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Abstract. In the process of deep-sea tourism exploration, due to the complex and ever-changing underwater environment,
submarines may be affected by natural disasters, seawater pressure, and seabed topography, resulting in communication inter-
ruptions and mechanical failures during travel, causing harm to personnel in the submersible and causing huge losses to the
tourism company. In order to address safety issues during deep-sea tourism exploration of submarines. This study takes the
Inoian Sea as an example. Assuming that people encounter malfunctions during deep-sea tourism exploration while riding a
submersible, immediate rescue is required. Firstly, we obtained high-resolution underwater terrain data from GEOCO 2023
and established a detailed three-dimensional underwater terrain model using Matalab software. During the search and rescue
process, the sonar of the rescue vessel was used to search for the submersible, and the Markov Chain Monte Carlo (MCMC)
method was used to predict the most likely position and probability distribution of the submersible. By combining the traveling
salesman problem with genetic algorithm to process location and probability distribution data, the shortest path can be found.
At the same time, we also established a dynamic model of the rescue process, allowing the rescue vessel to maximize the effi-
ciency of maritime search and operation paths (such as spiral paths), and reflect the dynamic relationship between the rescue
submersible and the damaged submersible.
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1. Introduction lished a detailed 3D terrain model using MATLAB. At the
same time, the Markov Chain Monte Carlo (MCMC) method
was used to predict the most likely position and probability
distribution of the submersible, providing important data sup-
port for subsequent rescue plans.

2) Based on the data in Model 1, use sonar to actively search
for multiple suspected submersible location points, convert the
returned location points into a Traveling Salesman Model Prob-
lem (TSP), and use genetic algorithm to optimize the TSP mod-
el to find the shortest path, so that unmanned diving rescue
personnel can identify each suspicious target in the shortest
time, eliminate location faults, and improve rescue efficiency.

3) A dynamic model of the rescue process has been estab-
lished to enable rescue ships to maximize the efficiency of
maritime search and operation paths (such as spiral paths), and
to reflect the dynamic relationship between rescue submarines
and crashed submarines. This model considers different rescue
scenarios and predicts the success rate of rescue under differ-
ent prediction accuracies.

4) A cost-benefit analysis model has been developed to an-
alyze the costs, search efficiency, and cost-effectiveness of
different search devices.

In the tourism project of the exploration of sunken ships in
the lonian Sea, small cruise submarines are mainly used to
carry people into the sea, and the submarines are transported to
specific places and released from the main ship without cables.
So as to lead tourists to explore the shipwreck site at the bot-
tom of lonia. However, the submersible may be affected by
submarine natural disasters, sea water pressure and submarine
topography, resulting in communication interruption and me-
chanical failure. The lonian Sea is one of the most earthquake
prone areas in the world, most of which are more than 3000
meters deep, and the maximum depth in the east is 5267 me-
ters. For the safety of tourists, safety procedures need to be
developed to deal with communication interruption and me-
chanical failures. Since the submersible may stay on the sea-
bed due to failure, and its position will also be affected by
factors such as ocean current, seawater density and seabed
topography, this research needs to develop a model to deal
with the loss of communication with the main ship or possible
mechanical failure, so as to complete the position prediction
and rescue of the submarine.

In order to deal with the communication interruption with
the main ship or possible mechanical failure, including the  1.1. Research work

interruption of submarine propulsion, our work mainly in- This research proposes an efficient search and rescue path
cludes the following points. N planning method by analyzing the information data such as

1) In order to solve the problem of the position of subma-  gcean current and seabed pressure, as well as the position,
rines in the deep sea, we obtained high-resolution seabed ter-  genth and possibility of disaster of submarines, combining
rain data from GEBCO 2023 in the Inoian sea area and estab-  the ocean dynamic model and Markov Chain Monte Carlo
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(MCMC) method. This method uses active sonar to detect
multiple targets, and uses the intelligent optimization algo-
rithm of the traveling salesman problem to ensure that the
search and rescue task is completed while minimizing the
search path and distance. In the whole research, our main
work is as follows.

1) data collection and analysis: obtain submarine topo-
graphic data with a resolution of 15" within the rectangular
range of 36n20e~37n2le in the sea from the data file ioni-
an.xlsx.

2) Establish model 1, use the collected data to carry out
3D modeling for part of the bottom of inoian, and use MCMC
method to simulate the possible location of the lost contact
submersible, and obtain the probability distribution of the
location.

3) Establish model 2. After determining the location dis-
tribution probability, the rescue ship carries out rescue opera-
tions. According to a series of points returned by the active
search sonar where the suspected submersible is located, the
GA algorithm is used to plan the shortest path, so that the
unmanned submersible can be identified one by one in close
range, so as to improve the rescue efficiency.

4) Establish model 3, the dynamic model of the search
and rescue process, give the spiral path of the rescue ship to
maximize the search efficiency on the sea, simulate the motion
state of the rescue submersible and the wrecked submersible,
and predict and show the success rate of rescue in different
situations.

2. Materials and methods

A. Notions
The key mathematical notations used in this paper are
listed in Table 1.

Table 1. Notations used in this paper

Notions Utilization
X longitude
y latitude
t The time from now
f The Coriolis parameter
q(x'Ix) The probability of transitioning from the current state x
to a new state x '
B(x1X) The acceptance probability
P(x) The probability density of the target distribution in state
X
Q The rotational velocity of the Earth

B. The Establishment of Model 1

The Markov Chain Monte Carlo (MCMC) is a method
used to sample from probability distributions (Brooks, 1998).
«The future is independent of the past given the presenty,
this sentence contains the basic idea of the Markov chain.
We use the MCMC method to simulate the possible trajecto-
ry of the submersible on the lonian seabed and estimate the
position of the submersible. In the MCMC simulation, the
submersible proposes a new position through a random pro-
cess at each moment, and decides whether to accept the new
position or not based on the acceptance probability [1]. The
formula is shown in (1).

BX'|X) = min{l PX)alx|x)
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where p(x) is the probability density of the target distrib-
uted under state x, and q(x|x") is the probability of moving

from state x to x'.

C. The Establishment of Model 2

The Traveling Salesman Problem (TSP) is a classic com-
binatorial optimization problem, and from the perspective of
graph theory, the essence of the problem is to find a Hamil-
tonian loop with the smallest weight value in a completely
undirected graph with weights. It's a bit like the «shortest
path problem», and then we naturally think of using the
Dijkstra algorithm to solve it [2][3].

In a graph with n nodes, the distance can be represented

by a matrix D of one nn, where Dij is the distance from the i
node to the j node. The goal is to minimize the path length.

()

Where xj; is a decision variable, if city i to city j is in the
solution, then x;j = 1, otherwise it is 0. In order to quickly
find the missing submersible, we use Genetic Algorithm
(GA) to solve the problem.

1
distance(x)
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Where distance(x) represents the total length of the path
corresponding to chromosome x. The goal of this fitness
function is to maximize the fitness value, i.e., to minimize
the total distance.

D. The Establishment of Model 3

In addition, we need to get geostrophic currents to correct
the behavior of the submersible, this is an approximate for-
mula that describes the basic relationship of geostrophic cur-
rents (originally the basic formula for Coriolis winds).
—g Ah

—_— X —

f Ax

AV = 4)

Where AV is the geostrophic velocity, g is the accelera-
tion due to gravity, f is the Coriolis parameter (related to
latitude), Ah is the sea surface altitude difference (usually
proportional to the underwater pressure difference), and Ax
is the horizontal distance.

f =202sin(p) ®)

Q is the angular velocity of the Earth, which is about
7.2921 X 10-5 radians per second, and ¢ is the latitude, with
positive north latitude and negative southern latitude.

E. The Establishment of Model 4

We need to build a model for the selection of additional
search equipment, determine what additional search equipment
the main ship will carry and what rescue equipment may be
needed, considering the cost factor. Analyze the relationship
between the cost (purchase, maintenance, preparation, and use)
of different devices and their search efficiency.

U(e) = a*E(e) —6C(e) (6)

e: Different search devices

E(e): Exploratory efficiency of the device

C(e): The total cost of the equipment

a and 6 are the weight parameters that adjust the relative
importance of search efficiency and cost in the utility func-
tion, and we can write a rough formula.
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C(e) =Cp(e) +Cm(e) +Cr(e) +Cu(e) @)

They are the cost of purchase, the cost of maintenance,
the cost of state of readiness, and the cost of use. Finally, we
will select the optimal search equipment through a cost-
benefit analysis.

3. Results and discussion

A. The Solution of Model 1

In this model, we used MATLAB to implement The
Markov Chain Monte Carlo (MCMC) algorithm, the code |
will put in the appendix of the article. Through a series of
mathematical calculations, including interpolation, random
perturbation processing, probability calculations, and basic
physical motion calculations, the trajectory of the submersi-
ble on the seafloor is simulated and visualized with data.

tion of the submerzble
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Figure 1. Position prediction of submersible after losing pow-
er

Each solid point in the scatter plot represents the result of a
simulation, or the predicted position of the submersible at
different points in time. The different colors of the dots repre-
sent different predictions or different phases of time. Three-
dimensional surfaces represent related geographic information.

B. The Solution of Model 2

In the Traveling Salesman Model Problem (TSP) model,
we use MATLAB to implement the GA algorithm and set
parameters.

Size:100

Crossover probability:0.95
Probability of variation:0.1
Maximum number of iterations:2000
Run the code and here are the results.
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Figure 2. The first and last generation search paths
Finally, we run the code and get the final result of

291.29KM, which means that the shortest path is 291.29KM.
it is much shorter than the 1013.45KM of the original result.

This means less time spent searching and rescue, and at the
same time, a higher chance of success.

Figure 3. Convergence curves

After the submersible malfunctioned, we cannot immedi-
ately carry out rescue, so the above model needs to be used
to predict the possible location of the submersible and then
search and rescue. The rescue process is roughly divided into
three steps, first of all, the main ship needs to release the
active sonar search system, which is assisted by the corre-
sponding equipment to complete the range search of the area
where the submersible can appear the most, of course, this is
the step required after the GPS positioning fails. Second, we
verify the position of the submersible through small un-
manned underwater vehicles, which should be scattered
throughout the sea surface as needed, and set up correspond-
ing supply stations, when the main ship receives the sonar
signal, the unmanned underwater vehicle will go to the loca-
tion point for search and rescue [4].

When the predicted position changes over time, the
search range of the main ship is also corrected.

Search and rescus routes for mosils points

Figure 4. Search and rescue routes at stationary points

Figure 5. Search and rescue routes for mobile points



Chengjun Wen et al. (2023). Computing & Engineering, 1(4), 32-37

C. The Solution of Model 3

A dynamic model is established in MATLAB, which in-
dicates that the prediction error is within the acceptable range
and beyond the acceptable range.

lonlan seafloor 30

&

Figure 6. The forecast error is within acceptable limits

afloor 30

Figure 7. The prediction error is beyond the acceptable range

D. About the Extension of Model

As | said in the review, this rescue solution is highly adapt-
able and can deal with different terrain and emergencies, and
only needs to obtain seabed data from the sea area to be stud-
ied and model the 3D surface, such as the Caribbean Sea.

First, we set up 100 linear interval points to create a grid,
randomly generate the positions of the main ship and submers-
ible, and then calculate the distance from each submersible to
each ship through a weighted distance matrix. The Hungarian
algorithm (a complex optimization algorithm used to solve the
optimal matching problem) is implemented to find the optimal
pairing of submersibles and vessels. The maximum rescue
distance is updated according to the optimal pairing.

rrrrrrrr

Figure 8. Expansion forecast
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E. Sensitivity Analysis

In order to identify and capture the sensitivity of the op-
timal path planning in the process of identifying and captur-
ing the submersible using the traveling salesman model and
the genetic hybrid algorithm, this section analyzes the sensi-
tivity of the model by increasing the number of possible
locations of the submersible in the sea, that is, changing the
population size parameter of the genetic algorithm. The
changed parameter data are shown in the table below.

Table 2. Reference data table

model population crossover probability  iterations
algorithm size probability

TSP+GA 150 0.95 0.1 2000
TSP+GA 200 0.95 0.1 2000
TSP+GA 250 0.95 0.1 2000
TSP+GA 300 0.95 0.1 2000

The reason for only considering the increase rather than
the decrease is to reflect that in the worst case, i.e. identify-
ing and fishing the location of the submersible and exploring
the possible location points are too many.

Therefore, re-simulate the calculation results to obtain
four groups of curves, as shown in the following figure.

Convergence curve plet (shortest path for each generation) Convergence curve plot (shortest path for each generation)
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Figure 9. Convergence curve (shortest path)

Finally, total energy consumption usually refers to the to-
tal amount of electrical energy consumed by the system to
complete a certain amount of computing tasks or a certain
period of time, usually in kWh. In a connected car environ-
ment, low energy consumption means that the system can
use batteries or other energy sources more efficiently, reduc-
ing operating costs. Following Table 2 compares the energy
consumption in identical processing situation.

4. Conclusions

This study provides a comprehensive solution from sub-
marine fault to location, identification and rescue. By using
the high-resolution submarine terrain data provided by
GEBCO 2023, a detailed three-dimensional terrain model of
the lonian Sea has been established. Then, the Markov chain
Monte Carlo method is used to simulate the probability dis-
tribution of the possible position of the lost submersible to
provide specific guidance for rescue operations.

When faced with multiple possible underwater vehicle
locating points, the problem is transformed into a traveling
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salesman problem, which can be optimized by genetic algo-
rithm to find the shortest identification path. In addition,
combined with the dynamic model of the search and rescue
process, including the search path of the rescue ship/main
ship on the sea surface (such as the spiral path) and the dy-
namic relationship between the rescue submersible and the
wrecked submersible. The model considers various possible
rescue scenarios, predicts the success rate of rescue in differ-
ent situations, and provides theoretical guidance and strategic
choices for actual rescue operations. The successful imple-
mentation of this step can reduce the search and rescue time

of this article by the Computing&Engineering Editorial De-
partment.
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Anparna. TepeH TeHi3 TypusMiH Oapiay IpoLeCiHIe KYyplelli >KOHE YHeMi e3repill OTBIPaThIH Cy acThl OpTAaChIHA
OaiiaHBICTBI CyacThl KalbIKTapblHA TAOMFH araTTap, TEeHi3 CYbIHBIH KbICHIMBI JKOHE TEHi3 TYOIHIH penbedi acep €Tyl MYMKiH,
HOTIDKECIHIEC casxaT Ke3iHne OaiimaHpIC Y3UTIN, MEXaHUKAJBIK aKayiap TYBIHIAN, epCOHAIFa 3USH KEeNTipyi MYMKiH. CyFa
0aThIll, TYPHUCTIK KOMIIAHUSFA YJIKCH IIBIFBIH 9Kelai. TepeH TeHI3 Typu3Mi Ke3iHIe CyacThl KaHBIKTapblH Oapiay KesiHIe
Kayilci3Iik MoceJeNlepiH ety yimiH. by 3eprrey mpican petiaae MHOM TeHi3iH anaasl. Anamaap cyra OaTeim Oapa jkaTKaH/aa
TeHi3aeri Typu3M/Ii Oapiay Ke3iHAe akayiapra Tam OOJajbl Iel ecenTecek, MIYFbUI KyTKapy Kaxket. bipinminen, 6i3 GEOCO
2023-teH >xoFaphl a)XBIPATBIMIBUIBIKTAFBl Cy acThl penbedi AepeKTepiH aimslK skoHe Matalab OarmapraManblK KypaibH
naiijiajgana OThIPbII, eMKei-TerKeiili yIll esemM/i ¢y acThl peibediHiH MOJENiH KYpIbIK. [31ecTipy-KyTKapy NpoleciHae cy
aCThIH/IAFbl KeMEHI 13JeCTipy YILIIH KYTKapy KEMECiHiH COHapbl MaiJaaHblUIibl, ajl Cy aCThIHIArbl KEMEHIH €H BIKTUMAJ
OpHaJacybl MEH BIKTUMaJIbl TapanyblH 0oipkay yiuiH Markov Chain Monte Carlo (MCMC) aaici konpanbuipl. OpHanackaH
JKEep MEH BIKTUMAJIJIBIKTBI TAPATy AEPEKTEPIH OHJEY YIIIH CasixaTIlIbl CaTyIIbl MOCEJIECIH I'eHETHKAJIBIK aJITOPUTMMEH OipiKTipy
apKbUIBI €H KBICKA JXKOJAbI TaOyFa Oosaabl. COHbIMEH Oipre 0i3 KyTKapy MpOIECIHIH TUHAMUKAIBIK MOICIIH KYP/BIK, Oy
KYTKapy KeMmeciHe TeHi3Jeri i3/iecTipy jKoHe naiiiaiaHy >KOJIapbIHbIH (MbICANbI, CIUPAJIbIbI KOJIJap) THIMIUIITIH apTThIpyFa
MYMKIHIIK Oepelli »oHEe KYTKapy CyacThl JKOHE 3aKbIMIallFaH CyacThl Kypaibl apachblHAArbl JAWHAMUKAIBIK KaThIHACTHI
KepceTei.

Hezizzi co30ep: Mapros mizoeci Monme-Kapno, eenemukanvix, ancopumm (GA), caaxamwvt camywsr maceneci (TSP), ey
KbICKA JICONI0bL ACOCHAPAAY .

HcciienoBanue onTuMaJbLHOIO INIAHUPOBAHUSA IIYTH CIIACCHU S
MOJABOAHBIX JIOAOK HA OCHOBEC MOJACJIMPOBAHUSA NOABOJIHON MECTHOCTH
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AHHOTanus. B mpormecce ocBoeHUsI TITyOOKOBOJHOTO TypH3Ma H3-3a CJIIOKHOH M TOCTOSIHHO MEHSIOIICHCS ITOIBOJHON
CpelIbl MOIBOIHBIC JIOJKU MOTYT MOJIBEPraThCs BO3JCHCTBUIO CTUXUHHBIX OCACTBUMN, NaBICHHUS MOPCKOM BOJBI M TOMOTpaduu
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MOPCKOTO JHA, YTO MPHUBOAUT K MEepedosM CBA3M U MEXaHHYECKHM cOOSM BO BpeMs IUIABAHUS, IPUUIUHASA BpEl IMIYHOMY CO-
CTaBy. B IIO/IBOTHOM aIliapare W MPHYUHII OTPOMHBIE YOBITKA TYpPUCTHYECKON KOMIAHWU. B Iensix pemeHns BOIpocoB Oe3-
OTIACHOCTH IPU TITyOOKOBOJHOM TYPHCTHYECKOM OCBOCHHUH ITOJBOAHBIX JIOAOK. B TaHHOM HMcClieoBaHUY B Ka4eCTBE NpUMepa
B3sTO VHOlicKoe Mope. Ecin nmpearonokuThb, 4To JIOAM CTAIKUBAIOTCS C HEUCTIPABHOCTSIMU BO BpeMs ITyOOKOBOIHBIX TYpH-
CTHYECKUX HCCIIEJOBAaHUN BO BpeMsl ITOE3JKH Ha MOJBOJHOM alapare, TpeOyeTcsi HeMeAJeHHas IMOMOIIb. Bo-nepBbIX, Mbl
TOJIYYHJTH JJAHHBIC O TOJIBOJTHONM MECTHOCTH B BhICOKOM paspemeHun oT GEOCO 2023 u co3ganu moaApoOHY0 TPEXMEPHYIO
MOJIENTb TTOJIBOAHON MECTHOCTH ¢ MOMOIIBIO MporpamMmmHoro obecrnedenus Matalab. B xozme mouckoBo-cracatenbHbIX paboT
JUISL TIOMCKA TIOJIBOJTHOTO amiiapara HCIIOJIb30BaJICs THAPOJIOKATOP cliacaTelIbHOTO Cy/AHa, a JUIl NPOTHO3UPOBaHMs Hanbolee
BEPOSATHOTO TIOJIOKEHHUS M paCIPEeIeHUs] BEPOATHOCTEH ITOIBOIHOTO amlapara HCIIONB30BaJICs MeToJ MapKOBCKOW IIeTH
Mosnre-Kapno (MCMC). O6beanHnB 3a1aqy KOMMHABOSDKEPA C TEHETHIECKUM aJTOPUTMOM st 00paOOTKH JaHHBIX O MECTO-
MIOJIO)KEHUU U paclpeAeSICHUU BEPOSITHOCTEN, MO’KHO HAWTH KpaTdaliuii myTk. B To ke BpeMsi Mbl TaKKe CO3ajdu JUHAMU-
YEeCKYI0 MOJIENb MpoIlecca CIaceHHs, MO3BOIIIONIYIO CIacaTeIbHOMY CYAHY MaKCHMHU3UPOBaTh 3(eKkTHBHOCTS myTed Mop-
CKOTO TIOWCKA W OMNepaIiii (HarmpuMmep, CIUpaIbHEIX IyTel) U OTpakaTh TUHAMUYECKYIO B3aHMMOCBS3b MEXKIy CIacaTelbHBIM
MOZIBO/IHBIM aIIapaToM M IMOBPEXKICHHBIM ITOIBOJAHBIM aIllapaToM.

Knroueswie cnosa: Llenv Maprosa Monume-Kapno, eenemuueckuii aneopumm (GA), 3adaua xommusosicepa (TSP), nranu-
posanue Kpamuaiiuiezo nymu.
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