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Abstract. The object of the study is to enhance operational efficiency and reduce fuel consumption of
autonomous underwater vehicles during the monitoring of underwater electrical and optical cables based
on FCA under conditions of uncertainty. To achieve the goal of the research fuzzy cellular automata are
used, combining the advantages inherent in traditional cellular automata and provided by the capabilities
of fuzzy sets and fuzzy logic. The cable location uncertainty is caused by possible earthquakes, turbulent
currents, random impacts of anchors or fishing gear, cable fouling by marine vegetation and terrorist
attacks. The developed approach allows to synthesise a Pareto-optimal vehicle route along the estimated
coordinates of the object of study, providing minimum fuel consumption for minimum cable inspection
time and satisfying the given system of constraints. Formal models are based on the use of fuzzy cellular
automata, which are used to describe the three-dimensional model of the operating environment, zones
and objects that hinder or limit the movement, and the behaviour of the underwater vehicle. The most
significant results are the formal description of the problem solution space, and the method of modelling
the route of an autonomous underwater vehicle in space to improve the efficiency and quality of the
solution of the problem of monitoring the state of the object of interest. The significance of the results
obtained is the possibility of solving a complex multi-criteria optimisation problem of finding the route
of an autonomous underwater vehicle to monitor the cable system in three-dimensional space.
Keywords: electric cable, autonomous underwater vehicle, fuzzy cellular automaton, Pareto-optimality,
route, fuel consumption, minimum time.
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Dezvoltarea unui mediu virtual pentru controlul cablurilor electrice subacvatice de citre un vehicul
subacvatic autonom bazat pe automate celulare fuzzy
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Rezumat. Obiectul cercetdrii este planificarea timpului minim de monitorizare a cablurilor electrice si optice
subacvatice pe o anumitd zond a fundului marii de cétre un vehicul subacvatic autonom la costuri operationale
minime. Scopul lucrarii este de a creste eficienta si de a reduce consumul de combustibil al vehiculelor subacvatice
autonome 1n procesul de monitorizare a cablurilor electrice si optice subacvatice pe baza automatelor celulare
fuzzy in conditii de incertitudine. Aparatele celulare fuzzy au fost utilizate pentru a atinge scopul studiului.
Incertitudinea localizérii cablurilor este cauzata de posibile cutremure, curenti turbulenti, impacturi aleatorii ale
ancorelor sau uneltelor de pescuit, murdarirea cablurilor de catre vegetatia marina si atacuri teroriste. Abordarea
dezvoltata permite sintetizarea unui traseu Pareto-optimal al deplasarii vehiculului de-a lungul coordonatelor
estimate ale obiectului de studiu, care asigura un consum minim de combustibil pentru un timp minim de inspectie
a cablurilor si satisface sistemul de constrangeri dat. Modelele formale se bazeazd pe utilizarea automatelor
celulare fuzzy, care sunt utilizate pentru a descrie modelul tridimensional al mediului de operare, zonele si
obiectele care impiedica sau limiteaza miscarea, precum si comportamentul vehiculului subacvatic. Cele mai
semnificative rezultate sunt descrierea formald a spatiului de solutionare a problemei si metoda de modelare a
traseului unui vehicul subacvatic autonom 1n spatiu pentru a imbunétati eficienta si calitatea solutiondrii problemei
de monitorizare a starii obiectului de interes. Semnificatia rezultatelor obtinute consta in posibilitatea de a rezolva
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o problema complexd de optimizare multicriteriald a gasirii traseului unui vehicul subacvatic autonom pentru
monitorizarea sistemului de cabluri in spatiul tridimensional.

Cuvinte cheie: cablu electric, vehicul subacvatic autonom, automat celular fuzzy, Pareto-optimalitate, traseu,
consum de combustibil, timp minim.

Pa3palorka BUPTYaJIbHOI cpeabl KOHTPOJISI IOABOAHBIX dJIEKTPHUYeCKHX Kadeeil aBTOHOMHBIM
MOJABOJHBIM ANNAPATOM HA OCHOBE HEYETKHUX KIETOYHBIX ABTOMATOB
Tumouko A.HU.!, Cornuxon A.M.2, Jlynuenxo C.B.3, Makapuyk /I.B.%, 3asupubIii A.A.*%,
Koaoasxupiii A2
!letnas akagemus HanMoHaIBHOTO aBHAIMOHHOTO YHABEPCHTETa, KponMBHUIKKI, Y KparHa
2XapbKOBCKMH HAIIMOHANBHEIN yHUBepcuTeT Bosaymnbix Cun umenu Mana Koxeny6a, Xapbkos, YKkpauHa
3Xepconckas Mopckast rocylapcTBeHHAs akaaeMus, XepcoH, YKpanuHa
‘TocynapcTBEeHHBIN YHUBEPCUTET MH(PACTPYKTYPHI M TeXHOJOTHIT, Kuen, Ykpauna

Annomayusn. OObEKT WCCIEIOBaHUS — IUIAHMPOBAHWE MHHUMAIBHOTO BPEMEHHM MOHHMTOPHMHIA MOIBOJIHBIX
QJICKTPUYCCKUX U ONTHUYCCKUX Kabenell Ha 3aJaHHOM YYaCTKEC MOPCKOTo JHa AaBTOHOMHBIM ITOJABOIHBIM
armapaTroM Nnpu MUHHUMAJIBHBIX SKCIUTyaTallUOHHBIX pacxojax. I_IGJ'H) pa6OTbI — IMOBBIIICHUC ONCPATUBHOCTHU U
CHIDKEHHE pacxXoja TOIIMBA aBTOHOMHBIMH MOJBOJHBIMH amlllapaTaMy B MPOLECCE MOHUTOPUHTA MOABOIHBIX
JNEKTPUYECKUX M ONTHYECKHX Kabenell Ha OCHOBE HEYETKHX KICTOYHBIX aBTOMATOB B YCIOBHAX
HEONPENENEeHHOCTH. [l OOCTHXKEHMs LEIU HCCIEHOBAaHUS HCIOIb30BaHBl HEUETKHE KIETOYHBIEC Aallaparsl,
COYETAONINE NPEUMYNIECTBA, 3aI0KCHHBIE B TPAAWLUOHHBIX KIETOYHBIX aBTOMAaTaXx M MPEINOCTABISAEMBIE
BO3MOXKHOCTSIMH HEUYETKHX MHOXKECTB M HEYETKOHM JIOTHKH. HeornpeaeneHHOCTh MECTOIOJIOKEHUH KaOemns
BBI3BaHA BO3MOXXHBIMH 3€MJICTPSICEHHUSAMH, TYpPOYIEHTHBIMU TEUCHUSMH, CIy4YaiHBIMH BO3JICHCTBHAMH SIKOpEH
WIM OpyaAMd JoBa, oOpacraHueM KaOeleil MOpPCKOW pacTHTENBHOCTBIO M TEPPOPUCTHYECKUMH aTaKaMu.
PazpaboTaHHbIi TOAXO0 MO3BOJIAET CUHTE3UPOBaTh [lapeTo-onTUMansHBIN MapIIpyT ABMXKEHHUS allapara BIOJb
Mpe/oNaraéMelXx KOOPAMHAT 3aJieTaHUsl 00BEeKTa HCCIIeOBaHMs, O00ECIeYMBAIOINN MUHHMMAIBHBIH pacxo]
TOIUIMBA 3a MHHHAMAJILHOE BPEMsI KOHTPOJIS KaOelisi U YJOBJICTBOPSIOUINM 3aJaHHON CHCTEME OrpaHHYCHHU.
CDOpMaJ'H)HI)IC MOACIN 6a31/1py}oTcs1 Ha UCMOJb30BaHNU HEUCTKUX KJIICTOYHBIX aBTOMATOB, C MOMOIIBIO KOTOPBIX
OIUCBHIBAIOTCSI TpeXMepHass MOJENb cpelbl (PYHKIMOHMPOBaHMS, 30HBI W OOBEKTHI, 3aTPYAHSIONIME HIH
OTpaHWYMBAIOIINE NTEpEMELIECHIE, TIOBEICHNE TT0IBOJHOTO anmapara. Hanboee cymecTBeHHBIMU pe3yibTaTaMu
ABJsIeTCS (POPMAJIbHOE OIMCAHWE IPOCTPAHCTBA PEUICHMS 3aladd, W METOA MOJSIMPOBAHHS MapuipyTa
ABTOHOMHOTO MOJIBOJHOIO amlapara B IPOCTPAHCTBE Ul NOBBIMIECHHUSA ONEPATUBHOCTU M KadeCTBA PEIICHUS
337a4d MOHHUTOPUHra COCTOSHHSI OOBEKTa HHTepeca. 3HAYMMOCTH IIOJyYEHHBIX PpE3yJbTaTOB COCTOMT B
BO3MOXKHOCTH PELICHUSI CJIOKHOM 3aJa4dl MHOTOKPUTEPHAIBHON ONTHMHU3ALUHM MO HAXOXKICHUIO MapuHipyTa
NEPEABMIKCHUA aBTOHOMHOI'O IIOJBOAHOTO armapara ajsi MOHUTOPUHIA KaOeIbHOU CHCTEMEI B TPEXMEPHOM
npoctpaHcTBe. TakuM 00pa3zoMm, Hccie0BaHNE CBHACTENBCTBYET 00 3(h(EeKTHBHOCTH MCTIOIB30BaHUS HEUETKUX
KJIICTOYHBIX aBTOMATOB JId MOCTPOCHUA MApHIPYTOB B MHPOLECCCE MOHUTOPUHIA MOJABOAHBIX JJICKTPHUUCCKUX U
ONTUYECKUX Kabenell B pa3IMyYHbIX YCIOBUSIX, YTO MO3BOJHT CO3AaTh d((HEKTUBHYIO CUCTEMY MOHUTOPUHTA 3a
COCTOSIHHEM OOBEKTOB HaOIIOACHNUS.

Kniouesvie cnoea: snextpuueckuii kabenb, aBTOHOMHBIN TIOJIBOJIHBIN amnmapar, HeYeTKU KJIeTOYHBIA aBTOMAT,
ITapero-onTuManbHOCTh, MaPIIPYT, PACXO TOIUIMBA, MUHUMAILHOE BPEMS.

BBEJEHHE

With the advent of underwater electrical and induced onto the power line to determine the

fiber-optic cables, the issue of their protection
from intentional and unintentional impacts from
nature and humans has become extremely pressing
[1]. Usually, in shallow waters, cable systems are
placed underground, while in deep waters, they are
laid on the seabed, requiring timely information
about the cable's location, the current condition of
its sheath, and the seabed along the route.

Monitoring of underwater cables is typically
carried out using visual and acoustic methods with
the application of underwater cameras, side-scan
sonars, bottom profilers, and magnetic sensors that
employ passive and active methods of
electromagnetic field probing [2, 3].

In the passive method, an alternating current is

parameters of the resulting electromagnetic field.
In the active probing method, on the other hand, a
source of magnetic excitation induces a current
within the ferromagnetic materials of the cables.
The determination of the location and
inspection of underwater cables can be performed
by both humans and various types of underwater
vehicles. However, there are time, physical,
temperature, and other limitations to the use of
divers. Often, this is compounded by subjective,
human judgment-based assessments of the
location and condition of underwater cables [4].
An alternative for using divers to detect
underwater cables is the use of various types of
underwater vehicles, such as those remotely
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operated. However, the constant use of mother
ships alongside with them leads to high
operational costs.

Autonomous underwater vehicles (AUVs)
without support from mother ships are considered
a promising means for detecting and tracking
underwater electrical cables [5]. To control the
AUV, a cable-tracking controller calculates the
control actions and nullifies the relative direction
and distance between the vehicle and the cable,
causing the AUV to follow the desired geometric
trajectory. In recent years, intelligent controllers
have been actively implemented.

Improving the methods of AUV application,
considering the characteristics of the vehicle, the
features of the seabed relief, navigational hazards,
and more, affects the quality of monitoring
underwater electrical cables.

Tasks of this class are successfully solved
using three-dimensional geographic information
systems that describe the monitoring space.
However, the question of planning the AUV's
route along the cable's path in three-dimensional
space remains relevant, as traditional methods do
not allow for considering the full range of
conditions affecting the trajectory formation.

Therefore, constructing an optimal (rational)
route during the vehicle's monitoring mission,
considering the design features, characteristics of
the onboard equipment, and navigation
conditions, is a relevant scientific task.

LITERATURE REVIEW

The application of AUVs with a nonlinear
trajectory-following regulator based on the
backstepping method is limited by singularity. To
eliminate this, a virtual target is introduced,
moving along the trajectory and providing an
additional degree of freedom [6].

Backstepping methods, supplemented by
prediction based on the guidance law within the
line of sight, are considered in [7].

Fuzzy and neural network controllers for the
AUV tracking control are studied in [8]. Their
excessive sensitivity to control parameters and
complex logical inference are somewhat reduced
by simplifying the control methods.

For automatic cable tracking by an inspection
AUV, the integration of cable localization
algorithms and magnetic guidance is proposed in
[9]. The cable's location is determined using the
magnetic guidance law based on the line of sight,
utilizing the relative geometric relationship
between the AUV and the cable.

A thorough analysis of research on optimal
route planning for ships considering weather
forecasts is conducted in [10]. The study explores
solutions for multi-objective  optimization
problems with various constraints. It is shown that,
in most cases, the uncertainty of weather forecasts
is not considered, which reduces the quality of
problem-solving.

The ship route optimization method based on
the w-MOEA/D algorithm, considering weather
forecast uncertainty, is discussed in [11]. Using
the w-dominance principle, the method models the
actions of the decision maker (DM). However, the
method does not consider quantitative
characteristics of the human factor's influence on
fuel consumption and does not support real-time
operation.

Research results on simultaneous optimization
of ship course and speed for the entire transit route
within the calculated arrival time are presented in
[12]. However, the modeling results are not
entirely accurate due to the lack of data on
currents, ice-covered waters, etc., and cannot be
used by ship operators in the real-time mode.

In [13], a modified probabilistic algorithm for
ship route planning to avoid hazardous areas due
to adverse weather conditions is presented. A
drawback of the algorithm is its insufficient route
accuracy. Improving the quality of weather
information can be attempted through the
application of fuzzy set theory.

An enhanced ant colony method, considering
navigation risks and fuel consumption in complex
hydro-meteorological conditions, is presented in
[14]. However, while allowing for a
comprehensive solution to ship route strategy
selection, the method lacks precision.

Multi-dynamic elements in objective functions
as weight coefficients allow for obtaining an
optimal ship route [15]. However, the complexity
of calculating the weight coefficients prevents the
algorithm from being used in real-time.

An improved classical A* algorithm for
enhancing routing efficiency considering fuel
consumption in various navigational conditions is
implemented in [16]. However, the algorithm does
not determine the minimum necessary
meteorological information for calculations.

In [17], the authors calculate the optimal route
as the estimated time of passing waypoints and
arriving at the final point under unstable weather
and sea conditions. The lack of an order for
selecting route segments when hydro-
meteorological conditions change complicates the
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application of the proposed approach.

In [18], a method for formulating optimal ship
routes within the e-Navigation system, integrating
weather forecasts, is presented using fuzzy cellular
automata. However, this method is not tailored for
addressing multi-parameter optimization
challenges.

The algorithm for route planning with obstacle
avoidance, based on a combination of depth-first
search methods and reinforcement learning
algorithm on an artificial neural network, requires
significant time and computational resources for
implementation [19].

A metaheuristic algorithm for goal-seeking
strategy determination by maximizing/minimizing
the objective function was discussed in [20].

The use of cellular automata for modeling
group behavior strategies and the external
environment is explored in [21].

In [22], the use of a cellular automaton for
searching the moving objects within a defined
space on a homogeneous cellular grid with
established boundaries is described. The accuracy
of the developed route search automaton within a
specified timeframe is confirmed.

The application of cellular automata for
implementing intelligent agent behaviors in tasks
involving movement and adaptive strategy
adjustment based on evolving conditions is
presented in [23].

The article [24] presents the results of modeling
human group behavior considering their mental
characteristics based on cellular automata.

In [25], a cellular automaton approach is
described for modeling transportation and
pedestrian behavior.

The work [26] examines the movement of
individual homogeneous objects in a two-
dimensional space to search for optimal routes
based on cellular automata. For the route planning
in three-dimensional space, the model requires
further development to account for the area-
specific features of the search.

The feasibility of applying the cellular
automaton approach to solving the traveling
salesman problem is discussed in [27].

The [28] successfully addresses the search for
optimal routes from suppliers to consumers based
on the cellular automata. However, constructing
an optimal route for the AUV in such a scenario
cannot be achieved.

The research on behavior models of unmanned
systems in various environments and their
deployment planning based on cellular automata

is ongoing. An important issue is the development
and investigation of a mathematical model for
planning routes of AUV for monitoring electrical
and optical cables, considering constraints in
three-dimensional space based on cellular
automata.

From the analysis of studies dedicated to
synthesizing optimal ship routes according to
specified parameters (criteria), the following
conclusions can be drawn:

1) most of the methods and models reviewed
are not sufficiently accurate and reliable because
they incompletely account for certain hydro-
meteorological factors;

2) uncertainty in weather forecasts impacts the
accuracy of the results obtained;

3) the high computational complexity of a
significant portion of the algorithms restricts their
real-time application;

4)the difficulty in assigning weight
coefficients to the importance of individual factors
influencing the formation of optimal ship routes
renders some models non-adaptive.

Traditional models based on hydrodynamic
equations of ship motion and computational
methods must be accurate, convergent, and stable.
In contrast, a cellular automaton consists of a set
of finite automata with integer coordinates (i, j),
each capable of being in a specific state. At each
computational step, the cellular automaton passes
to another state. Using cellular automata requires
describing the set of cell states and transition
functions.

In situations with uncertain, incomplete, or
fuzzy information, where the cell states and
transition functions cannot be precisely described,
fuzzy cellular automata (FCA) and fuzzy rules
defined as membership functions are applied.
Cellular automata also observe changes in the
cell's neighborhood over time and/or space. In
FCA, the new state of a cell can be influenced by
the states of neighboring cells.

Therefore, the use of FCA enables the
development of precise, reliable, easily
implementable, and adaptive algorithms for

calculating optimal ship routes, including AUVs.

Consequently, the development of fuzzy
control cellular automaton models based on fuzzy
mathematics elements represents a promising
research direction.

OBJECTIVE AND RESEARCH TASKS
Objective: To enhance operational efficiency
and reduce fuel consumption of autonomous
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underwater vehicles during the monitoring of
underwater electrical and optical cables based on
FCA under conditions of uncertainty.

To achieve the research objective,
following tasks need to be addressed:

—develop a monitoring route for electrical
cables considering hydro-meteorological and
navigational conditions, discretely represented in
time and space;

— analyze the factors influencing the solution to
the problem of planning AUV routes with minimal
mission execution time and fuel consumption, and
formalize its statement;

—develop a method for forming an optimal
monitoring route for the object of interest based on
FCA.

Cellular automata are a computational system
that performs tasks in discrete spaces. The
uncertainty of conditions under which the AUVs
monitor cables has favored the use of a fuzzy
system. Describing complex object behaviors with
cellular automata considering local regularities
and constraints ensures minimal operational costs
for the mission execution.

Describing the domain with fuzzy mathematics
and the ability to solve dynamic tasks with fuzzy
input data allow overcoming traditional
complexity associated with the inability to conduct
precise mathematical calculations.

FCA, as a result of integrating automata and
elements of fuzzy mathematics, function well in
uncertain situations and enhance computational
system performance by avoiding continuous data
stream processing.

A set of consistent production rules to describe
the FCA operation algorithms can facilitate the
construction of a Pareto-optimal AUV route in
sufficiently uncertain environments during the

monitoring of underwater cables.

the

METHODS, RESULTS, AND DISCUSSION

Problem formulation for optimizing the
monitoring of underwater electrical cables on
extended sets by a vector criterion.

The problem of vector optimization arises in
the development of an AUV route for assessing
the condition of the electrical (optical) cables in
two cases. Firstly, the route is evaluated based on
a set of local quality indicators (criteria) that are
typically inconsistent and cannot be unified.
Secondly, it arises when constructing a trajectory
to diverge in conflict situations under conditions
of incomplete initial information. Essentially,

improving one criterion leads to deterioration in
another, impacting the effectiveness of decisions
made regarding the AUV movement management.

Therefore, it is necessary to introduce a range
of indicators and seek a compromise solution. To
achieve this, complexity factors are typically
considered, and the global problem is reduced to
simpler scalar optimization tasks. That is, to
collapse the vector criterion, relatively simple
rules are introduced:

1) Construction of the Pareto zone and
selection of a DM from the Pareto-optimal
solutions: i.e., for the problem involving

E9(x)>max, xeX, g=1,L a solution
x" e X/, is chosen such that among the set of
solutions x" there is no variation J(x), such that

forv g= I,_L the following conditions are met:
EOG"+6x)2EV(x"), q=LL (1)

Expression (1) asserts that a Pareto solution cannot
be simultaneously improved across all scalar
criteria. Therefore, to select a single solution from
sets of Pareto-optimal solutions, it is necessary to
use additional information;

2) Application of scalarization methods. In
practice, this means that initially priorities
EVS>EPSEO S SE9> > >EY  are
introduced with or without concessions to scalar
criteria, and then the vector optimization problem
is stepwise resolved for each component of the
vector criterion:

E9(x)>E", )

where £ is the minimum permissible value of £ .

Next, criterion £ is maximized, the optimal
solution £V is found, and a concession AE" is
assigned, permissible for maximizing other
components of  the vector criterion
E®(x) > max, EV(x)>E" —AE?".

Similarly, a concession AE' is then assigned,
criterion E® is maximized with constraints on
criteria £ and E, and so on.

However, due to the large number of possible
solutions, the method of sequential concessions is
not suitable for making timely decisions. This
could be due to an unsuccessful choice of
priorities or concessions, and the strong influence
even of small concession values AE on the final
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decision;

3) Optimization based on introduced
compromise relations, i.e., weighting coefficients
between local criteria or permissible values of all
local criteria except the primary one. The
formation of a unified criterion as a complete sum
represents scalarization:

E(x)= ZL:/IqE(q)(x) — max, ZL“/lq =1, (3)

q=1 q=1

where: 1 are weighting coefficients of criterion

significance, determined by expert methods.

The solution obtained using criterion (3) is
Pareto-optimal.

When managing AUVs, it is relatively easy to
determine permissible values for all scalar criteria,
allowing us to find a solution that satisfies the
constraints

EP(0)2E", g=11L, “4)

If the solution obtained according to rule 3 is
not Pareto-optimal, then we select the most
important or arbitrarily chosen criterion, while the
others are constrained to a system

EV(x)>max, EC(x)=E?, ¢g=2L (5

whose solution belongs to the Pareto region;

4) Optimization when making operational
decisions on expanded sets by introducing an ideal
solution into the space L of maximized criteria,
with an ideal point having coordinates
EV E®, JEY, ., EW", qzl,_L, and
approaching this ideal solution normatively

E(q)(x) |
g |

where: E° is the maximum value of the g -th

1
p|r

, (6)

L

>

q=1

criterion without considering other criteria, and p

is determined by the complexity of the specific
task.

The introduction of such an ideal point implies
solving a two-step optimization problem: first,
determining the optimal values of each scalar
criterion independently of other criteria (a linear
programming problem), and then minimizing the
deviation from the ideal point thus formed

according to criterion (4) (a
programming problem).

The only optimal solution is the point
optimization. Vector efficiency indicators provide
acceptable solutions, which is optimization in the
region. The use of the decision-making concept on
expanded sets and complexity assessment allows
obtaining a Pareto-optimal solution.

When there is a set of optimal solutions to the
threshold optimization problem

quadratic

EV(x)>max, E9x)2E", ¢q=2,L, (7)

among these solutions, there is at least one Pareto-
optimal solution.

The process of forming a vector criterion to
enhance the efficiency of AUVs in searching for
underwater electrical cables depends on the choice
of weighting coefficients and is subjective in
nature. It is equal to the maximum number of
scalar criteria describing the control and output
parameters of the process. Adding a new criterion
to the chosen system usually means making
changes to the weighting coefficients or thresholds,
rather than to previously found solutions.

When formulating a bi-criteria optimization
problem (Fig. 1):

2 —(2)
EV >max, E?(x)ZE ",

Em—>max, E(l)(x)ZE'(l) (8)

E@®

Fig. 1. Graphic interpretation of the solution of
related problems.
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) 16
EY 5> max, E¥(x)2E",

E? smax, E"(x)2E" )

we have two solutions (points D and C for the first
and second problems, respectively). In general, the
principle of minimal complexity is used to select
Pareto-optimal solutions. Thus, if the second
problem is simpler to solve, then:

EP(x) > max, EV(x)>E’+kAEY,
k=0,1,2, .., 9)

where: E° — HauansHoe 3Hauenue noporano £V ;
k 1is the current multiplier;
AE"Y is the increment for the first criterion.
The complexity of solving each adjacent
problem allows constructing a discrete complexity
scale:

W= wO<ws g=LL} (10

and solving optimization problems of type (2) and
threshold optimization problems (8) by setting the
initial threshold value of the optimized criterion
E°, its increment AE", and obtaining the
expected estimate for the maximum number of

iterations £ .
If there is a time constraint for constructing the

complexity scale, time estimates for scale
construction are introduced:
_ c
W, ={WE W} (11)

where: W ¢

is the time for constructing the scale
and solving the least complex problem;

W, ., 1s the time for obtaining a satisfactory

solution using some basic algorithm.

Vector optimization procedures based on the
principle of complexity on expanded sets of
alternatives become particularly significant given
the specified error margins of the problems.

Let us consider the formulation of a decision-
making problem on expanded sets according to a
vector criterion.

Let the tuple <P,G,D,y°,U’, H> define
the problem of finding satisfactory solutions,
where P is the initial function defining the
structure and content of the decision-making
problem; G is the evaluation function reflecting

the decisions made based on a set of evaluations;
D is the admissibility function determining the

limit values of solution quality; »° is a specific

element y° €Y from the set Y, subsequently

leading to a solution with specific numerical

parameters; U’ is a subset of permissible controls
that can lead to solving the problem; H is the set
of uncertainties, where each element he H
characterizes the degree of ignorance of the
problem parameters or the nature of actual random
disturbances.

Let there be a set of input parameters Y and a
set of output parameters X , with a certain set of
evaluation functions

G? . YxHxUxX —>E?, g=1L, (12)

and an admissibility (tolerance) function and an
admissibility (tolerance) function:

DY:YxH—>E?, g=1,2,..; g<L (13)

Thus, the tuple <P, G, D, Y, U /' H> has
transformed into the set:

<P,G, D7, y° U’ H>. (14)

The decision-making problem on expanded
sets, when introducing additional criteria (10),
becomes a multi-criteria optimization problem. In
this case, it is necessary to solve the problem of
scalarizing the vector criterion depending on the
ratio of the number of tolerance and evaluation
functions.

Case 1. If the number of functions (13) equals
the number of functions (12), the problem of
minimizing complexity based on evaluations is
solved:

Z(P', G, D, Y’,Uf’,H') R Z(P, G, D, Y,Uf,H)

(where: Z is an indicator characterizing the
complexity of the decision-making procedure; R
is the order relation on evaluations Z) and L
related tasks are formed for selecting the
minimally complex one.

Case 2. If the number of evaluation functions
(12) exceeds the number of admissibility functions
(13) by unity, the problem can be set as one of
minimal or constrained complexity depending on
the chosen primary criterion.
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Case 3. If the number of evaluation functions
(12) exceeds the number of tolerance functions
(13), then all previously considered approaches
are permissible when solving the problem of
scalarizing the vector criterion.

Case 4. If admissibility functions are not
specified, then after introducing primary quality
indicators, such as ¢, €Q,, where Q, are the

tolerance areas, we proceed to Case 3.

Let the decision-making problem on expanded
sets according to a vector criterion have primary
quality indicators g, € O, and a tuple in which all
sets are expanded:

<P,G, D9 YU H>. (17)

Let's pose the problem: find subsets Y'e7,
U'"eU, HeH, G”eG, D“eD, and an
element P’ P, such that for any elements )’ €Y’
and 4’ e H', there exists an element u'eU’ and a
corresponding u' element X', under which the
triplet ()',u’,x')eS holds, meaning that primary
quality indicators and condition

Z(P.G". Dy . U" H')R

RZ(P,G.,D".Y,U' H) (18)

The problem generalizes the decision-making
task for AUV motion control under fuzzy initial
conditions together with the evaluation criterion
Z(G,D')R,, Z(G,D), where Z(G',D') is the
indicator of decision-making efficiency and its
permissible values, considering the complexity of
the decision-making procedure.

This problem is more complex to solve, but in
this formulation, more efficient solutions can be
obtained by expanding the set of considered
alternatives and minimizing complexity using
vector optimization procedures.

Solution to the problem.

The research object is the planning of the
minimum monitoring time for underwater
electrical and optical cables over a specified
section of the seabed by an autonomous
underwater vehicle (AUV) with minimal
operational costs.

The operation of the "AUV-electrical (optical)
cable-external environment" system occurs under
conditions of non-stochastic uncertainty.

The fuzzy cellular automaton has the following
advantages:

— the concept of "state," the ability to apply it
to current, intermediate, and final positions, as
well as the automaton's ability to perform a
sequence of discrete constant steps (movement) in
space and time;

— updating the state of each cell as a result of
movement over time;

— synchronous updating of variables in each
cell depending on their values at the previous step;

— the new state of a cell is determined only by
its local values from a certain neighborhood of this
cell.

Research hypotheses:

1. When forming the monitoring route for the
object of interest, a reduction in the speed of the
AUV is allowed.

2. The vessel's route is represented by a
trajectory of movement and changes in linear
speed over a finite number of segments with
constant course values.

3. To determine the states of the cells in the
fuzzy cellular automaton (FCA) and the transition
function between them, a system of production
rules and membership functions is applied.

4. The discrete operation space is due to the
discrete representation in time and space of the
initial data — the forecast of hydrometeorological
conditions and the navigational situation.

Various obstacles and navigation safety
requirements influenced the choice of routes
during the modeling.

The research constraints include adopting a
constant, identical track length in discrete time
steps, which is due to the uniform size of the cells
forming the discrete metric grid of the automaton.
Each cell is described by the linguistic variable
"fuel consumption" and is characterized by a
transition function to model changes in fuel
consumption during monitoring as environmental
factors change.

To formalize the uncertainty of navigational
and hydrometeorological conditions and AUV
parameters, we describe them with triangular
membership  functions, which sufficiently
accurately represent the subject area.

Results of the study on the impact of
hydrometeorological conditions on the formation
of the Pareto-optimal route for the AUV

Discrete representation in time and space for
planning the monitoring route of electrical cables
by an autonomous underwater vehicle,
considering hydrometeorological conditions
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The recommended monitoring route (1)

includes the starting, ending, and intermediate
points. Additionally, it is characterized by its

width (widwm) and height (th ) The route

should not include segments that pass through
obstacles or do not meet safety requirements [28].
The choice of the recommended route is largely
influenced by the type, technical characteristics,
and equipment composition of the AUV, as well
as  hydrometeorological  conditions,  the
navigational situation, and the choice of speed and
course along the route:

rec

Wwre = {Cordf:/m ,Cor ‘;V” , Cordl.Wm qwid”" W } (19)

The optimal route for monitoring the electrical
cables is a safe route with high quality criteria,
specifically simultaneous fuel savings and
minimal mission execution time. Clearly, this
problem falls into the Pareto-optimal category and
requires finding some economical speed V" .

On the one hand, fuel savings are utilized in
constructing the optimal monitoring route under
the condition that the mission allows for a
reduction in AUV speed. In other words, it is
possible to switch the vehicle's motion parameters
to an economical speed mode, where it moves at
an economical speed 7 that achieves maximum

fuel efficiency. At the same time, the vehicle must
timely execute the mission and prevent any
decrease in the reliability of its power system.
The primary indicator of efficiency in choosing
V" is the specific fuel consumption g (mpu

e wr

V' >0):

Gsh
sh wr
wr Vsh 'tSh ’ (20)

wr

where: G is the standard fuel consumption for

the passage of the autonomous underwater vehicle
through the route segment, typically taken from
pre-calculated tables;

V*" is the speed of the AUV during the
monitoring segment;
tsh

monitoring segment.

On the other hand, a safe optimal route for
AUV monitoring is constructed considering
hydro-meteorological  conditions, navigation
environment in the marine environment, and

is the time taken by the vehicle on this

unconditional compliance with time constraints
and mission safety. Routes are called optimal if
they ensure high-quality cable monitoring with a
safety level for the AUV and equipment not lower
than specified, with minimal mission completion
time. The task of route formation considering
hydro-meteorological and navigation conditions is
typically modeled as achieving the minimum
mission completion time. However, the shortest
route is not always completed in the shortest time.
The mission completion time 7 is defined as:

route

£ 21)

route = Vsh

sh .
where: D"=« is route length W

route >

V" is specified AUV speed.

Since the underwater vehicle moves at a
constant speed and course from the starting point
to the endpoint via intermediate points, the time of
passage along the monitoring route is equal to the
sum of times on individual segments:

sh
N=1 JWroute

Lo = (22)

i
sh 2
i=1 Vi

where: N is number of route points "

route 9

di‘“'is“"’ is distance between (i —1)-th and i -

th route points "

route
sh

v" is AUV speed distance between (i —1)

-th and i -th route points W' .
Thus, according to expression (22), to
determine the time spent by the AUV on the route,
it is necessary to define it as a collection of points
forming the trajectory of the AUV (Fig. 2).

Fig. 2. A set of points forming the AUV underwater
route.
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Analysis of  factors the
optimization of route.

Fuel efficiency is influenced by operational
and external factors and the conditions of AUV
movement. The impact of operational factors can
be minimized through continuous monitoring of
the technical condition of the wvehicle and
responding to deviations from permissible values.
However, external factors directly affect the
choice of rational, economical speed V,° ', which
is reflected in algorithms for calculating the
optimal AUV route.

The impossibility of conducting experiments
under identical conditions determines the uniqueness
of the obtained routes. Hydro-meteorological
conditions during monitoring also vary. Most
indicators from ship systems sensors or support
services also contain elements of non-stochastic
uncertainty, expressed in parameter variability.

These circumstances, along with the
representation of certain factors in qualitative
form, confirm the feasibility of using fuzzy sets
with triangular membership functions to describe
factors in optimization problem formulation. Such
an approach will ensure the required engine modes
at different depths according to the calculated
AUV movement modes.

External conditions in the form of forecasted
parameter values come from underwater vehicle
sensors and are represented for nodes of a grid
with a fixed step in coordinates and time, projected
onto the water area.

Let the AUV route be represented by its
trajectory of movement and changes in linear

influencing

velocity V™, ie 1,_n over a finite number of
segments with a constant course /,. This allows
describing the AUV route by the following vector

W;;};te = {(hl’Sl’I/th )’(hZ’SZ’I/;h )""’(hi’Si’I/iSh )}’
W.yh

route

E Wrec ,
(23)

where S, is the length of the i -th segment of the
route.
The vector W

route

route. When determining V", the specified V"

and actual V*" speed of the AUV are considered.
The specified speed is directly related to fuel
consumption. The specified speed, considering
external conditions and the direction of the AUV's
movement, becomes the actual speed. That is, in

uniquely defines the ship's

the absence of external influences, the actual and
specified speeds are equal. Thus, the vector W

route

1s formulated as follows:

i _ (s SV INF, ), (I, ,, V3™ INF, ), o
(.S, V " INF,)

where INF, — is the vector of external influences
—waves (inf,""*) and currents (inf,""):

INF, ={inf;"™  inf""} (25)

Then, to design a route that ensures fuel
economy, it is necessary to solve the problem:

sh .
GF (Vvaute ) - min H
sh e
route

(26)

route

where G, (Wsh ) is the objective function for fuel

consumption of route W'  calculated based on

route °

the path fuel consumption g at the specified

speed V.

The solution of problem (26) using numerical
methods is challenging due to:

— categorizing this problem under nonlinear
programming tasks;

— a wide range of values that the " AUV-cable-
environment" system can reach, regardless of the
degree of influence of factors;

—low probability of accurate forecasting,
limited by a small amount of data;

— insufficient speed of obtaining results during
the modeling process of the " AUV-cable-
environment" system using differential equations.

Therefore, discrete models are necessary,
where the formalization of a set of possible states
and rules of their changes over time under
conditions of uncertainty is implemented.

Formation of an optimal route for an AUV
based on a fuzzy cellular automaton

The fuzzy cellular automaton is a set of objects:

{w.S,N,R"}, (27)

where: W — discrete metric grid of the fuzzy
automaton;
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S — finite set of possible states;
N — finite set determining the state of a
cell influencing the new state of the current cell;
R — production rules FCA .
As a discrete metric grid for the automaton, a
homogeneous three-dimensional grid is used.
Model FCA for forming a fuel-efficient
optimal monitoring route for AUVs, considering
hydrometeorological conditions, involves
dividing the area

MR = iVVirec’ (28)
i=1

into separate cells.

The cell sizes correspond to segments of the
route of uniform length with discrete steps in time.
These cells form the discrete metric grid of the
automaton.

The linguistic variable "fuel consumption rate"

takes values of "low," "medium," "high,"
quantitatively defined by fuzzy subsets g, g
, g™ from the universe S using vector

membership functions. This variable describes the
state of any cell s, € S atany arbitrary time . Each

cell is also characterized by environmental
variables at the point associated with the cell. The
transition function of the cellular automaton is
used to model changes in fuel consumption rate at
various values of external factors, such as current
direction and speed. The AUV is described by its
state and speed, which can be expressed as fuzzy
sets.

Fuzzy production rules R" define the
operation algorithm of the fuzzy automaton.

Each cell s; €S, starting from an initial state
with a specified initial membership function value
at the initial time ¢, passes to step ¢, + Az, where

new membership function values of neighboring
cells are computed

S; [S X N]RFCA ’O;A’)/ugw (Si+1)‘ (29)

In the developed demonstrative version of the
program, which models the optimal safe route for
monitoring underwater cables by AUV with
minimal time and fuel consumption based on
fuzzy cellular automata, the technical condition of
the AUV and certain hydrometeorological factors

influencing its actual speed V" are taken into

account.

The proposed route for monitoring underwater
cables by an autonomous underwater vehicle is
safe and optimal in terms of fuel consumption
while completing the mission in minimal time.

If information about an obstacle along the route
is received during the cable monitoring process by
the AUV, navigational hazards near the endpoint
of the route will be overcome.

Based on incoming hydrometeorological
information at the cable's location and,
accordingly, the AUV's route, a zone of

hydrometeorological hazard is forecasted, which
increases the temporal and operational costs of the
vehicle. The AUV's route is not reconfigured in
response to this.

Let's represent a cellular automaton as a set of
finite cellular automata in a three-dimensional
space with coordinates (i, j,n), which can be in

one of the possible states S [19, 21]:

0 (30)

i,j,n

€8={0,1,2,3,.... k).

At each step of operation, the automaton
changes its states according to specific rules:

0,.,,(t+1)=4(6,,,,(0)|(k.L,m)e N (i, j,n). (31)

where  N(i, j,n) is the space around the

automaton (i, j,n), represented as the Moore
neighborhood [29].

In the extension to the three-dimensional case:
(k,l,m) | |i —k|
Ny (i, j.n)=4<L|j—|

Sl,|n—m|£1

(32)

Expressions (30) and (31) uniquely define a
homogeneous three-dimensional grid [30].

A more precise description of the real operating
environment for autonomous underwater vehicles
is facilitated by a bounded grid (Fig. 3).

In the process of solving the search problem,
two types of automata are used: search objects and
search groups (Fig. 4).

For a three-dimensional cellular automaton,
theoretically, there exist 26 possible movement
patterns that can be applied to autonomous
underwater vehicles. However, due to physical
constraints and the specific motion characteristics
of these vehicles, fewer movement patterns are
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implemented.

o

8 5 4
Fig. 3. Types of cellular automata ¢— — objects of
interest: electrical or optical cable;

o and * — autonomous underwater vehicle AUV;
[ autonomous underwater vehicle AUV

The grid structure of the model is stable and
homogeneous, where each grid node represents
either an autonomous underwater vehicle, an
insurmountable obstacle, a zone with different
ways to overcome it, or an object of interest [29].
Such a representation allows for describing real
objects in space by defining their spatial
characteristics.

The previous state of the cell at time #, does
not influence the choice of one of the 26 possible
movement directions at time ¢, which is random
and calculated based on corresponding probabilities
or membership function values (Fig. 4) [30]:

0.5

0.5

Fig. 4. Graphic representation of possible
directions of movement of cellular automata.

1, 26;

N
Pl = 1= Y Dy + b 1=1 26

k=1

where: (x,y,z) — current AUV's coordinates;

N

analysis;

k — depth coefficient of analysis;
D(x,y,z) —cell state:

1, cell is occupied;

D(x,y,z)= .
(x.3,2) {0, cell is free.

To regulate the direction of a cell movement
from the current position to a specified target, we
will use vector theory.

Let's construct a vector from the current
position of the cell along the target object AB

(Fig. 5). Next, we will construct vectors from the
current cell to all 26 possible neighboring cells:

— depth of the cell's environment

B

400

20

Fig. 5. Movement of the AUA along the object of
interest.

fi(xy,2)=xe{l,0,1}, ye{-1,0,1},ze{-10,1},
1,26.

(34)

=

The corresponding directions are determined
by the combinations of component values (Fig. 6).

0.5+

Fig. 6. Representation of vector 4B and ortho-
vectors

After finding the angles between vector AB
and all ortho-vectors,
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B T
a; = arccos ( ——= == (35)
|[4B| ||

an optimization problem is solved:

D;(x,y.2) = Dy(x,3,2) + [ (36)
under conditions of:
max(h), (37)
min(; ). (38)

If P or a values are equal, the choice is made
randomly.

However, insufficient distinguishability of the
probabilities of choosing a direction, the stalling of
the automaton, significant deviations from the
main direction of movement, etc., complicate the
model's operation. Therefore, to calculate the
probability, a sensitivity adjustment coefficient §
can be used:

N
ZD()Hk,y,z)

=

P (39)

Set the movement of the AUV from the starting
point along the object of interest as the goal of an
irresistible force. That is, the AUV always aims
toward the object under any conditions, turning
obstacles and finding the "shortest" path to the
electric cable [21].

Let the UAV be at the starting point with given
coordinates. It should move along the electric
cable, descending to a certain depth, and then
move towards the monitoring object, whose
coordinates are known.

Consider the movement of the AUV in a given
direction from the "start" point along the object,
which follows the rules of the cellular automaton's
operation:

1. Find the vector from the AUV to the target.

2. Determine the step of changing the AUV's
coordinates.

3. Recalculate the AUV's coordinates.

4. Check the depth of the route and adjust.

5. Recalculate the AUV's coordinates.

6. Upon reaching the AUV above the target,
end the algorithm.

Consider the stages of the cellular automaton's
operation.

Intermediate results in the form of a 3D model

are shown in Fig. 7. The cellular automaton
reaches the specified depth in »n steps and
accurately maintains its position over the object of
interest. This type of behavior of the cellular
automaton is characteristic in the absence of
external factors affecting its trajectory.

Fig. 7. Behavior of the cellular automaton
when reaching the goal and loitering over it

Let's consider the behavior of the automaton in
the presence of natural (relief, plants) and artificial
obstacles (sunken ships, underwater networks,
underwater oil and gas pipelines, etc.).

Under changed conditions, the rules of the
cellular automaton's operation change:

1. Finding the vector from the AUV to the target.

2. Determining the step for changing the AUV's
coordinates.

3. Recalculating coordinates if movement is
possible.

4. Finding a bypass option if movement is not
possible.

5. Checking and adjusting the depth.

6. Recalculating coordinates.

7. When the AUV is above the target (within
the field of view), it moves along it.

8. Moving the AUV for a specified time and
stopping the cellular automaton.

When changing the rules of the cellular
automaton's behavior, it is possible to navigate
around an obstacle and then return to the cable's
location and move along it.

The efficiency of the work can be evaluated
using the corresponding coefficient K :

K=— (40)
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where: N, is the number of steps the automaton
takes (effectively the number of cells visited);
N, is the total number of cells in the model.

The efficiency of the cellular automaton's
operation is minimally affected by the number of
obstacles N, (see Fig.8) and is mainly

determined by the area sizes of the obstacles and
their mutual arrangement.

The results obtained demonstrated the high
efficiency of the developed model compared to
those obtained in [30] and its ability to construct an
AUV route in complex conditions in minimal time.

0,4
0,3
0,2
0,1

0
0123456 78 9101112131415

e CA e FCA

Fig. 8. Results of evaluation of the efficiency of
cellular automaton with a different number of
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