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ABSTRACT

1t is proposed to form strategies to avoid collision by using combined Z-maneuvers and their
particular cases. To be with due regarding to COLREGs, limitations and situational approach were
used to identify timely, safe and adequate situations, decisive ships’ passing maneuvers. The type of
encounter situation was determined depending on the visibility conditions, the geometry of
approaching own ship and hazardous target, and navigation status of these vessels. Acceptable on
distance of targets passing combined Z-maneuvers with their particular cases were found by using
two composed semi-ellipses domains and circular domains of hazard, the center of which is shifted
from the target mass point towards the bow. In the measures allowed by the COLREGs for
resolving different types of encounter situations, the three kinds of actions were distinguished
according to the degree of their adequacy to the situation: basic, backup, and non-recommended
actions.

To comply with the COLREGs, enumerating method was applied to search for optimal
strategy to avoid collision and return to the initial course and speed. At each step of the
enumeration, it is determined that the current option of the maneuver belongs to one of the selected
sets of acceptable variants of the maneuver. Among the current number of variants of this set,
according to the selected criterion the best one has been found. Also, at each step of enumeration,
the loss of sailing time due to deviation from the route and other characteristics are determined for
the current variant of maneuver. After the end of the enumeration, according to the selected
criterion the best maneuver variant on the set of required substantial variants is considered optimal
for collision avoidance. If this set is empty, the optimal variant for collision avoidance is the best
option on the set of lower degree of adequacy to the situation. The criteria and limitations for
determining the best option for different sets are not the same. A numerical method for determining
the set of the acceptable start of the maneuver for returning to the active route leg after the
completion of combined Z-maneuver has been also developed. When solving the problem, the
dynamics of the own vessel was taken into account in a simplified manner, and it was assumed that
the parameters of the movement of targets would be unchanged. The authenticity of this method has
been checked by means of simulation modeling of ships’ passing.

The results of the analysis of the set of acceptable variants of the strategy, obtained during
the enumeration, were memorized. Having based on these results it became possible to build the
diagram, which facilitates for the operator the choice of actions in the dialogue mode with the
System.

Key words: collision avoidance, combined Z-manoeuver, compliance with COLREGs,
enumerative method.
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PE®EPAT

Ilpononyemovcsa ymeoprosamu awmukonizitni cmpamezii 3 KOMOIHO8AHUX Z-MaHespis,
gknoyalouu  ixui okpemi eunaoxku. [na epaxyeanns eumoe MIIIICC euxopucmosysanucs
obMmedicenHs | cumyayitiHutl nioxio 015 8UOLIEHHS 3A84ACHUX, Oe3NeuHux, adeK8amHux cumyayii,
piuyuux manespie po3xooxceHus. Buo koniziunoi cumyayii 6uzHauascs 6 3anedcHOCmi 8i0 yMo8
BUOUMOCTI, 2eoMemPii 30UNHCEHHSL 8IACHO20 CYOHA | HeOe3neyHol Yili, HagieayitiHux cmamycie yux
cyoeH. Jlonycmumi no 8i0CmMaHi po3xXo0HCeHHs eapianmu cCmpameziti 3Haxo0UIUcs 3a 00NOMO20H0
nos'si3anux 3 yeHmpamu mac yineir odnracmeu Hebe3neku: 3MIWEHO20 KpPy208020 OOMeHY mda
CKa0eHo020 3 080X nis-enincie oomewny. Y szaxooax, wo oonyckaromvcsa MIIIICC y konizitinux
cumyayisax, 3a cmynewem ix aodekgamumocmi cumyayii SUOLIANUCS OCHOBHI, pe3epeHi I
HepeKoMeHO08aHI Oii.

s nowyky eionosionoco MIIIICC egpexkmusnoco manespy O YXUNeHHs 8i0 3iIMKHEHHS |
NOBEPHEHHs 00 NOYAMKOBUX 3HAUEHb KYPCY 1 WBUOKOCMI 8UKOPUCMOB)Y8AB8Cs Memoo nepebopy. Ha
KOJCHOMY Kpoyi nepeoopy 6UHAYANACS 8MPama X0008020 4acCy yepe3 VXUNEHHs i0 MAapuipymy
NPAMYSEAHHSA MA [THWI XAPAKMEPUCMUKU NOMOYHO20 8apPIAHM) MAHEEPY, A MAKOMC HAJIEIHCHICb
Yb02o 8apianmy 00 00HOI 3 BUOLIEHUX 3a CmyneHem adekeamuocmi cumyayii muoxcunu. Ilicas
3aKIHUeHHs nepeOopy HAUKpawjull 3a O0OpaHuM KpumepiemM HA MHONCUHI DEKOMEHO0B8AHUX
cymmegux 3axo0i8 8apianm MaHespy 88adcaABCs ONMUMANbHUM OJisl po3xoddceHns. Konu ys 6esniu
BUABTIANOCS NOPONCHEU, ONMUMANHUL 0151 VHUKHEHHS! 3IMKHEHHS 8apPIaHm 3HAXOOUBCS HA MHOMCUHI
sapianmis 3 HUdCUiM cmynenem adekeamuocmi cumyayii. Kpumepii i oomedcenHs 0nsa 6UHAUEHHS
HAUKpawj020 8apianmy Ha PIi3HUX MHONMCUHAX Opanucs HeoOHarxosumu. Takoowc 0y6 po3pobreHull
aneopumm 4ucenbHO20 BUHAYEHHS MHONCUHU OONYCMUMUX NOYAMKIE MAaHespy O/ NpUXooy Ha
mapuipym cnioy8anHs 00 NOpmy NPUSHAYEHHs NICIA 3a8epuleHHs KOMOIHO8AHO020 Z-Manespy.
Jlunamixa eénacnoeo cyona npu niaHy8aHHI MAHESPI8 8paxogyeanacs cnpoujeno. /Jocmogipuicme
3aNPONOHOBAHO20 Memo0dy NepesipAnNacs WIAXOM — IMIMAayiliHoco  MOOEN08AHHA  NPOYecie
PO3X0O0HCEHHSL CYOEH.

Pesynomamu  ananizy ompumanoi npu nepebopi MHONCUHI OONYCMUMUX — 8APIAHMIEG
aHmuKonizitHoi cmpameeii 3anam'amosysanucs. Ha ix ocnosi Oyna ompumana diacpama, uwo
icmomHo nonezutye onepamopy euoip 0iti OJisl PO3XOONHCEHHSL 8 PEHCUMI 0ianocy 3 CUCMEMOIO.

KiouoBi cjioBa: momnepepkeHHsT 31TKHEHb, KOMOIHOBAaHWW Z-MaHEBp, BIAMOBIIHICTH
MIIIICC, meton nepebopy.

Introduction

The problem of ships’ safe passing has remained relevant for many years. The currently
available technologies with broad capabilities have allowed domestic and foreign scientists to
achieve certain progress in preventing ship collisions. Methods based on these technologies have
been developed for predicting situations, assessing collision risk, selecting appropriate COLREGs
and the observance of good seamanship anti-collision strategies taking into account the vessels
dynamics. Due to the fact that local legislation may be applied in certain water areas, this fact was
also taken into account in a number of works. It should also be noted that new challenges are
emerging in the development process. One of them is the creation of methods and systems for
resolving collision situations for unmanned vessels. A number of issues of improving the
effectiveness of collision avoidance support systems for manned sea vessels also remain
unresolved. Many research teams continue to work on the solution of these problems.

Analysis of literature data and problem statement

The basic methods for preventing collisions with target-ship (TS) are analyzed in the article
[1]. Among the investigations presented in recent years on this theme, we have noted the following.
The paper [2] provides an overview of procedures for ships’ motion predicting, for detecting the
risk of close-quarters situations, and for avoiding collisions. The strengths and weaknesses of the
analyzed algorithms and the possibility of their application on autonomous ships are discussed. In
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the publication [3] attention is drawn to new methods of finding oriented to modern digital
technologies anti-collision strategies, which have the prospect of being applied on unmanned
vessels. The document [4] reports on the developed anti-collision procedure for an unmanned vessel
based on a modified Artificial Potential Fields method. In the article [5], for solving collision
problem, it is proposed to use an improved distributed stochastic search algorithm, which allows
defining changes in course and speed to avoid collisions. The publication [6] presents the sea trials
results for an autonomous surface vehicle equipped with a collision avoidance system based on a
model predictive control. The results of trials showed that this approach allows to find the
corresponding COLREGs solutions in complicated situations close to the decisions of experienced
navigators. The article [7] is dedicated to the study of the human role in the collision avoidance
operations of autonomous sea surface vessels. A hierarchical analysis of tasks and a cognitive
model for their categorization are presented. A review of the domains of danger to be used for
solving collision avoidance problem, is represented in paper [8]. The survey [9] describes ship
domains when developing numerical procedures for calculating collision risk. The study [10] is
dedicated to assessing the influence of the water area available for maneuvering on the shape and
size of the ships’ domains of danger. Simplified models of ship dynamics, which allow in real time
to search for effective actions among their possible options, are given in the publication [11]. The
work [12] offers the literature review on the current state of collision avoidance systems at sea, and
the extent to which COLREGs is taken into account in various situations, both when ships are in
sight of each other and in the restricted visibility. The article [13] presents COLREGs formalizing
method to be implied in decision support systems for navigators, and autonomous ship control
systems in the future. In the publication [14], the Rapidly Exploring Random Tree algorithm was
applied to obtain COLREGs-compatible collision avoidance trajectories. The solution of the anti-
collision problem is closely connected with the increase of efficiency of on-board integrated Track
and speed planning and control system. One way to increase the effectiveness of this system is to
use Track and Speed control systems, which are able to adopt and execute the action plan without
direct operator participation. The article [15] presents intelligent control system of ship motion in
encounter situations. Despite the fact that much has already been done to successfully resolve
collision situations at sea, this problem remains open and urgent.

The purpose and tasks of the research

The objective of the work is to choose a rational strategy to avoid collisions with several
vessels, and the procedure for its stage-by-stage finding in situations that are not extreme. To
achieve this goal we have determined:

- limitations and criteria for defining COLREGs compliant actions;

- the type of strategy and the algorithm for its calculation;

- diagram to select a strategy in the dialogue mode with the system.

Limitations and criteria for defining COLREGs compliant actions

It was assumed that encounter situations are not extraordinary, own ship (OS) is under
command, dangerous target is not sailing vessel when own ship is such one, the positions of ships
are characterized by the coordinates of their mass centers. OS was assigned the number 0. Targets
were numbered from 1 to n. Target j was denoted by TS;. The number of the dangerous target, and
if there are several, then the number of the most dangerous one was designated m. Due to the severe
consequences of collisions, the aim is to provide the highest level of safety when solving encounter
situations. However, if in the open sea it is possible to get round TS at a distance of 3 NM, then in
confined waters this is impossible, and targets have to be passed at shorter distances. In other
words, under specific conditions it is possible to ensure only an achievable level of safety. The
greater the distance the vessels need to pass, the more time this operation takes, and, accordingly,
the earlier the COLREGs must be applied, and the maneuver initiated.

In order to decrease space for maneuvering due to navigation obstacles and traffic intensity,
four types of water areas were distinguished: open sea, coastal waters, confined waters I, and
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confined waters II. For these types of areas, accepted by default, values were set up as follows: 7,
for parameter that determines the size of the target domain of danger (TDD) and threshold of
acceptable values of DCPA (distance at closest point of approach), T for limit of acceptable values
of TCPA (time to closest point of approach), and R for radius of the alertness zone for warnings
about the appearance of targets.

The start of COLREGs accounting was determined by distance (D,.) between OS and TS,.

The procedure for D, obtaining looks like

IF v, %t = R THEN D_:= R) ELSE (IF vy, < 1,56, THEN D_:= 1,5p ) ELSE
Om m - Om m m m

(Dm: = E':‘E':'J‘l f)a

where: g, denotes the distance from the boundary of TDD,, to TS, in kon direction, kom and vom-
indicate OS course and speed relative to TS,,.

According to COLREGs, any action to avoid collision shall, if the circumstances of the case
admit, be made in ample time, substantial, acceptable on distance of passing targets, navigationally
safe, with due regard to the observance of good seamanship (adequate to the situation), doesn’t
result in a risk of close-quarters situation with other ships, readily apparent to another vessel. If
there is sufficient sea-room, alteration of course alone may be the most effective action to avoid a
close-quarters situation provided that it is made in good time, is substantial and does not result in
risk of collision. A succession of small alterations of course and/or speed should be avoided.

To provide the conformity of the COLREGs to computer-based collision avoidance strategies,
various approaches were applied, in particular, such as those presented in publications [12-14]. This
issue was resolved taking into account the experience accumulated by the navigators, reflected in
the comments to the COLREGs.

To determine the time of initiation of anti-collision actions, the OS positions of expected start
of COLREGs accounting and of close proximity with TS,, were found. In the interval between these
positions, three stages were distinguished while OS approaching to TS
1. Made in good time measures;

2. Possible actions when the first stage is missed (delayed actions);
3. Urgent actions.

For large and average give-way vessels (GWYV) the best place to initiate a maneuver is
accordingly the beginning and the center of the first interval. For a stand-on vessel (SOV), in case
of inactivity of GWV, this place is the center of the second interval. For actions in the first and
second stages, compliance with rule 8 and the corresponding provisions from rules 13-19 was
provided. Usually, strong maneuvers (full astern, all starboard/port) are not required at these stages.
It is important in the avoiding process to maintain the maneuverability of own ship, so that if the
situation begins to develop in an undesirable or dangerous direction, she would be able to improve
it. Therefore, turns are usually done with an average for ship radius. In these cases turn rate can be
increased if necessary. Due to the deterioration of the vessel's turn ability with decreasing velocity,
the speed to avoid collision is usually reduced only to a certain limit, at which the ship remains
controllable. It is also considered that when the vessel is moving forward, the work of the propeller
in reverse reduces the efficiency of the rudder, and when using the full astern mode the vessel may
become uncontrollable. To make this action fast and not to deteriorate the turn ability of the vessel
greatly, the speed is reduced by using the mode ‘slow astern’ or ‘dead slow astern’.

When choosing a maneuver at the third stage (extreme situation), Rule 2 is to be followed.
The COLREGs don’t define the type of action for these cases. Any measure is possible that results
in the avoidance of an immediate danger. The very fact of such a situation indicates a serious
violation of the COLREGs by both ships, or errors in the actions selected to avoid collision of one
of them. As already mentioned, extreme situations are not covered in this paper.

Action to avoid collision must be substantial, if the circumstances of the case admit, and fast
enough. It was considered that performance would be provided. The significance of the change of
course and/or speed was determined using the expression

Hanionaneauii yaiBepcuter «Oiecbka MOpChKa akaeMis



Cynuosoninns | Shipping & Navigation ISSN 2306-5761 | 2618-0073 31-2021

¢ = |8l/B+HIWI/W = 1;
where 0, Wand 8, W are changes of course, speed, and the limits of substantial values.
Acceptable on distance of passing targets variants of maneuvers were found using TDD.
Close-quarters situation will occur when the OS course relative to TS; passes through TDD;. TS;
was considered to be dangerous for the OS when

5}. < SJ. and T = 0 and Dj,- < D}-.

Here: §;, T; - indicate DCPA and TCPA of target TS;; S}- - denotes threshold of safe §; values;
D; is the distance between OS and TS;. Let us denote by the symbols Ko, Vo, Lo, Bo and K, V), Lj, Bs
course, speed, length, width of OS and TS;. We also use the notation ko, v,;, o for OS course and
speed relative to TS;, and difference (k,; — K;).

A circular domain with a center shifted by a third of the radius from the TS center of mass
towards the bow (Fig. 1) was used for the open sea, coastal navigation and rather wide passages.
For other waters composed of two semi-ellipses TDD was applied. Within the radius of the first
domain components (ry, 4;) were distinguished, taking into account the peculiarities of the
navigation region and the size of ships:

7= Tw + E".I_-;
where A;=0,5(L,+ L J,). The formulas for S}., p ; computation were obtained from describing the

boundary of this domain function, derivative of this function, and the MJ line equation in the &C
system (see Fig. 1)

(=07 -8+ T =cp=—E07 -8 T=g%

where o - indicates offset of the domain center from the center of mass of TS;.

ke, N Cj

af \(‘1—-

N

Figure 1. Circular domain with Figure 2. Composed of two semi-ellipses
a shifted center domain

Considering that ¢ = tan(m — «), the &v coordinate of point N was determined from the

expression of derivative. Then from the first equation, the {y coordinate of this point was found.
The §; value was calculated as the distance from TS; to the tangent, passing through point N. When
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solving the first and third equations together, the &y, (ur coordinates of the point M were found.
These values were used to compute the p ; value.

The parameters of the composite domain (Fig. 2) were found by the formulas:

a;; =cnh, A ay; =1, A4 bi=7n, +Ag

where Ag= 0,5(B, + B)), c1 is the coefficient which is equal to 3.

To define the procedures of &; and p; values computation, the describing the ellipse function,
a derivative of this function, and the MJ line equation were considered:

(= (=) T = =—JE07 )V T=qt.

The principle of 3}., p; values’ definition with the help of these expressions is the same as for

the circular domain with a shifted center.

In the confined waters OS should adhere to a certain corridor that is safe to navigate. Collision
avoidance in these regions must be accompanied by the opportunity to stop the deviation from the
route within this corridor without close-quarters situation.

Conformity to the observance of good seamanship can be interpreted as the consistency of the
measures applied to the actions taken by experienced navigators in similar situations in the past. To
establish such a conformity in Collision Avoidance System (CAS), firstly, it is necessary to
distinguish the types of encounter situations and permitted actions for their resolution by the
COLREGs. These actions are: turn starboard, turn port, decreasing speed, increasing speed, turn
starboard with speed reduction, turn starboard with speed increase, turn port with decreasing speed,
turn port with increasing speed.

The type of encounter situation was determined in relation to TS,, without consideration other
targets and navigation obstacles. We took into account the visibility conditions (1 - normal, 2 -
restricted), the kind of OS and TS,, approach (the selected kinds are given in Table 1), and
navigation statuses of vessels (Table 2) for 01-05 variants of vessels’ approach in sight of each
other. For other cases, the status of the ships did not affect the choice of actions. For 01-05 variants
of ships’ approach in normal visibility, situations were distinguished in which the statuses of the
vessels are the same (EE), the code of status of the first vessel is greater than the code of status of
the second one (HL), and the code of status of the first ship is less than the code of status of the
second one (LH). The case in which OS and TS,, are sailing vessels has been considered separately.
The type of encounter situation was represented by five symbols. The first one characterizes the
visibility, the second and third signs indicate the kind of approach, the fourth with the fifth symbols
denote OS and TS, navigation statuses (or the result EE, HL, LH of their comparison) when
statuses influence decision making. For situations in which the decision does not depend on the
statuses of the ships, the fourth and fifth symbols are zeros.

Table 1. Kinds of OS-to-TS» approaches

Code Kind of approach

01 | TSw is head-on of OS, reciprocal or nearly reciprocal courses

02 | TSm 1s on the starboard side forward of the beam of OS, OS is not abaft the beam of TS,
Crossing courses

03 | TS is on the port side forward of the beam of OS, OS is not abaft the beam of TS,
Crossing courses

04 | TSy is on the starboard side abeam of OS, crossing courses

05 | TS is on the port side abeam of OS, crossing courses

06 | OS is on the port side abaft the beam of TSy, crossing courses

07 | OS is on the starboard side abaft the beam of TSy, crossing courses

08 | OS is stern-on of TSy, coinciding or nearly coinciding courses

09 | TSy is on the port side abaft the beam of OS, crossing courses

10 | TSw 1s on the starboard side abaft the beam of OS, crossing courses

11 | TSy 1s stern-on of OS, coinciding or nearly coinciding courses
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Table 2. Navigation status of ships

Code Status Code Status
1 not under command 4 engaged in fishing
2 restricted in their ability to manoeuvre 5 sailing
3 constrained by her draught 6 power-driven

31-2021

In the interpretation of the COLREGs on different situations, the actions required and non-
recommended, but permitted by these rules, are distinguished. The first actions are divided into
basic ones, which should be applied first, if the circumstances of the case admit, and backup ones
for cases when the basic type of actions does not lead to a solution of the problem. According to the
degree of adequacy of the situation, the basic, reserve and non-recommended actions will be
referred to the operations of the first, second and third rank, respectively. It should be noted that
navigational obstacles and other targets in the sailing area complicate the encounter situation, and
the only possible action to solve the problem can be the third rank actions. A preliminary version of
the ranking of actions for different encounter situations is given in table. 3.

The speed increase to avoid collisions in these situations is not considered.

Table 3. The rank of the OS actions to avoid collision

Type of situation OS | Stage Rank 1 Rank 2 Rank 3
101EE, 101HL GWYV |1 or 2|6>0 and W=0 - 0>0 and W<0
102EE, 102HL,104EE, 104HL GWV |1or2|6>0and W=0 |6>0 and W<0 |6<0 and <0
103HL, 105HL GWYV |1 or2|6<0 and W=0 0<0 and W<0 |6>0 and W<0
10600 GWYV |1 or2|6>0 and W=0 6>0 and W<0 |06<0 and <0
10700 GWV |1 or2|06<0 and W=0 0<0 and W<0 |6>0 and <0
10800 GWYV |1 or2|10/>0 and W=0 - 161>0 and

w<0
101LH, 103EE, 103LH, 105EE, SOV 1 6=0 and =0 - -
105LH, 102LH, 104LH, 10900,
11000, 11100
103EE, 103LH, 105EE, 105LH SOV 2 16>0 and W=0 06>0 and W<0 [06<0 and W<0
102LH, 104LH SOV 2 16<0 and W=0 0<0 and W<0 [6>0 and W<0
10900, 11100 SOV 2 16<0 and W=0 0>0 and =0 -
11000 SOV 2 |6>0and W=0 0<0 and W=0 -
20100, 20200, 20300, 20500 - l1or2|6>0and W=0 |6>0 and W<0 |6<0 and W<0
20400 - 1 or 2|6<0 and W=0 0<0 and W<0 |6>0 and W<0
20600 - 1 or 2{6>0 and W=0 6>0 and #<0 |06<0 and W<0
20700 - 1 or 2|6<0 and W=0 0<0 and W<0 |6>0 and W<0
20800 - 1 or 2|16>0 and W=0 - 161>0 and
w<0
20900, 21000, 21100 - 1 |6=0and W=0 - -
20900 - 2 |6>0 and W=0 - 0<0 and W=0
21000 - 2 |6<0 and W=0 - 0>0 and W=0
21100 - 2 |16I>0 and W=0 - 161>0 and
w<0
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The type of strategy and the algorithm for its calculation

To pass the targets at safe distance, it was chosen a strategy formed from combined Z-
maneuvers (CZM) and their particular cases. This maneuver [16] consists of two operations: the
first one is course alteration together with speed at a certain point and the second one is return to the
initial values of these parameters at another point. In particular cases Z-maneuver includes only
course alteration or only speed changes. The CZM trajectory and parameters (the distance So4 from
the current position OS to the start of maneuver, the changes 6 and W of course and speed, the
length U of the deviation segment FB) are shown in Fig. 3. Dot G will be referred to as key
waypoint. The first CZM operation must comply with the COLREGs. The second operation was
considered acceptable (safe) when it did not result in a collision risk, and unacceptable (dangerous)
otherwise.

Figure 3. CZM structure:
P, G, Q are waypoints; A, B and F, E are start and end of operations points; Ko, Vo and Ky, Vu are
course, speed of OS before maneuver and on segment FB; 1 is cross track deviation.

Along with this strategy its stage-by-stage planning was applied. At the beginning the first
CZM was determined. Then, while its fulfillment the second block consisted of two operations was
found taking into account the revealed changes in the environment. After that, if necessary, the
subsequent blocks were obtained in a similar way. When an efficient option of actions is determined
at each stage, then the overall strategy will be effective.

Before choosing an adequate ships’ passing strategy, the appropriate level of safety for the
case should be determined. The threshold of safe DCPA values is usually used as this level index.
For a concrete navigation area the captain defines this index and sets into the CAS memory. In the
paper the parameter r,, of TDD is the index of achievable level of safety. If value of , is too high,
then the set of corresponding to COLREGs maneuvers may be empty. Lessening of 7, is
accompanied by an increase of the amount of such maneuvers. This technique can be used as an
alternative to taking actions that should be avoided.

Effective CZM variant for collision avoidance was found taking into account the COLREGs,
navigation restrictions, other vessels, and OS dynamics by using the enumeration method [16]. This
method includes the selection of ranges of variation of CZM parameters (So4, 0, W, U), their
discretization, review of all possible variants of maneuver and the choice of the optimal one. At
each step of the enumeration, it is determined that the current option of the maneuver belongs to one
of the selected sets of acceptable variants of the maneuver (Table 4). Among the current number of
variants of this set, according to the selected criterion the best one has been found. Also, at each
step of enumeration, the loss of sailing time due to deviation from the route and other characteristics
are determined for the current variant of maneuver. After the end of the enumeration, according to
the selected criterion the best maneuver variant on the set Z1 is considered optimal for collision
avoidance. In the cases (Z1=0), (Z1=0, Z.2=0) and (Z1=0, 2.2=0, 7.3=0), the optimal variant for
collision avoidance is, respectively, the best option on Z2, on Z3 and on Z4. The criteria and
limitations for determining the best option for different sets are not the same. For example, for Z1
the objective function may be a minimum loss of sailing time, for Z2 and Z4 - a maximum value of
index of the substantiality of the action with a minimum speed change, and for Z3 - a minimum loss
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of sailing time with TDD,, increased. When solving the problem, the dynamics of the vessel was
taken into account in a simplified manner, and it was assumed that the parameters of the movement
of targets would be unchanged.

Table 4. The sets of CZM variants allowed by COLREGs

Set CZM variants

Z1 CZM variants fully meet the requirements

Z2 CZM variants do not meet the requirement of substantiality only

Z3 CZM variants are non-recommended in the situation only

74 CZM variants do not meet the requirements of substantiality and are
non-recommended in the situation only

When realizing the ships’ passing on the deviation segment FB (see Fig. 3), it is necessary to
control whether a collision threat has appeared, and whether at point B the return to Ko and/or V)
has become unacceptable. After the realization of CZM, three route return variants may be used
(Fig. 4):

I) incoming at the active leg under the selected angle vy;
II) going to the active waypoint (WP);
III) following to the intersection of course line with the next leg of the route.

The second and third variants are, in fact, route corrections.

=P
=2 .\‘
N
N New WP
———————— .\‘
——————————— ’\»
' Next leg of X
the route

Figure 4. Variants for returning to the route

Flowchart of the algorithm for determining a set (S) of distances from the E point to the
acceptable start of returning to the active route leg is shown in the Fig. 5. In this figure Ags is the step
of changing of S; values (1 cb was taken), ns is the quantity of these values. If the turn on the angle
v with the start in corresponding S; point in relation to all targets is safe, this variant index ¥i=1,
otherwise W1,=0. When turning to the active route leg at the point /> with the corresponding S; start
point H; and W1~=1 is safe with respect to all targets, then this option index ¥2~=1, otherwise ¥»~=0.
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Start

/ Input the angle y /
¥

S=0. Calculation of y turn parameters

The cycle i
from 1 to ng

Computation of point (Q,) and the moment of OS y turn end, coordinates of the targets
at this moment, based on the position of point £ and S; value. Assessment of the risk of
the close-quarters situation after turn.

No _Ullaccgutable_
variant
Yes

Calculation of the beginning (H,) of OS turn on a leg of the route, position
(H>) and the moment of the turn end, the coordinates of the targets at this
moment, based on the 0511:1011 of pomt 04, and values 1, y. Assessment of
the risk o the close-quarters situation after turn.

Unaccentable
variant

Adding S; to the set S |

it

é

é

-
-

i=itl
The cycle 7

Figure 5. Flowchart of the algorithm for determining the set of distances to the acceptable start of
returning to the active route leg

Diagram to select a strategy in the dialogue mode with the system

The application of the enumerating method of possible variants to avoid collision with the
analysis of their effectiveness allows to use these results to construct images that facilitate the
choice of a maneuver in a dialogue mode with the system. Let's present a combined diagram for
choosing CZM with a given start based on the situation with six power-driven vessels in sight of
one another. Parameters of these ships relatlve posmons and rapprochement are glven in Table 5. In
this example: So4=1,1 NM; 8=-90° and 8-90°, =5 kn and V=17 kn, U=0 NM and U 6 NM are the
boundaries of the selected intervals of possible 0, ¥, U values; n=-4,0 NM and n=3,5 NM are
scopes of acceptable cross track distances; 8=30°, W=4 kn and 8=40°, W=4 kn are the thresholds
of substantiality of recommended and not recommended actions. Circular domains with a shifted
center and r,=0.4 NM were used for targets. The dangerous target in this situation is TSi. To
enumerate the possible variants of CZM with a given start, the following steps were used: 2° for 6;
1 knot for V; 0,1 NM for U. The speed increase to resolve the situation is not considered in the
example.
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Table 5. Parameters of the relative position and movement of ships

No.ofship| L, m| K* | V,kn. | TI° | D, NM

220 0 17,0 - -

250 | 237 21,6 30 6,65

140 | 57 16,2 341 4,97

175 | 358 14,4 318 1,60

330 | 241 11,2 38 6,02

N B W=D

80 | 164 16,6 352 | 11,02

In the diagram, the colors highlight the areas of maneuvers which satisfy certain restrictions in
compliance with the COLREGs. The colors for the distinguished areas are given in Table. 6.

Table 6. Colors for the areas highlighted in the diagram

Area |Color Compliance of CZM variants with the requirements

Z11 The first operation fully complies with the COLREGs, the second one is safe

Z12 The first operation fully complies with the COLREGs, the second one is
dangerous

721 The first operation is not substantial only, the second one is safe

722 The first operation is not substantial only, the second one 1s dangerous

731 The first operation is non-recommended only, the second one is safe

732 The first operation is non-recommended only, the second one is dangerous

741 The first operation is not substantial and non-recommended only, the second one
is safe

742 The first operation is not substantial and non-recommended, the second one is

dangerous

75 The first operation results in close-quarters situation

The lower part of the diagram (Fig. 6) represents the parameters of the allowable velocity
vectors for collision avoidance with the start at a given point. When the first operation of all
variants of CZM in a certain area satisfies the COLREGs and there is an acceptable second
operation for these variants in the safe lane for OS, the color of this area will be light green. If there
is no commencement of such operation, then the color of the area will be dark green. Similarly,
light and dark colors are determined when the first operation (see Table 5) is not substantial by
value, not recommended, not substantial and not recommended.

The upper part of the diagram is intended to select the position of key point of CZM with a
given start and speed change. The speed change is set in the first column of the lower part of the
diagram (in the example, W = 0). For a given turn angle, the key point is determined by the distance
(PG) from the waypoint P (see Fig. 3). CZM with key WP in the light green area fully meet the
requirements. If this point is in the dark green area, the second CZM operation will be dangerous.
The maneuver can be selected with the cursor in areas of light color only. If a light green area
exists, then in it. Otherwise, this choice is made in the yellow zone, in its absence - in the light
purple zone, and lastly, in the light blue zone. In the example, it is defined in the light green zone. If
necessary, in certain areas of the light zones, one or another characteristic of the maneuver variants
can be given. In the diagram, values of the sailing time losses in minutes are shown in the light
green area.
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Figure 6. Diagram for choosing a key point of CZM with W=(0
In the CAS, this diagram is recommended to be displayed on the periphery of the screen, and
the trajectory of the maneuver selected on it - on the electronic navigational chart.

Discussion of the results of the collision avoidance planning with the help of a situational
approach to determine the type of action

In order to achieve the goal, the following parameters have been determined: limitations and
criteria for COLREGs compliant actions, the type of strategy and the algorithm for its calculation,
diagram to select a strategy in the dialogue mode with the system. For solving the first task, an
algorithm is proposed, which is based on a compiled table of encounter situations recommended by
the COLREGs, and corresponding to these situations, required and not recommended types of
actions. This algorithm implements the procedure for determining compliance with the COLREG:s,
which is usually used in the practice of manual navigation, including in cases where the most
effective type of action is hampered by the circumstances and conditions of navigation. The
proposed algorithm, in contrast to the procedures existing for such a purpose, makes it possible to
recommend actions when the vessels are in sight of each other, but have different navigational
status. This is the obvious advantage of the proposed algorithm. DCPA-acceptable strategy variants
were found by means of hazard areas around the targets: a shifted circular domain and a composed
of two semi-ellipses domain. The first domain, although it has a simple form, fully meets the
requirements for resolving encounter situations in the open sea, coastal waters, and fairly wide
passages. Its use not requires significant time increase of maneuvers search. The second domain
corresponds to confined waters. Ships are considered here not as circular areas with a diameter
equal to their length, but as rectangles, one side of which is equal to the length of the ship and the
other - to her width.

When solving the second problem, a strategy formed from combined Z-maneuvers and their
particular cases was chosen to prevent collision. The following circumstances determine the
selection of this strategy. Firstly, in case of avoiding collision in confined waters, it is necessary to
remain within the navigational safe lane. It is easy to establish that the least deviation from the route
usually occurs when the OS, after avoiding the danger, returns to her initial course. Secondly, the
forecast of the OS action has higher errors than the movements without altering course and speed
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for the same time ahead. If the number of actions in avoiding process increases, then the accuracy
of its results prediction deteriorates. In addition, when the OS is moving, any of the ships being
tracked may maneuver and new target may appear in the observation area. During the
implementation of the avoiding plan the probability of these events increases with the time from the
moment of plan adoption. The prediction of a two-step maneuver is still accurate.

To search for a combined maneuver, it is proposed to use the enumeration method, and it is
shown that it is effective in solving this task on modern computers. The advantage of this method
lies in the possibility of analyzing all possible maneuver options, obtaining their characteristics,
which simplifies the use of various optimality criteria corresponding to the circumstances of the
case. The characteristics of the maneuver options, in addition to changes in course and speed,
include loss of sailing time, lateral deviation from the route, the minimum of the target passing
distances, an increase in fuel consumption, etc. The disadvantage of enumerative method is the
large number of operations to be performed, which is increasing due to the number of targets in the
observation area. This can lead to unacceptable search of maneuver. Therefore, when solving
problems, the number of targets was limited and no more than twenty were taken. It should be noted
that the need to account for more than 20 targets is extremely rare. The efficiency of the
enumeration method also depends on mathematical models for predicting maneuvers. To reflect
accurately the movement of the vessel during maneuvers for the simplified model, the mode of their
execution should be the same. Note that these models turn out to be quite simple when turns are
performed with a given radius, and speed changes - with a given acceleration.

The proposed diagram has the following positive features: in situations with several vessels
and navigational obstacles, it allows to choose the appropriate maneuver in compliance with the
COLREGs; provides the area of all acceptable maneuver variants within the specified boundaries;
upon request, for acceptable options allows to reflect in a numerical form certain characteristics that
may be necessary for the officer of the watch when making a decision; does not obstruct the
navigational controlled area ahead of own ship.

Simulation testing of collision avoidance processes has shown that the proposed procedures
for resolving collision situations are effective.

Summary

The proposed algorithm for computer accounting of COLREGs maneuvering rules reflects the
procedure of their accounting in the practice of non-automated navigation. As a result, adjusting the
parameters of this algorithm to sailing circumstances and conditions will not cause difficulties for
operators in the process of navigation.

The use of the selected avoiding strategy and the developed algorithms to determine its
parameters makes it possible to find effective ways for resolving most collision situations, taking
into consideration the COLREGs, own ship dynamics and navigation restrictions.

The proposed diagram provides significant help in choosing maneuvers in the dialogue mode
with the system.

REFERENCES

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

2. Huang Y., Chen, L., Chen P., Negenborn R.R., van Gelder, P.H.A.J.M. (2020). Ship collision
avoidance methods: State-of-the-art. Safety Science. 121: 451-473.

3.  Fiskin R, Kisi, H, Nasibov E. (2018). A research on techniques, models and methods
proposed for ship collisions avoidance path planning problem / The International Journal of
Maritime Engineering. 160(A2): 187-206.

Hanionaneauii yaiBepcuter «Oiecbka MOpChKa akaeMis



Cynuorozinas | Shipping & Navigation ISSN 2306-5761 | 2618-0073 31-2021

4.

10.

11.

12.

13.

14.

15.

16.

Naeem W, Henrique S. C., Hu L. (2016). A Reactive COLREGs-Compliant Navigation
Strategy for Autonomous Maritime Navigation /10th IFAC Conference on Control
Applications in Marine Systems: Trondheim, Norway: 207-213.

Hirayama K., Miyake K., Shiota T., Okimoto T. (2019). DSSA+: Distributed Collision
Avoidance Algorithm in an Environment where Both Course and Speed Changes are Allowed

/TransNav, the International Journal on Marine Navigation and Safety of Sea Transportation,
Vol. 13, No. 1: 117-123.

Kufoalor D. K. M., Johansen T. A., Brekke E. F., Hepso A., Trnka K. (2020). Autonomous
maritime collision avoidance: Field verification of autonomous surface vehicle behavior in
challenging scenarios /Journal of Field Robotics. 37: 387-403.

Ramos M.A., Utne 1.B., Mosleh A. (2019). Collision avoidance on maritime autonomous
surface ships: Operators’ tasks and human failure events /Safety Science. 116: 33—44.

Szlapczynski R. & Szlapczynska J. (2017). Review of ship safety domains: Models and
applications. Ocean Engineering 145: 277-289.

Xu Q., Wang N. (2014). A Survey on Ship Collision Risk Evaluation. / Promet — Traffic &
Transportation, Vol. 26, No. 6: 475-486.

Wielgosz M. (2017). Ship Domain in Open Sea Areas and Restricted Waters: an Analysis of
Influence of the Available Maneuvering Area. /TransNav, the International Journal on Marine
Navigation and Safety of Sea Transportation, Vol. 11, No. 1: 99-104.

Smolentsev S. V., Isakov D. V. (2019). A simple analytical model of ship movement. Vestnik
Gosudarstvennogo universiteta morskogo 1 rechnogo flota imeni admirala S. O. Makarova
11.1: 7-21.

Salous M., Hahn A., Denker C. (2016). COLREGs-Coverage in Collision Avoidance
Approaches: Review and Identification of Solutions /12th International Symposium on
Integrated Ship’s Information Systems & Marine Traffic Engineering Conference. Hamburg:
1-10.

Zaccone R., Martelli M., Figari M. (2019). A COLREG-Compliant Ship Collision Avoidance
Algorithm. - 18th European Control Conference (ECC). Napoli, Italy: 2530-2535.

Chiang H-N. L., Tapia L. (2018). A RRT-based COLREGS-Compliant Motion Planner for
Surface Vehicle Navigation / IEEE Robotics and Automation Letters. 3(3): 2024 — 2031.

Eebkowski A., Smierzchalski R., Gierusz W., Dziedzicki K. (2008): Intelligent ship control
system. Transnav, the international journal on marine navigation and safety of sea
transportation, vol. 2, No. 1: 63-68.

Vagushchenko A. A. & Vagushchenko L. L. (2020). Numerical method for selection of
maneuvers to avoid collisions with several vessels. Science and Education a New Dimension.
Natural and Technical Sciences, VIII (27), Issue 224: 74-80.

Hanionaneauii yaiBepcuter «Oiecbka MOpChKa akaeMis



