaina.

Mawmenko II. II. — ct. BuKIaga4 kadeapy yIpaBIiHHS CyTHOM, KaIliTaH JAJICKOTO IUIaBaHHs, XePCOHChKA JepkaBHa MOPChKa aKaJeMis,
VYkpaina.

T'pomieBa O. O. — cT. BuKIanay kadeapu yrnpasiiHHS cy1HOM, XepCOHChKA JepikaBHa MOPChKa akajieMisi, YKpaiHa.

AHOTALISA

AxTyanbHicTh. Posrianaerscs 3amada aBTOMATUYHOTO PO3XOMKEHHS 3 OaraTbMa IISAMH, BKIIOYaloud MaHeBpylodi. O6’exToM
JOCITI/DKEHHS € TPOLIeC aBTOMATHYHOTO PO3XO/KEHHs 3 0araThMa IUISMH, BKJIOYAOYd MaHeBpyrodi. [IpeMeToM A0CiKEHHS € METOA 1
ITOPUTMH, 10 PEaTi3yI0Th MPOLIEC aBTOMAaTHYHOTO PO3XODKCHHS 3 0araTbMa LIIMY, BKIIOYal04H MaHEBPYIOYI.

Merta. Metoro cTarTi € po3poOka METOLy i alropHTMIB aBTOMATHYHOTO PO3XOJDKECHHS 3 OaraTbMa IIUIIMH, BKIIOYAIOYN MaHEBPYIOUi,
JUISL MOZLyJIst OOPTOBOT'O KOHTPOJIEpA CUCTEMH YIPABIIiHHS CYJHOM.

Merton. Llst MeTa nocsiraeThCs MEPIOJUYHUM, 3 TAKTOM POOOTH OOPTOBOIO KOHTpOJIEpa, BUMIPIOBAHHSAM ICTUHHOI LIBHIKOCTI Cy[IHa i
BIZIHOCHUX IIBMIKOCTeH CyqHA 1 IiIel, ycepeqHeHHsIM BUMIpsiHOi iH(OpMauil Juli BUAAJICHHS IIyMiB, OL[IHKOIO iCTHHHHX IIBHIKOCTEH
ineit, moOymnoBoo, UL OTPUMAHHUX OLIHOK iCTMHHMX MIBHAKOCTEH Liel, obiacTed NOIyCTUMHX YIpPaBIiHb PO3XOMKCHHAM 3 KOXXHOIO
HIJUTIO IUIIXOM YHCENBHOrO mepebopy MmapaMeTpiB po3XOo/pKeHHs (MIBHIKOCTI 1 Kypcy) Ha By3jax 3aJaHOi CITKM B 00JIACTi iX MOKJIMBHX
3MiH, BU3HAYCHH]IM Ha BY3JIaX CITKM BiJJHOCHUX LIBHIKOCTEH pyXy CyAHa 1 LieH 1 MepeBIpKO iX Ha HE NPUHAICKHICTh CEKTOpaM
HeOe3neuHnx KypeiB, MoOyJ0BOIO 3arajibHOI 00J1acTi JOIyCTUMHX YIIPaBIliHb PO3XOKEHHIM 3 yCiMa LUIAMHM IUIIXOM 00'eJHaHHS oOnactei
JIOMYCTHMUX YIIPABIiHb PO3XOKEHHSIM 3 KOXKHOFO IIJUTI0, BAOOPOM MapaMeTpiB PO3XOKEHHS 13 3araibHOI 00J1acTi AOMYCTHMUX YIPaBIiHb
PO3XO/KEHHSIM y BIAMOBITHOCTI 13 3amaHuMK Kputepismu. Lle mo3Bosisie po3xoauTHcs 3 OaraTbMa IUISMH, BKJIOYAOYM MaHEBPYHOYi, Y
MOBHICTIO aBTOMAaTHYHOMY peXUMi. 3MiHa KpuTepiiB BHOOpY MapaMeTpiB PO3XOUKEHHs NPU3BOAMTH JIO 3MIHM IOBEIIHKH CyAHA IIpU
PO3XOJDKEHHI 6e3 3MiHH IPOTrPaMHOTO KOAY.

PesyabraTu. Po3pobiieHi MeTo Ta aqropuTMH peaji3oBaHi B MPOrpaMHOMY 3a0e3MeyeHH] 1 JOCIIKEeHI IUIIXOM BUPILICHHS 3a1adi
PO3XO/KeHHs 3 6araThbMa LIUISIMU, BKJIFOYAKOUH MaHEBPYIOUi, Y TIOBHICTIO aBTOMAaTHYHOMY PEKUMi Y 3aMKHYTIH cxemi 3 TpeHaxepoM Navi
Trainer 5000 s pi3HUX TUIIIB CyJeH, LiiIel, paiiOHIB IUIaBaHHS 1 HOTOJHUX YMOB.
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BucnoBku. ExcrieprMeHTH HiATBEpIMIN NaNe3AaTHICTh 3alIPOIOHOBAHOTO CIIOCOOY 1 alTOpPUTMIB i JO3BONAIOTH PEKOMEHTYBATH X
JUIS TIPAKTHYHOTO BHKOPHUCTaHHS HPH PO3pOoOIll MOIYJIIB aBTOMATHYHOIO PO3XO/KEHHs 3 OaraTbMa I[UIIMH, BKJIIOYAIOYM MaHEBPYIOUi,
0OOPTOBOr0 KOHTpOJIEpa CUCTEMHU YIPABIIIHHS CYIHOM.

KJIFOYOBI CJIOBA: cucrema pO3XOMKEHHS CyIEH, aBTOMATHYHE PO3XODKEHHS, PO3XO/PKEHHS 3 MAaHEBPYIOUHMMHU LUISMH,
HOTIePEKEHHS 3iTKHEHb, 0071aCTh IOy CTUMUX yIIPaBIIiHb.

YK 004.942:656.61.052
ABTOMATHYECKOE PACXOXIEHUE CO MHOI'MMH HEJISIMHU, BKIIIOYASI MAHEBPUPYIOLLUE

3unuenko C. H. — xaHI. TeXH. HayK, CT. MpenojaBarelib Kadeaphl YIPaBICHUS CYIHOM, 3aBEIYOLINI Tab0paToOpuel SIEKTPOHHBIX
TpEeHaXKepoB, XePCOHCKasi FOCyIapCTBEHHAs! MOPCKas akazeMusi, Y KpauHa.

HocoB II. C. — kaHJ. TexXH. HayK, JOLEHT Kadeapbl HABUIallMOHHBIX CHUCTEM, XEpCOHCKas roCylapCTBEHHas MOpCKas aKaJeMHus,
VYkpauHa.

Mareiiuyk B. H. — accuctent kadenpbl ymnpasieHHs CyIHOM, 3aBEIYIOIINI 1ab0paTOpuell 3IEKTPOHHBIX TPEHAXKEPOB, XEPCOHCKas
rocylapCTBEHHAs! MOPCKasl akaJeMusi, YKpanHa.

Mamenko II. I1. — cr. npenonaBarens kadenpsl ynpaBieHUs: Cy[HOM, KallMTaH NaJIbHEro IIaBaHUs, XEPCOHCKas rocylapCTBEHHas
MOpCKas akafeMusi, Y KpanuHa.

I'pomieBa O. A. — cT. pernoaBarens Kageapsl yIpaBIeHHs CYHOM, XepCOHCKas TOCyIapCTBEHHAs MOPCKasl akajeMus, Y KpauHa.

AHHOTALUSA

AkTyaibHOCTh. PaccmarpuBaeTcs 3ajaua aBTOMAaTHUECKOIO PACXOXKIEHHS CO MHOTUMHU LENISMH, BKJIIOYas MAaHEBPHUPYIOLIUE.
OOBEKTOM HCCIEIOBaHUS SBISETCS MPOLECC aBTOMAaTHYECKOTO PACXOXK/ICHHUS CO MHOTUMH LIEJISIMH, BKIIIOYasi MaHeBpupytoue. [Ipeaqmerom
MCCIJICIOBAHUS SIBJISIFOTCS. METO/L M aJFOPUTMBI, PEaIM3yIOIIHe IPOLECC aBTOMATHYECKOTO PACXOXKISHUsI CO MHOTHMH LEJSMH, BKIIIOYas
MaHEeBpUPYIOLINE.

Henas. Llenpio crathy sBAseTCsS pa3paboTKa METOAA U aJrOPHUTMOB aBTOMATHYECKOIO PACXOXKAEHUS CO MHOTHMH LEJSMH, BKIIOYas
MaHEeBPHPYIOLINE, U1 MOAYJIsl 0PTOBOTO KOHTPOJIJIEPa CUCTEMBI YIIPABICHHUS CYAHOM.

Metoa. OTa 11eNb JOCTUraeTCsl IEPHOIMYECKHM, C TAKTOM paboThl OOPTOBOrO KOHTPOJUIEPa, M3MEPEHHEM UCTHHHON CKOPOCTH CyJlHA U
OTHOCHTENBHBIX CKOPOCTEHl Cy/iHa U IeNel, yepeJHeHHeM U3MEepPEeHHOH HH(pOpManyy JUIl yIaleHuUs IIyMOB, OLICHKOH HCTHHHBIX CKOPOCTEH
1esei, MOCTPOSHHUEM, IS TOMYyYCHHBIX OLIEHOK HCTHHHBIX CKOPOCTEH 1eneil, 00macTeil oMmyCTUMBIX YIIPABICHUI PACXOXKICHHEM C KaXKI0H
LEJIbI0 MyTeM YHMCIICHHOTO Iepedopa rnapaMeTpoB PacxXokAeHUs (CKOPOCTH M Kypca) Ha y3ax 3aJlaHHOH CeTKH B 00JIACTH MX BO3MOXKHBIX
N3MEHEHHH, ONPEe/IeNICHUEM Ha y3/1aX CETKH OTHOCUTEJIBHBIX CKOPOCTEH JIBIXKEHHS Cy/lHA M LieJiel U IPOBEPKOil X Ha He MPUHAIIEAKHOCTh
CEKTOpaM OIACHBIX KypCOB, IOCTPOEHUEM 001N 001aCTH IOIYCTUMBIX YIIPaBICHUH PaCX0KAEHUEM CO BCEMHU LIEISAMHU ITyTEM 00bEAMHEHHS
obuacTeil TOMYCTUMBIX YIPaBJICHHUI PACXOXKICHHEM C KQKI0W LIeJbI0, BHIOOPOM MapaMeTpoB PACXOXKACHHMS U3 00IIei 007aCTh TOIMyCTHMBIX
YIpPaBJICHUH PACXOXKAEHUEM B COOTBETCTBHE C 3aJIaHHBIMHU KPUTEPHAMH. OTO IO3BOJISIET PA30MTHCh CO MHOTMMHM ILIENSMHM, BKIIOYAs
MaHEBpPHPYIOLINE, B IIOJHOCTBIO aBTOMATHYECKOM pexuMme. M3MeHeHne KpuTepHeB BbIOOpa IapaMeTpoOB PACXOXKASHUS HPHBOIHUT K
M3MEHCHUIO NIOBEICHUS CyJHA IIPH PACXOKJICHUH 0€3 U3MCHEHHS IIPOrPaMMHOTO KOJa.

PesyabraTtbl. Pa3paboTaHHble METOJ M aITOPUTMbI PEATN30BaHbl B MPOIPAMMHOM OOECIICYEHHM W HMCCIEJOBAHBI IMYTEM PELICHHS
3a7aud PACXOXKIEHHUS CO MHOTMMHM LIEJISIMH, BKJIIOYAas MAaHEBPUPYIOILHUE, B IOJHOCTbIO aBTOMAaTHYECKOM DPEXHME B 3aMKHYTOH cxeme ¢
tperHaxepoM Navi Trainer 5000 1711 pa3nUYHBIX THIIOB CYOB, IIeJIeH, palilOHOB IUIaBaHUS M IIOTOJHBIX yCIOBHIA.

BbIBO/IbI. DKCIIEPUMEHTHI HOATBEPIMIN PAOOTOCIOCOOHOCTD MpeuIaraeéMoro cnocoda 1 alnropuTMOB M MO3BOJISIIOT PEKOMEHIOBATh UX
JUISL TIPAaKTMYECKOTO HCIHOJIb30BaHUs IPU pa3paboTKe MOJIyJeH aBTOMAaTHYECKOrO PACXOXKICHUS CO MHOTMMM LENAMM, BKIJIIOYas
MaHeBpHpYIoLIKe, OOPTOBOro KOHTPOJLIEPA CUCTEMBI YIIPABICHHS CYTHOM.

KJ/IFOUEBBIE CJIOBA: cucteMa pacX0okieHHUs CYH0B, aBTOMAaTHUECKOE PACXOXKAEHUE, PACXOXKIEHHE C MAHEBPUPYIOIUMH LESMH,
MpeyNpPeKIeHUE CTOIKHOBEHUI, 00JIaCTh AOMYCTUMBIX YIPABICHUM.
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