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Abstract. Maritime Cruises Mini-Submarines (MCMS), a company based in Greece, aims to
offer safe and deep-sea exploratory experiences to tourists. This paper discusses the primary
challenges involved in ensuring tourist safety, particularly focusing on maintaining security in
scenarios of mechanical failures or lost communication with the main vessel. We propose
comprehensive safety protocols and technological solutions tailored for deep-sea tourist
submersibles. The analysis begins with a detailed study of the forces acting on a submersible,
considering both operational modes and the impact of ocean currents, utilizing a rigid-body
coordinate system and Eulerian angular coordinate transformations to describe the submersible’s
motion comprehensively. We derive motion and safety parameters by solving the force
differential equations, allowing the host ship to predict the submersible’s position accurately. In
addressing the recovery of lost submersibles, our approach evaluates power loss scenarios and
search efficiency, recommending an optimal combination of hydroacoustic and frequency-
hopping communication technologies for reliable, low-loss data transmission. We further
enhance search methodologies by integrating motion parameters and ocean current dynamics to
pinpoint probable locations, adjusting search strategies dynamically based on real-time data, and
employing probabilistic models to optimize resource allocation during search operations. A case
study in the Caribbean Sea exemplifies applying these methodologies, incorporating localized
flow regimes and cooperative communication strategies among multiple submersibles to
improve operational efficiency and safety.

Keywords: Deep-sea tourism, Submersible safety, Hydrodynamic analysis, Communication
technologies, Search and rescue optimization.

1. Introduction

Maritime Cruises Mini-Submarines (MCMS), based in Greece, offers unique deep-sea adventures
allowing tourists to explore shipwrecks in the lonian Sea. As pioneers in underwater tourism, MCMS
constructs submersibles capable of reaching the ocean's deepest parts, aiming to transform the tourism
industry with immersive experiences that reveal submerged historical treasures. Despite these
innovations, ensuring passenger safety in response to potential risks such as communication failures and
mechanical malfunctions remains paramount. These challenges are exacerbated by the unpredictable
conditions of the underwater environment.
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This paper focuses on addressing the comprehensive safety challenges encountered by MCMS. It
includes developing predictive models for accurately locating submersibles, assessing uncertainties in
these predictions, and formulating effective communication strategies. We also discuss the selection of
appropriate search equipment and the optimization of search patterns. Additionally, the paper extends
the application of our models to various tourist destinations like the Caribbean Sea and examines the
coordination among multiple submersibles operating simultaneously.

2. Model Assumptions
1.The motion of a submarine underwater can be approximated as the motion of a rigid body with the
center of mass coinciding with the center of gravity.

2.In the area where the submarine operates, the Nort-East-Down (NED) [5] coordinate system is
considered to be the same as the Earth's inertial coordinate system. That is, the effect of the Earth's
rotation is ignored in the working sea area.

3. Location of the Submersible

3.1. Model Preparations

The motion of a submersible in water is approximated as that of a rigid body, with the center of mass
coinciding with the center of gravity. The following notations are used: coordinate system of {b}. In this
coordinate system, for a fixed moment ¢, O is the center of mass of the submersible, and m represents
the total mass of the submersible, including the mass of the submersible itself, the mass of the tourists
on board, and the mass of the fuel and related equipment; v = [u, v,w]T € R3 represents the linear
velocity of the submersible center of mass 0; w = [p,q,7]" € R3 represents the angular velocity of
rotation of the submersible's center of mass O;f = [X,Y,Z]" € R3 represents the combined external
force on the submersible; m = [K,M,N]” € R3 represents the torque of the submersible; ® =
[¢,0,9]T € §3 is the Euler’s angle.

p(roll)

U (surge)
b

w (heave)
Figure 1: Analysis of forces on the motion of a submersible

As depicted in Figure 1, The components of the combined velocity v are projections on the
submersible’s axes x;, Vp, Zp, termed surge, sway, and heave for translational motion. The angular
velocities p, g, r form the combined angular velocity w , described as roll, pitch, and yaw for rotational
motion.

3.2. Dynamic Modeling of the Submersible
Assuming the motion process of the submersible in water, the kinematic and kinetic equations can be
established to predict its position after diving. Point O represents the origin of the submersible's
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coordinate system {b}, and point G is the center of gravity. The North-East-Down (NED) coordinate
system is considered the same as the Earth's inertial coordinate system {e}, as depicted in Figure 2.

inertial coordinate {e}

Figure 2. Relation between coordinate systems

Under this coordinate system assumption, the force on the submersible in water is determined by:

a=[uwv,w,p,qr]",A=[xy,2¢0,Y]"Ma + C(@a+D(@a+f(A)+go=1+71, +1,
(3.2.1)

Where a and A is the generalized representation of the velocities and positions of the submersible;
M, C(a), D(a) represents the inertia, Coriolis and damping effects; £ (A) is the function that generalize
the gravitational and buoyancy forces; g, is an item that we usually neglect as the static restoring force
which in the deep ocean the flow current would be rough.

The distance vector from the Earth's inertial coordinate system {e} to the center of gravity is:

dge = dpe + dg (3.2.2)

where dg = [xg, Ve zg]T is the distance vector from the body-fixed coordinate system origin to the

center of gravity, and dy,c is the distance vector of origin O relative to{e}. The velocity of the center of
gravity is:

Vge = Vpe + Wpe X dg (3.2.3)
Using Euler’s formula, the force f, and moment m, arex
my = lywhy — (Iywpe) X Wpe
where the inertia matrix I, of the center of gravity is:

Ix _Ixy _Ixz

I=|"lLx L Iy, (3.2.4)
_sz _Izy Iz

Combining the translational and rotational motion equations:

br
M, [w%] + Gl = ’ (3.2.5)

where M, and C, are matrices representing mass and Coriolis forces.
To simplify calculations, transform these equations to the origin O:

Vge = Vpe + PT(dy) X wpe (3.2.6)
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and the transformation matrix:

T
K(dg) = [13"3 i (dg)] (3.2.7)
03x3 I3x3
Applying the transformation:
br
Vp VUbc f
KT (d, )M K (dy) [wgz ] KT ()G () [12] = K7 () [ (328)
For the origin O, the translational and rotational velocities are:
fo = m[Vhe + whe X dg + Wpe X Vpe + Wpe X (Wpe X dg)] (3.2.9
The moments of inertia at O, using the parallel-axes theorem, are:
L = I, —m(dgd} — (dldg)I3y3) (3.2.10)

The momentum at O is:
mp = Lwl + wpe X Iywpe + mdg + mdg x (v{,’; + Wpe X Vpe)
Combining these, the equations of motion for the submersible are:

m[u' —vr+wq— xg(q2 + r2) + yg(pq - r') + Zg(pT' + q)] =X
mv' —wp +ur —y,(r? +p*) + z,(qr —p) + x4(qp +7)| =Y
m[w'l— uq +vp — Zg(p2 + qz) + xg(rp - q') + yg(rq + p)] =7
Lip + (IZ — Iy)qr — (r + pq)IxZ + (r2 - qz)lyz + (pr —q )Ixy
+m|y,(w —uq+vp) —z,(v' —wp+ur)| =K (3.2.11)
Iyq' + (Ix - Iz)rp - (P’ + qr)lxy + (pz - rz)lzx + (qp - T’)Iyz
+ m[zg(u' —vr + Wq) - xg(w' —uq + vp)] =M
IZT’ + (Iy - Ix)pq - (CI’ + Tp)lyz + (q2 - pz)lxy + (T‘q - p')lzx
+ m[xg(v' —wp + ur) - yg(u' —vr+ wq)] =N

These equations enable the prediction of the submersible’s motion state and trend underwater,
integrating translational and rotational movements over time to estimate its position accurately.

3.3. Uncertainties of the Prediction

Despite the fact that we have modeled the dynamics of the submersible at each moment ¢, there are still
many disturbing factors present in the prediction of the position of the submersible. For example, the
effects of changes in current temperature, density, and flow velocity can make the state of the
hydrodynamic forces acting on the submersible unpredictable, while sonar detection of potential reefs
and the seafloor is also one of the destabilizing factors. We will discuss these uncertainties in this section
and explore options for coping with them in the design of submersibles.

3.3.1. Uncertainties of the Prediction

To detect reefs(considering the seabed as reefs) in unknown waters, submersibles can be equipped with
sonar scanners set to reasonable scanning patterns. Sonar sends signals and receives echoes to detect
water depth or the distance and shape of underwater objects. The accuracy of detection depends on the
speed of signal propagation in water and the scanning frequency. With sound propagating at 1500 m/s
in water and the submersible’s speed capped at a safe 25 m/s, the submersible can typically receive sonar
signals and adjust its course to avoid obstacles. Based on the safe distance D, previously established,
we propose two sonar scanning modes: horizontal(in the x;, 0y, plane) and vertical(along the z, axis).
For horizontal scanning, sonar emits a conical beam with an angle a,rotating around the scanner with a
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fixed period T;. Given the submersible’s deep-sea environment, a lower scanning frequency(28-50 kHz)
ensures high-quality images.For vertical scanning, a similar conical beam with an angle g is emitted
along the z, axis with a fixed period T,. Upon detecting an obstacle within the minimum safe distance
Dy, the submersible decelerates and maneuvers to avoid it. Although temperature and density variations
affect sound speed (increasing by 3 m/s per t”C and 1.3 m/s per O.196 salinity increase),these effects
are minimal. To mitigate the impact of obstacle uncertainty on submersible positioning, the host ship
periodically receives sonar data on obstacle distance d; (horizontal) and the nearest seafloor distance
d, (vertical) [8].

'
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Figure 3. Vertical (left) and horizontal (right) modes of submersible sonar scanning

As shown in Figure 3, the vertical mode (left) and horizontal mode (right) of submersible sonar
scanning are depicted. The vertical mode illustrates the angle S relative to the seabed, while the
horizontal mode demonstrates the angle ao between scanned objects. These scanning modes are crucial
for mapping and navigating the underwater environment accurately.

3.3.2. Hydrodynamic Uncertainties

In deep-sea currents, a failed submersible's position changes due to buoyancy and current resistance.
The forces of buoyancy and gravity are analyzed using the submersible's center of buoyancy (B) and
center of gravity (G). Using the Euler angle coordinate transformation, we express these forces in the
relative coordinate system. If the auto-float function fails, the submersible achieves neutral buoyancy,
where buoyancy equals gravity. The restoring forces and moments are derived from the relative distance
between B and G, ensuring stable floating even during power loss. This simplifies the prediction of the
submersible’s behavior under varying conditions, as depicted in Figure 4.

Figure 4. Relative positions of the center of buoyancy and center of gravity of the submersible

3.3.3. Uncertainty of Underwater Communication
The stability of underwater communication is crucial for accurately predicting the behavior of a
submersible. Reliable transmission of motion and attitude parameters from the submersible to the host
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ship ensures continuous monitoring. However, when the submersible malfunctions or communication
is disrupted, it becomes necessary to estimate its position based on the last received signal. To monitor
the communication status between the submersible and the host ship, we represent the communication
state at any given time through a specific function, where the submersible transmits its status information
at regular intervals, aligned with the cycles of its sonar scans and motion recording. To enhance
communication quality and stability, both the submersible and the host ship deploy communication
buoys to the water surface, mitigating underwater signal attenuation and assisting in locating the
submersible. We have developed a dynamic model to determine the submersible's position using
transmitted motion parameters, accounting for several uncertainty factors, including unknown obstacles
(e.g., reefs and the seabed), forces acting on a neutrally buoyant submersible after power loss, and
communication reliability. Key recorded parameters include submersible trait parameters (total mass,
center of gravity positions), motion parameters (translation velocity, rotational angular velocity, Euler
angles), and safety parameters (auto-floating state, power state, communication state, distance to nearest
obstacle). These parameters are captured using various sensors and communication devices, ensuring
continuous data collection and reliable communication for accurate tracking and prediction of the
submersible's position. the submersible is equipped with various sensors and communication devices,
as detailed below, as shown in Table 1.

Table 1. Breakdown of submersible communications equipment

Equipment Name Function Quantity
Speed sensor Record three-axis translation speeds v(t) one
Gyroscope; angular velocity sensor Record the triaxial rotational angular velocity one
w(t) and Euler angle 6 (t)
Sonar scanner Obstacle distance detection 2
Satellite communicators, transducer Establish communication with host ship Several

and decoder, communications buoy

4. Preparations in Advance

In the vast lonian Sea, a small submersible requires effective monitoring and rescue measures. To
address signal transmission quality, we compare various communication methods. Radio
communication is fast and has large capacity but is limited underwater. Communication buoys with
blue-green laser or neutrino technology offer strong penetration but face challenges like high costs and
susceptibility to weather. Hydroacoustic communication, converting electrical signals to acoustic,
remains effective but is hindered by environmental noise and seabed absorption. Frequency hopping
technology can enhance this method. For rescue operations, the host ship can use active sonar and
magnetic localization to quickly locate and retrieve the submersible.The International
Telecommunication Union (ITU) [9] gives the following wave frequency range and the corresponding
wavelength range:, as shown in Table 2.

Table 2. Different bands and wavelengths given by 1TU

Band Name Frequency Range Wavelength Range
Extremely Low Frequency (ELF) 3Hz —-30Hz 100,000km — 10,000km
Super-Low Frequency (SLF) 30Hz — 300Hz 10,000km — 1,000km

Ultra-Low Frequency (ULF) 300Hz — 3kHz 1000km — 100km
Very Low Frequency (VLF) 3kHz — 30kHz 100km — 10km

Low Frequency (LF) 30kHz — 300kHz 10km — 1km
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5. Search Strategy

5.1. Initial Deployment Point

To locate a lost submersible, we combine its last known position, motion parameters, ocean current
speed, and force analysis when neutrally buoyant. We assume the submersible experiences drag,
buoyancy, pressure, and gravity, with seawater treated as incompressible. Using the Navier-Stokes
equation and assuming non-rotational, viscous incompressible flow, we calculate pressure and
hydrodynamic forces. By solving these equations, we can predict the submersible's displacement and
motion after losing power. This model helps determine the initial search area for rescue operations.

5.2. Search Pattern for the Equipment

After estimating the submersible’s location, a targeted search pattern is crucial. Using a scaling function
l(m, t) = (c t)/[c,m,we determine the search area based on time elapsed and submersible mass. The
search area is divided into grids, with each search vessel covering a circulan area using sonar scanners.
Vessels conduct grid searches by scanning forward with a conical beam, reporting results to the host
ship. Adaptive search patterns are employed, adjusting vessel directions based on echo signal strength
to enhance efficiency and update search probabilities periodically

5.3. Probability of Rescuing

To model the probability of finding a lost submersible, we consider factors such as search method,
efficiency, and ocean current effects. LetT be the elapsed time in hours and S be the accumulated search
area covered by sonar(km?).Using the Poisson distribution,where 2 represents the expectation of finding
the submersible per unit search area, the probability mass function is:

Ake=2

P(X =k) ="

(5.3.1)

In this problem we can define A as the expectation of finding the submersible E in every unit search
result as:

E expectation of findin
A=-=2E £ (5.3.2)

S covered search area

The probability of finding the submersible at time T with accumulated search results S is given by
P(T,S) = P(X = k) ,where X follows a Poisson distribution with parameter A ,defined as the
expectation of finding the submersible per unit search area.

6. Extrapolation of the Submersibles

6.1. Model in Other Destinations

When applying the model to other sea areas, adjust for local current conditions. For instance, the
Caribbean Sea's complex topography and variable currents differ from the lonian Sea's simpler, more
stable conditions. In the Caribbean, use anti-interference technology for communication, adjust
submersible depth and sonar parameters for terrain, and account for hurricane impacts on currents by
incorporating viscosity in fluid dynamics. This ensures accurate predictions and effective use in diverse
environments, as shown in Table 3.

Table 3. Caribbean vs lonian Sea

Area Location Maritime Terrain Ocean Stability

The density of sea water varies

greatly due to the influence of

coral reefs, etc.; and the speed

of ocean currents is affected by
hurricanes

Lower latitudes,  Diverse topography of
hotter climates,  grottos, sea mountains,
and generally ridges and numerous

warmer waters coral reefs

Caribbean Sea
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Table 3. (continued).

Higher latitudes,

distinct climates, ~ >mPle topography

lonian Sea stable seasonal with sedimentary Seawater density and salinity
variations in sea plains and some deep- are relatively stable
temperatures sea troughs

—~—
-
-~

-~

P

Figure 5. Acoustic shadowing of sonar scans

As shown in Figure 5, acoustic shadowing occurs when an underwater object obstructs the sonar
signal, creating blind spots that the submersible must account for by adjusting its position or scanning
angle.

6.2. Model for Multiple Submersibles

In previous models, we have considered scenarios where only one submersible is working. The
communication is basically based on one-to-one communication between the submersible and the host
ship. When there are multiple submersibles performing sightseeing missions in the same sea area, we
can make appropriate adjustments to the model to monitor and predict the positions of all submersibles.
Let's adjust the model from the following perspective:

Communication mode. One of the advantages of operating multiple submersibles in concert is the
possibility of establishing a communication network between multiple submersibles and the hos ship.
In the previous model of single-submersible operation, the host ship sometimes did not receive the status
signals of the submersible in question very well due to the limitation of the quality of long-distance
communication in sea water.

When multiple submersibles are operating together, we can establish a stable communication channel
through submersible-to-submersible transmission. For example, we can set up sightseeing routes for
different depths of submersibles, where the submersibles located in the lower layer transmit the motion
data to the nearest submersibles in the upper layer, and in this way, layer by layer, the data from all the
submersibles will eventually be transmitted back to the host ship. this structure is more efficient in terms
of transmission efficiency and requires a relatively low information capacity as compared to the previous
design.

For the rescue and localization of submersibles, we can also adopt the above structure to enhance the
localization efficiency and accuracy through the communication between submersibles. At the same
time, when one of the submersibles fails, the nearby submersibles can also act as search and rescue after
detecting the failure, which greatly improves the efficiency of the rescue mission.

7. Conclusion

Maritime Cruises Mini-Submarines (MCMS) is at the forefront of underwater tourism, offering safe and
immersive deep-sea experiences. This paper addresses the key safety challenges of submersible
operations, focusing on mechanical failures and communication disruptions. By implementing
comprehensive safety protocols and advanced technologies, MCMS ensures tourist security. The
dynamic modeling of submersible motion, including both translational and rotational dynamics, allows
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precise position prediction. Hydroacoustic and frequency-hopping communication technologies
enhance data transmission reliability. The proposed horizontal and vertical sonar scanning modes
improve obstacle detection and navigation accuracy. Integrating probabilistic models and real-time data
analysis optimizes search and rescue operations, increasing recovery success rates. A case study in the
Caribbean Sea highlights the effectiveness of these methodologies across different environments.
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