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Ma npeaynpexaeHnsi CTONKHOBe-
HWI, onacHoe NpensTCTBUe, CUTya-
umns conuxkeHnsi, 6e3onacHoOCTb.

CTonkHoBeHWe cyaoB — ogHa U3 Hanbornee cepbesHbix NPobrnem Ha MexayHapoAHOM
MopckoM TpaHcnopTe. NoaTomy Bonpoc 6e30nacHOCTU CyAOBOXAEHUS ABNAETCS LUMPOKO
obcyxgaemMon Temow MccneaoBaHusi B CneuuanvM3npoBaHHON HayvHou nutepatype. Ha
NPOTSXKEHUN MOCNEeAHEro BPEMEHU TeXHOmorns 06e3akMnaxHoro CyAoBOXAEHWS nocTe-
NeHHO HaxoauT Bce Bornee LIMPOKOe NpMMeHeHne B 0bnactn Mopckon poboToTexHuku. B
CBS3N C 3TWM uccrnepyeTca npobrnema 6e30macHOCTVM CyAOXOACTBA NpU yrnpaBneHun
ABmKeHnem besakmnaxHblix cyfos. O6bEeKTOM MccrnefoBaHNa ABNSETCS npouecc npeay-
npexaeHust CTONKHOBEHWI 6e3akunaxHbix cyaoB. MNpeameT uccneqoBaHns — anropuTmel
paboTbl CUCTEMbl aBTOHOMHOIO MPUHATUA PeLUeHUi U nporpammHoe obecneveHne no
npeAoTBPaLLEHNIO CTOMNKHOBEHUSI CyoB Npu 6e3akunaxHom cyaoBoxaeHnn. OCHOBHOM
Lenblo SBMSeTCH NoBbieHe 6e30nacHOCTM Be33KMnaXxHoro Cy0BOXAEHNSA NyTeM pas-
paboTkv HOBbIX anropuTMOB AN aBTOHOMHOIO NpeAynpeXaeHns CTONKHOBEHWI 6e3aku-
NaxHbIX CyAOB B pPeXWMe pearnbHOro BpemMeHu ¢ ydyeToM MexayHapoaHbix npasun npe-
AynpexaeHust CTONKHOBEHWIA Ha Mope M pekoMeHdaumnii PeaepanbHOro areHTcTea Mop-
CKOro u peyHoro TpaHcnopTta (PocmoppeudnoT). Paccmatpusatotca dyHaameHTanbHas
KOHLenuus 1 Habop KnoYeBbIX 3a4a4 aBTOHOMHOW CUCTEMbI NpeaynpexneHns CTONKHO-
BEHUI 6e33KnnaxHbIX CYAOB, KOTOPbIe SIBMSIOTCS MOPCKMMWU TPaHCMOPTHLIMU CpeacTBa-
MM, CNOCOBHBIMU BOCNPUHMMATL OKPYXaloLLyto cpeay 1 pabotatb 6e3 yyacTus Yenoseka.
B koHTekcTe uccnegoBaHus ocoboe BHMMaHWe yhenseTcsa Bonpocy paspaboTku anro-
pvTMa nporpaMmHoOro obecneyeHvsi no onpeeneHnio Haubonee onacHoro NPensTCTBUS,
HaxopsLeroca B paguyce 12 munb oT 6e3akmnaxHoro cygHa (TpeboBaHus Pocmoppey-
¢drnoTa), Ha OoCcHOBE reoMeTpuu NpPeaoTBPaLLEHNs CTONKHOBEHWIA CYAOB, OLEHKU pucka
CTONMKHOBEHUS U XapaKTepuUCTWK NpenaTcTBuii. Kpome Toro, paspaboTaHHble anropuTMbl
MOryT NPefoTBPaTUTL CTONMKHOBEHWE U pellaTb NpobnemMsl npeaynpexaeHust CTONKHOBe-
HUI 6e33KnnaxHbIX Cy[oB B pearnibHOM BpemeHu. PesynbTaTbl MOOENVPOBaHWUSA Takke
AEeMOHCTPUPYIOT NEPCNEeKTUBHOCTL NPUMEHEHUS NPeAnoXeHHbIX anropuTMOB ANs NOBbl-
LWweHns Ge3onacHoCTM 0e33KMNaxHoro CydoBOXAEHMS. TeM He MeHee uccrefoBaHue
AaeT BO3MOXHOCTb paspaboTaTtb HOBYIO MHOPMALMOHHYIO CUCTEMY MPUHATUS peLUeHni
AN aBTOHOMHOrO NpeAoTBpaLLEeHNs CTONKHOBEHWI cynoB. B HacTosiwee Bpems uHdop-
MaLMOHHasi cucTema HaxoamTcs B pa3paboTke 1 6yaeT npeanoxeHa nosxe.
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Ship collision is one of the most substantial concerns in the global maritime
transportation industry. Hence, navigation safety is considerably cited topic in maritime
literature. Recently, Unmanned Navigation (UN) technology is gradually becoming more
widely used across in the field of marine robotics. The paper investigates the problem of
navigation safety in the movement control of Unmanned Vessels (UVs). The object of the
study is the process of avoiding collisions of UVs. The subject of the research is the
algorithms of the autonomous decision-making system and software for preventing vessel
collisions during UN. The intent of this article is to improve the safety of UN by developing
new Decision-Making algorithms for autonomous collision prevention of UVs in real time,
taking into account the International Rules for the Prevention of Collisions at Sea, 1972
(COLREGSs-72) and the recommendations of the Federal agency for sea and inland water
transport of the Russian Federation (Rosmorrechflot).In this article, the fundamental concept
and the key functions set of the Autonomous Collision Avoidance System (ACAS) are
carried out for UVs which are marine transport vehicles capable of sensing its environment
and operating without human involvement. Along this line of research, this work focuses on
the development of a software algorithm for determining the most dangerous obstacle
located within a radius of 12 miles (recommendations of Rosmorrechflot) around an UV
based on the principle of vessels collision avoidance geometry, collision risk assessment
and the characteristics of obstacles. Moreover, the proposed algorithms can prevent the
collision and address the issues of real-time collision avoidance for UVs. The simulation
results also demonstrate the promising application of the proposed algorithms in studying
the UN safety. Nonetheless, this study provides a way forward to conduct a new information
decision-making system design for UVs collision avoidance. This is currently under
development, and will be proposed later.
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Introduction

Improving the marine navigation and safety of sea transportation are a complex multi-level
tasks, which are provided by the work of the International Maritime Organization (IMO), ship
classification societies and administrations of governments involved in the development of world
navigation. Analyzing vessel accidents, it can be noted that ship collisions, in particular, are one
of the most common types of sea traffic accidents. Collision of vessels is the name given to an
incident that occurred as a result of mutual contact between a vessel and another object during its
movement and entailed loss of life or injuries, damage to the vessels and cargo, environmental
pollution or other material damage.

According to official data from the Federal service for supervision of transport of the Russian
Federation (Rostransnadzor), in the period from 2014 to 2020 collisions of vessels flying the State
flag of the Russian Federation represent respectively 4.5 %, 1.4 %, 3.66 %, 7.14 %, 8.74 %, 3 % and
11.67 % of the total the number of accidents at sea. And also, were equal to 6.25 %, 11.83 %, 8.6 %,
8 %, 9.5 %, 6.3 % and 3.6 %, respectively, of the total accident rate on the inland waterways transport
of the Russian Federation [1]. According to statistics overview annually issued by European Maritime
Safety Agency (EMSA), over the 2014-2020 period, ship collisions represented 21.7 % of all casualty
events [2]. When analyzing underlying factors leading to maritime accidents, safety investigations
determined that 70% of safety investigations were related to “Human Factor” [3].

Enhancement of navigational safety in the world merchant fleet is carried out through a
number of technical, organizational, economic, environmental and legal standards aimed at pre-
venting the occurrence of casualty events, saving human life at sea and reducing environmental
risks. In order to reduce or eliminate the need for human involvement in ship control systems and
promote navigation safety in the maritime transport sector, Artificial Intelligence (Al) technology
based on Machine Learning (ML) methods is being increasingly integrated into maritime trans-
portation industry to create and implement the technology of Unmanned Navigation (UN),
providing a reduction of the ship's operational costs, reduction in the ship crew size or complete
elimination of the ship crew and a decrease in environmental impacts from direct emissions.

Recently, the technology of UN has become a widely discussed topic and one of the fastest
growing field of maritime shipbuilding and marine robotics. Furthermore, techniques and meth-
ods of ML effectively addressed challenges of ensuring safe remote control of transport vehicles
and intellectualization of complex systems. Taking this background into consideration, the devel-
opment of an algorithm for the autonomous vessel collision avoidance system (ACAS) in UN is a
new trend in the maritime sector and coming out of the growing field of marine robotics.

1. Unmanned vessel collision avoidance system characteristics

This section presents two main components that need to be established as the base for colli-
sion avoidance algorithm design, explained next. The first one is the conceptual framework of
ACAS, which is the core of UN safety. The second one is UV collision avoidance principle,
which defines the relative parameters that separate between UV and obstacle while sailing.

Autonomous decision-making system for vessels to avoid collision is fundamentally defined
as a very technically and organizationally complex device that is designed to work in autonomous
mode. With this understanding of the term of ACAS, the main goal is to detect potential hazards
or obstacles, reduce the risk of collision between vessels in a close-quarters situation, prevent
vessel from colliding into any obstacle present on their path and increase the safety of marine
navigation by carrying suitable control actions in real time. This goal is achieved, in particular, by
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improving sensor and data fusion modules, using marine digital navigation infrastructure
(e-Navigation technology) and designing Decision-Making algorithms to solve the problem of
avoiding collisions with obstacles in real time in UN.

The proposed block diagram of ACAS in UN is shown in Fig. 1. The main parts of the pro-
posed system are data fusion block and Decision-Making block. The operation principle of
ACAS is based on information measured in real time by sensors and navigation devices on-board
(data fusion block), detecting obstacles and identifying their classes. Then, the data fusion block
generates a vector of navigation situation parameters, which enters the Decision-Making block,
where a set of intelligent algorithms for autonomous vessel collision avoidance is used.

AlS”

Radar

1, LiDAR
Route planning block j]"- ‘D Cameras

Alarm
signpals

Motion control L1 | Decision-Making 4

block e block ACAS

<

<

" AIS — Automatic identification system " INS — Inertial navigation system

*

** GNss — Global Navigation Satellite System

Fig. 1. Block diagram of autonomous collision avoidance system for unmanned vessels

In general, the key functions set of ACAS of UVs are:

» Fusion and integration of navigation data from different information sources (environment
sensing).

= Automatic detection of static and moving obstacles (target objects).

» Automatic tracking a target's movement and predicting its position and other relevant in-
formation.

= Classification of obstacles according to their degree of danger.

= Situation analysis on marine navigation and minimization of collision risk, taking into ac-
count the International Rules for the Prevention of Collisions at Sea, 1972 (COLREGs-72).

= Navigational warnings other ships or alert them to collision hazard (as soon as a target ob-
ject appears in a specific zone around UV, the ACAS should give sound and light signals).

= Automation of Decision-Making process for collision avoidance.

» Implementation of the recommended control actions in accordance with the appropriate
COLREGs-72.

A scenario of UV encounter with target ship during the voyage is shown in Fig. 2. It can be seen
from Fig. 2 that X(E) and Y(N) point to the east and north. The yellow ship represents the UV and the
green ship represents the obstacle (target ship). Referring to Fig. 2, we designated (x,, ,), (Xg Vo) and
(2xa, yi) to symbolized the positions of our own UV, obstacle and goal, respectively. The speed of our
UV and target ship are represented as V, and V. The movement course of UV and obstacle are s,
and 4. The absolute azimuth of the obstacle and our own UV is a,. The Distance to Closest Point of

Approach (DCPA) can be calculated by using the following equation [4; 5]:
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DCPA=\[(x,~x,)" +(,~¥,)" X
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Time to Closest Point of Approach (TCPA) can be represented as [6; 7]:
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Fig. 2. Unmanned vessel collision avoidance kinematic

Using the recommendations of the Federal agency for sea and inland water transport of the
Russian Federation (Rosmorrechflot) on the use of COLREGs-72 by autonomous ships in auto-
matic control mode and the resolution No. 2031 of 5 December 2020 “on the regulations on con-
ducting an experiment on the trial operation of autonomous ships under the State flag of the Rus-
sian Federation” by the Government Decree [10], the minimum allowable values of critical dis-
tance between vessels for avoiding collisions 7., are presented in the table below.

Minimum safe approach distances

Unmanned vessel length, m
<20 | 20-50 | >50
Tper, Cable length*
. <20 3 4 5
Target ship 20— 50 4 6 5
length, > 50 or no information 5 7 10

“where 1 Cable length = 185.2 Meter [m].

Moreover, the concept of "Collision Risk Index" (CRI) is used as an important reference ba-
sis for determining the degree of collision risk. Where the relative movement parameters between
UV and target ship are used to determine CRI according to fuzzy comprehensive evaluation
method. It can be obtained as [8; 9]:
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CRI=W U, 3)

where W and U are the weight vector and the membership vector of target ship factors, respec-
tively.

Autonomous collision avoidance algorithms for unmanned vessels

The main objective of this paper is to develop a decision-making algorithm with the intent of
optimizing the process of collision avoidance in UN. The typical algorithm of the ACAS opera-
tion is constructed as follows:

Step 1. Real-time navigation data collection.

Step 2. Maritime obstacles detection within 12 miles around an UV: if there are obstacles in
the specified radius, then determine the number of obstacles; otherwise, go to the step 8.

Step 3. Determining the type of each detected obstacle: if the obstacle is movable, then de-
termine its position, dynamic parameters and the possible encounter situation; otherwise, deter-
mine the position and statics parameters of obstacle.

Step 4. Collision risk assessment: if CRI > (.3, then we will find the most dangerous obstacle
based on the developed software algorithm built in accordance with the recommendations of
Rosmorrechflot; otherwise go to the step 8.

Step 5. Give sound and light alert by emergency alert system.

Step 6. Decision-Making on the choice of obstacle avoidance actions (change of 7 and/or ).

Step 7. Planning a new route for an UV. Then return to step 2.

' Realtime navigation
|nfurmat|0n

:[ Obstades detection }—

The presence of
N <obstacles within 12 miles
o around an unmanned
I N vﬂsseW
|

Calculation of DCPA, ‘r’is
TCPA and rpe-for N ‘

obstacles

of obstacles W

¥

Collision risk assessment Determining the position ¥
(calculation of CR)) *— and static parameters of #—y, 4"%

Determining the number]

bstacle?
L] the obstadle tstack:
re ther _ Ye's
dangerous Determination of a
1 obstacles

possible encounter Determining the position
| situation and dynamic parameters

of the obstacle

Keep moving by
shipping route

obstacle
]
Warning notificetion by
emergency alert system

actions (change of Vp and/or %o )

l

The optimal strategy for unmanned vessel]_/

Algorithm for determining
—=  the most dangerous Decision-Making onthe choice of control ]

Stop movement

Fig. 3. Algorithm flowchart of proposed autonomous collision avoidance system
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Step 8. Keep moving by shipping route (UV continues to sail): if the UV does not arrive at
the destination (the goal), then return to the step2; otherwise, the voyage ends (the algorithm is
completed).

The following flowchart (Fig. 3) summarizes the proposed algorithm.

According to the recommendations of the Rosmorrechflot on the use of COLREGs-72 by
autonomous ships in automatic control mode, the algorithm for finding is mainly realized through
the following 3 steps, and the flowchart is shown in Fig. 4.

Start

N, DCPA, TCPA and

Ioer
i=1j=0,k=0,I
=0
— j}
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i YeS—)
End <

Fig. 4. Flowchart of the software algorithm
for determining the most dangerous obstacle

Step 1. Define the set of all obstacles located within a radius of 12 miles around an UV and
having DCPA < 0.57 ;.

Step 2. If this set in not empty, then go to the step 3; otherwise, define the set of all obstacles lo-
cated within a radius of 12 miles around an UV and having 0.57,,,<DCPA< ry, and go to the step 3.

Step 3. The most dangerous obstacle of this set will be the obstacle that will have the shortest
TCPA.
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Results and simulation analysis

Using the Visual Basic.NET (VB.NET) programming language in the Microsoft Visual Stu-
dio 2010 development environment, the performance of the proposed algorithm was implemented
and tested under various scenarios. For these hazardous scenarios, a most dangerous obstacle lo-
cated within a radius of 12 miles around an UV is defined. The simulation results are shown in
Fig. 5. The red solid circles represent the obstacles. The green solid circle represents the UV. The
simulation scenarios assume that UV and obstacles are sailing with specific movement courses .
The parameter settings of the UV and the relative navigational parameters are shown on the right
side of the software interface.

The obstacles number is 7

Unmanned vessel dala
Langth jn]  Spead finart] Thetatdea]
nz 2 &5
Obstacles data
Weabstacke Length fu] Speed krore] Thetsfeg]  DCPApw]  TOPAfmn]  merim]

Unmanned vessel dala
Langth ] Speed fnort]  Thetafdeg]
s % 0

Obstacles data
Weabstacke Length jn] Speed frort] Thetaiteg]  DCPAfw]  TCPAjwn]  erin

5
1
1

The most dangerous obstade is ke 1 The most dangerous obstacle ishe 7

Unmanned vessel data
Leogthn] Speed foron] Thetaeg]

Unmanned vessel data
Length fn]  Speed fnort]  Thetadeg]
0 15 0
Obslacles dala
Wecbstacke Length o] Speed firore] Thetaldeg]  DCPAfm]  TCPAjmn] o]

1058 a2 m
Obstacles data
Mobutack Langth fn] Speed funcrs] Tetalea] DCPAfR]  TCPAknn]  merini

The most dangerous obstacleis ke 5 The most dangerous cbstadeis e 2

o Irina KVYATEOVSKAYA Eng.Lima BAF

Fig. 5. Software interface "The most dangerous obstacle " under different encounter situations

The results presented above show that the algorithm is capable of defining the dangerous
target ship fast, once the relative navigational parameters between UV and the obstacle are avail-
able. the application of the software algorithm for determining the most dangerous obstacle also
meets the requirements of COLREGs and Rosmorrechflot.

Conclusions

The main contribution of this paper is to propose a novel autonomous collision avoidance
algorithm for UVs. The algorithm constructs a collision avoidance model based on the type of
obstacles and their static or dynamic characteristics, the relative parameters of an UV and the ob-
stacle, vessel encounter situation while sailing, the recommendations of the Rosmorrechflot,
COLREGs, and collision risk index. At the same time, the software algorithm to determine the
most dangerous obstacle from the set of all obstacles located within a radius of 12 miles around
an UV is established. The simulation results show that the proposed software algorithm can effec-
tively determine the most dangerous obstacle under different encounter situations in real time,
and it has an important practical application value. The proposed algorithms in this paper have a
significant potential to solve the dangerous obstacle avoidance problem of UVs, and is thus suita-
ble for a real application in UN.
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