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Abstract: Towing cable arrays have made significant contributions across various fields, and their
outspread process is crucial for realizing their functionalities. However, research on the dynamic
characterization of the outspread process of towed cable arrays lacks systematic organization. This
paper reviews, organizes, and analyzes the outspread process of towing cable arrays, drawing on
relevant models, case studies, and structural features. It ingeniously applies concepts from parachute
outspread to the analysis of towing-cable-array deployment. The study systematically examines the
deployment of towing cable arrays under varying cable lengths, wave conditions, and the interactions
between line arrays. The goal is to integrate existing research on the outspread of towing cable arrays,
addressing the gaps in the description of this process and providing a comprehensive analysis of
the outspread characteristics under different conditions. Additionally, this paper identifies current
limitations in this area and provides insights for future developments. Furthermore, it explores
the potential application of AI to address these challenges. The aim of this paper is to contribute
meaningfully to this field.

Keywords: towing cable array; outspread process; dynamic characterization; interactions

1. Introduction

Conventional hull-mounted sonar systems have a limited detection range and are
susceptible to interference from hull noise [1–4]. To improve detection, researchers have
begun exploring the use of long transducer arrays towed at a distance from the hull. This led
to the development of the towing-cable-array vibration system. The advantage of the towed
system lies in its design, where the sonar receiver is embedded in a buoyant cable, keeping
it away from the self-noise of the mothership [5,6]. This separation enables long-range
detection [7,8]. In recent years, towed systems have been increasingly used across various
fields due to their significant benefits. As illustrated in Figure 1, these fields primarily
include seafloor topographic exploration [9,10], marine environment monitoring [11,12],
marine rescue, protection of marine organisms [13,14], marine resources exploration [15,16],
underwater archeology [17,18], and military applications [19–21]. As illustrated in Figure 2,
the overall trend in the amount of literature on towing cable arrays has been increasing
year by year, indicating a growing emphasis on this area. However, simulating the dynamic
behavior and configuration of towed array cables is a challenging task. Compared to the
traditional single-line array, the multi-branch towed-acoustic-array system addresses issues
such as port and starboard ambiguity and target orientation during detection. Despite
these advantages, the multi-branch system is more complex than the single-line array and
is more prone to array distortion or even cable entanglement.
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is a lack of systematic organization in the research on the outspread process of towing 
cable arrays. In the field of towing-cable-array dynamics, researchers typically rely on 
experimental methods and numerical simulation modeling. However, conducting 
experimental studies is often challenging and costly, resulting in a limited number of 
experimental cases on towing cable arrays. The modeling methods for towing cable 
arrays are primarily categorized into continuous and discrete approaches. While 
continuous models are not convenient for analytical solutions, they can be transformed 
into discrete equations, allowing for either pre-discretization followed by modeling or 
vice versa. Consequently, discrete methods have become the mainstream technology for 
solutions today. The process of towing-cable-array advection is complex, and most 
researchers simulate the study object as the towing cable array after completing the 
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It can be seen that there has been a lot of research on marine cables [23–26]. However,
little research has been carried out on multi-branch towing cable arrays. There is a lack of
systematic organization in the research on the outspread process of towing cable arrays.
In the field of towing-cable-array dynamics, researchers typically rely on experimental
methods and numerical simulation modeling. However, conducting experimental studies is
often challenging and costly, resulting in a limited number of experimental cases on towing
cable arrays. The modeling methods for towing cable arrays are primarily categorized
into continuous and discrete approaches. While continuous models are not convenient for
analytical solutions, they can be transformed into discrete equations, allowing for either
pre-discretization followed by modeling or vice versa. Consequently, discrete methods have
become the mainstream technology for solutions today. The process of towing-cable-array
advection is complex, and most researchers simulate the study object as the towing cable
array after completing the advection process. Therefore, this paper reviews, organizes, and
analyzes the structural characteristics of the towing-cable-array outspread process based
on relevant models, research cases, and the structural characteristics of towing cable arrays.
This paper innovatively draws on aerospace research related to parachute outspread to
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analyze the towing-cable-array outspread process. It systematically compiles, analyzes,
and summarizes the characteristics of towing-cable-array outspread under varying cable
lengths, wave conditions, and interference effects. The objective is to organize the existing
research on towing-cable-array outspread, addressing gaps in the understanding of this
process and providing a comprehensive overview in the field. Additionally, the exploration
of how different interference conditions impact the towing-cable-array outspread process
offers valuable insights for researchers. This paper also highlights some limitations in the
field and proposes prospects for future development, including the potential application of
AI to this problem. Ultimately, the aim of this paper is to make a meaningful contribution
to the field.

2. Interesting Findings in Engineering Research

Through years of research on marine towing, the authors have uncovered an intriguing
engineering problem. The multi-branch towing-cable-array sonar system is usually in a
stable or quasi-stable state when it is in normal operation. This is because the working
effectiveness and accuracy of the sonar system will be seriously affected when the motion
state of the system changes too violently. The configuration of the multi-branch towed array
and tension in the acoustic section of the towing cable array are two important indicators
to judge whether the system is moving steadily or not. Generally, the actual configuration
of the multi-branch towing cable array must be known, then the signal received by the
hydrophone on the multi-branch towing cable array can be used for beamforming, and then
the signal can be processed. The outspread process of the multi-branch towing cable array
is the starting state of its normal operation, so the dynamic characteristics of the towing
cable array during the outspread process will have a series of effects on the subsequent
operation. However, the process of outspread has not received significant attention, and
the relevant research in this area is poorly organized. To highlight this more intuitively,
this paper presents a bibliometric analysis of studies published in the field of towing cable
arrays from 2003 to 2023. This analysis is based on data from the Web of Science [22]
database and conducted using Citespace [27] software.

Keywords can effectively highlight research hotspots [28–30], so this paper analyzes
keyword emergence and frequency. Figure 3 and Table 1 present the keywords with the
strongest citation bursts and the top 25 occurrences, respectively. In Figure 3, the red color
indicates that a keyword was the focus of attention during a specific time period. It is evi-
dent that research in this field has gradually shifted from shallow waters to deeper regions,
where sea conditions are more complex. To address these challenging environments, a
comprehensive and systematic study of epipelagic processes is crucial. Additionally, more
attention has been directed toward the application and performance of towing cable arrays
in engineering, while less focus has been placed on the characteristics of multi-branch
towing cable arrays.

J. Mar. Sci. Eng. 2024, 12, 1880 3 of 30 
 

 

characteristics of the towing-cable-array outspread process based on relevant models, 
research cases, and the structural characteristics of towing cable arrays. This paper 
innovatively draws on aerospace research related to parachute outspread to analyze the 
towing-cable-array outspread process. It systematically compiles, analyzes, and 
summarizes the characteristics of towing-cable-array outspread under varying cable 
lengths, wave conditions, and interference effects. The objective is to organize the existing 
research on towing-cable-array outspread, addressing gaps in the understanding of this 
process and providing a comprehensive overview in the field. Additionally, the 
exploration of how different interference conditions impact the towing-cable-array 
outspread process offers valuable insights for researchers. This paper also highlights 
some limitations in the field and proposes prospects for future development, including 
the potential application of AI to this problem. Ultimately, the aim of this paper is to 
make a meaningful contribution to the field. 

2. Interesting Findings in Engineering Research 
Through years of research on marine towing, the authors have uncovered an 

intriguing engineering problem. The multi-branch towing-cable-array sonar system is 
usually in a stable or quasi-stable state when it is in normal operation. This is because the 
working effectiveness and accuracy of the sonar system will be seriously affected when 
the motion state of the system changes too violently. The configuration of the 
multi-branch towed array and tension in the acoustic section of the towing cable array are 
two important indicators to judge whether the system is moving steadily or not. 
Generally, the actual configuration of the multi-branch towing cable array must be 
known, then the signal received by the hydrophone on the multi-branch towing cable 
array can be used for beamforming, and then the signal can be processed. The outspread 
process of the multi-branch towing cable array is the starting state of its normal 
operation, so the dynamic characteristics of the towing cable array during the outspread 
process will have a series of effects on the subsequent operation. However, the process of 
outspread has not received significant attention, and the relevant research in this area is 
poorly organized. To highlight this more intuitively, this paper presents a bibliometric 
analysis of studies published in the field of towing cable arrays from 2003 to 2023. This 
analysis is based on data from the Web of Science [22] database and conducted using 
Citespace [27] software. 

Keywords can effectively highlight research hotspots [28–30], so this paper analyzes 
keyword emergence and frequency. Figure 3 and Table 1 present the keywords with the 
strongest citation bursts and the top 25 occurrences, respectively. In Figure 3, the red 
color indicates that a keyword was the focus of attention during a specific time period. It 
is evident that research in this field has gradually shifted from shallow waters to deeper 
regions, where sea conditions are more complex. To address these challenging 
environments, a comprehensive and systematic study of epipelagic processes is crucial. 
Additionally, more attention has been directed toward the application and performance 
of towing cable arrays in engineering, while less focus has been placed on the 
characteristics of multi-branch towing cable arrays. 

 
Figure 3. Emerging map of towing cable arrays. Figure 3. Emerging map of towing cable arrays.



J. Mar. Sci. Eng. 2024, 12, 1880 4 of 31

Table 1. Keyword frequency table.

Count Centrality Keywords

42 0.21 Towed Array
40 0.11 Shallow Water
26 0.14 Array
24 0.24 Behavior
18 0.15 Arrays
17 0.1 Localization
13 0.07 Algorithm
13 0.01 Geoacoustic Inversion
13 0.08 Performance
12 0.07 Abundance
11 0.05 Array Signal Processing
11 0.03 Field
11 0.03 Noise
10 0.05 Inversion
9 0.02 Clicks
9 0.03 Ocean
8 0.01 Acoustic Data
8 0.04 Flow
8 0.07 Sea
7 0.04 Bottlenose Dolphins
7 0.04 Design
7 0.07 Tracking
6 0.02 Bottom
6 0.02 High-Resolution
6 0.08 Model

3. Mathematical Formulation

In the field of marine engineering, most studies on towing cable arrays focus on the
state after the outspread is complete, with little attention given to the outspread process
itself [31–35]. In contrast, the aerospace field provides extensive research on the outspread
process of parachutes, which could offer valuable insights for the outspread of towing
cable arrays [36–40]. As shown in Figure 4, despite differences in the medium and other
factors, the outspread of parachutes and towing cable arrays share similar requirements
regarding impact, stability, and material selection. This section presents two dynamics
models relevant to the review, namely, one for the towing cable array after outspread
in traditional ocean engineering field studies, and another for the parachute outspread
process, which serves as a reference. The first kinetic model employs the lumped mass
method [41–45] to discretize the tow cable in the array into a lumped mass model. Due to
the fact that the cables are flexible components, their dynamic problems essentially include
large deformation and hydrodynamic nonlinear problems. As the influence of equation
system properties and the limitation of the flexible selection of boundary conditions, the
applicability of finite element methods in solving marine cable problems is limited. The
governing equations with nonlinear coefficients were first solved by the finite difference
method, in which the equations are separated in space and time. Unlike the finite difference
method, which solves the control equation from the perspective of the microelement, the
lumped mass method directly starts from Newton’s second law, approximates the marine
cables as a series of nodes, which are connected by massless linear elastic elements, and
regards the distributed forces such as gravity and hydrodynamic forces on the continuous
pipeline as acting on the distribution nodes of the cable. The lumped mass method is more
flexible than the finite difference method, so it seems to be a very economical and effective
method to calculate the dynamic response of marine cables with the lumped mass method.
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3.1. Static Model of Towing Cable Array After Outspread

This paper establishes a coordinate system to clearly represent the heading angle and
course direction of the towing-cable-array sonar system. It defines three systems, as follows:
(1) the inertial coordinate system o−tnb, a fixed 3D Cartesian system where the origin is in
the horizontal plane, with the t-axis pointing east and the n-axis north; (2) the towed-system
motion coordinate system O−XYZ, which describes the positions of components within
the sonar system, with its origin at the spacing hole and axes aligned with the bow and
port directions; and (3) the local coordinate system o−xyz, fixed at the center of gravity of
each sonar, detailing pitch and roll angles with axes oriented towards the bow and port.
The paper uses the towing-cable-array motion coordinate system as the reference frame for
numerical modeling and configuration display, necessitating coordinate conversion from
the inertial frame for accurate calculations [46–48].

3.1.1. The Conversion of Relative Speed, Heading Angle, and the Course Direction of
the Tugboat

The heading angle θTC is the angle measured clockwise from the north direction to
the bow direction. The course direction angle θCG is measured clockwise to the absolute
speed vector direction from the north direction, and the range of the course direction angle
is [0◦~360◦]. The t-axis in the inertial system corresponds to the geographical east and the
n-axis corresponds to the geographical north.

In the motion coordinate system of the towed system, the tugboat is taken as the
reference frame without speed, then the actual speed and direction of the tugboat are
expressed by the current speed [49,50]. Therefore, the current velocity V in the motion
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coordinate system of the towed system is the relative speed vr of the towed system in the
inertial coordinate system, as follows:

V = vr (1)

The current direction angle θc (draft angle) is the difference between the course direc-
tion angle θCG and the heading angle θTC:

θc = θCG − θTC (2)

3.1.2. Coordinate Conversion of Pitch Angle, Roll Angle and Heading Angle of the
Connecting Frame

The pitch angle and roll angle of the connecting frame are the angles between the
x-axis and y-axis of the local coordinate system of the connecting frame and the o-tn surface
of the inertial system, which are the same as those in the motion coordinate system of the
towed system.

The course direction angle ψ0 of the connecting frame is measured clockwise from the
n-axis positive direction of the inertial system to the x-axis positive direction of the local
coordinate system of the connecting frame. The heading angle of the connecting frame in
the towed-system motion coordinate system is the angle between the positive direction
of the X-axis and the positive direction of the x-axis in the local coordinate system of the
towed-system motion coordinate system:

Ψ = ψ0 − θTC (3)

The coordinate positions in the towed-system motion coordinate system can be ob-
tained by a matrix transformation of the initial coordinates of the bottom end points of the
connecting frame [51,52]. The roll angle, pitch angle, and heading transformation matrices
of the connecting frame are as follows:

Xch =

1 0 0
0 cos φ sin φ
0 −sin φ cos φ

 (4)

Ych =

 cos θ 0 sin θ
0 1 0

−sin θ 0 cos θ

 (5)

Zch =

 cos ψ sin ψ 0
−sin ψ cos ψ 0

0 0 1

 (6)

The initial coordinate of the bottom end point of the connecting frame in the towed-
system motion coordinate system is (i0, j0, k0). The new coordinate (i, j, k) of the bottom
end point of the connecting frame is obtained by matrix transformation.

(i, j, k)− (i0, j0, k0)Mch (7)

where

Mch = ZchXchYch

 cos θcos ψ sin ψ sin θcos ψ
−cos θsin ψ cos ψ −sin ψsin θ

−sin φ 0 cos θ

 (8)

The connection frame is an isosceles triangular support located at the top of the towing-
cable-array sonar to connect the towing cable and the connection chains [53–55]. Therefore,
by determining the coordinates of the connecting frame, the underwater configuration of
the towing-cable-array sonar can be obtained.
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The diagram of the towing cable under the spacing hole in the towed motion coor-
dinate system is shown in Figure 5. The coordinate of X-axis X f0 and Y-axis Yf0 at the
end of the towing cable can be obtained from the current direction and the length that has
been lowered.

X f0 = lcablesin θc (9)

Yf0 = lcablecos θc (10)

where lcable is the projection length of the towing cable in XOY plane.

lcable =
√

Lcable − H2
f0

(11)

Lcable = Lout − HW + Hh (12)

J. Mar. Sci. Eng. 2024, 12, 1880 7 of 30 
 

 

end of the towing cable can be obtained from the current direction and the length that has 
been lowered. 

 
Figure 5. A diagram of the towing cable below the spacing hole. 

 𝑋బ = 𝑙 sin 𝜃 (9)𝑌బ = 𝑙 cos 𝜃 (10)

where lcable is the projection length of the towing cable in XOY plane. 

 𝑙 = ට𝐿 − 𝐻బଶ  (11)

𝐿 = 𝐿௨௧ − 𝐻ௐ + 𝐻 (12)

Lcable is the length under the spacing hole, Lout is the cable length that has been 
lowered, and HW is the elevation between the winch center and the sea level. 

As the top end of the connecting frame is connected to the end of the towing cable, 
the height from the end of the towing cable to the spacing hole is equal to the Z-axis 
coordinate 𝑍బat the top of the connecting frame, which can be expressed as: 

 𝑍బ = 𝐻బ = 𝐻௧ − 𝑙ି + 𝐻 (13)

where 𝐻బis the height from the top of the connecting frame (the end of the towing cable) 
to the spacing hole; Htop is the depth of the top mounted sonar; le-t is the distance from 
the top end to the bottom end of the towing cable; and Hh is the height from the spacing 
hole to the sea level. 

After the coordinate (𝑋బ , 𝑌బ , 𝑍బ ) of the top point of the connecting frame is 
obtained, when the heading, pitch angle, and roll angle are all 0° are calculated according 
to the dimensions of the connecting frame members, the coordinates (Xff, Yff, Zff) and (Xfb, 
Yfb, Zfb) of the front end and the bottom end of the connecting frame. Substitute the 
coordinates into Equation (7); then, the coordinates (𝑋బ , 𝑌బ , 𝑍బ ) and (𝑋್బ , 𝑌್బ , 𝑍್బ ∙) of the front end and the bottom end of the connecting frame are obtained: 

 ൫𝑋್బ, 𝑌್బ, 𝑍್బ൯ = ൫𝑋, 𝑌, 𝑍൯𝑀 (14)൫𝑋బ, 𝑌బ, 𝑍బ൯ = ൫𝑋, 𝑌, 𝑍൯𝑀 (15)

  

Figure 5. A diagram of the towing cable below the spacing hole.

Lcable is the length under the spacing hole, Lout is the cable length that has been
lowered, and HW is the elevation between the winch center and the sea level.

As the top end of the connecting frame is connected to the end of the towing cable, the
height from the end of the towing cable to the spacing hole is equal to the Z-axis coordinate
Z f0 at the top of the connecting frame, which can be expressed as:

Z f0 = H f0 = Htop − le−l + Hh (13)

where H f0 is the height from the top of the connecting frame (the end of the towing cable)
to the spacing hole; Htop is the depth of the top mounted sonar; le-t is the distance from the
top end to the bottom end of the towing cable; and Hh is the height from the spacing hole
to the sea level.

After the coordinate (X f0 , Yf0 , Z f0 ) of the top point of the connecting frame is obtained,
when the heading, pitch angle, and roll angle are all 0◦ are calculated according to the
dimensions of the connecting frame members, the coordinates (Xff, Yff, Zff) and (Xfb, Yfb,
Zfb) of the front end and the bottom end of the connecting frame. Substitute the coordinates
into Equation (7); then, the coordinates (X f f 0

, Yf f 0
, Z f f 0

) and (X fb0
, Yfb0

, Z fb0
) of the front

end and the bottom end of the connecting frame are obtained:(
X fb0

, Yfb0
, Z fb0

)
=

(
X f b, Y f b, Z f b

)
Mch (14)(

X f f 0
, Yf f 0

, Z f f 0

)
=

(
X f f , Yf f , Z f f

)
Mch (15)

3.1.3. The Calculation of the Connecting Chain

The connecting chains and mounts on both sides of a segment of a towing cable array
are selected and their torsional configurations are shown in Figure 6.
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Before the mount rack rotates, the segmented configuration of the towed-array cable is
the parallelogram B0B1F0F1. The rotated segmented configuration is a spatial quadrilateral
B0 B1

′F1
′F0 with equal opposite sides.

∠BM1
′B1

′ and ∠FM1
′F1

′are the difference between N mount rack and N + 1 mount
rack, as follows:

∠BM′
1B′

1 = ∠FM′
1F′

1 = θn+1TC − θnTC (16)

where θn + 1 is the relative course direction of N + 1 mount rack; and θn+1TC and θnTC are
the course directions of N + 1 mount rack and N mount rack, respectively.

BB′
1 = FF′

1 =

√
(M ′

1 B)2 +
(

B1M′
1
)2 − 2M′

1B·B1M′
1cos∠BM′

1B′
1 (17)

The connecting chain and the mount rack are considered to be perpendicular to each
other when it is not turned, so the length of B0B and F0F can be calculated as follows:

∠BM′
1B′

1 = ∠FM′
1F′

1 = θn+1 = θn+1TC − θnTC (18)

Since the midpoint line M0M1
′ of the n + 1 mount is parallel to the two connecting

chains before rotation, the coordinates (XM1
′, YM1

′, ZM1
′) of the midpoint M1

′ of the n + 1
mount after rotation can be represented by the midpoint M0 of the N mount and the
vector

−→
B0B: (

XM1 , YM1 , ZM1

)
=

(
XM0 , YM0 , ZM0

)
+

∣∣∣−→B0B
∣∣∣→m (19)

where the vector
→
m is the unit direction vector of the vector

−→
B0B, which is in the same

direction as that of the vector arrow from the top of the connecting frame to the middle
point of the bottom edge.

The end-point coordinates of B1
′ and F1

′ on both sides of the mount after rotation can

be obtained by translating the point coordinates M1
′

along the vectors
−−−→
M′

1B′
1 and

−−−→
M′

1F′
1.

Since it is difficult to obtain the vectors
−−−→
M′

1B′
1 and

−−−→
M′

1F′
1 directly through coordinates, they

can be expressed by the vectors
−−→
M′

1V,
−−→
VB′

1,
−−→
M′

1U and
−−→
UF′

1

−−−→
M′

1B′
1 =

−−→
M′

1V +
−−→
VB′

1 (20)

−−−→
M′

1F′
1 =

−−→
M′

1U +
−−→
UF′

1 (21)
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Since the connecting chain is connected to the connecting rack, in the towed-system
motion coordinate system, the connecting chain top end-point coordinate is the connecting
rack bottom end-point coordinate:(

Xcb0 , Ycb0 , Zcb0

)
=

(
X f b0

, Yf b0
, Z f b0

)
(22)(

Xc f 0
, Yc f 0

, Zc f 0

)
=

(
X f f 0

, Yf f 0
, Z f f 0

)
(23)

where
(

Xc f 0
, Yc f 0

, Zc f 0

)
and

(
Xcb0 , Ycb0 , Zcb0

)
are the top coordinates of front and rear

connecting chains, respectively.

3.1.4. The Force of Each Part of the Towing-Cable-Array System

(1) Gravity and buoyancy

The buoyancy Ffwet of the towing cable in water can be expressed as:

Ff wet =
1
4

πd2
cable(Lout − Hw)ρg (24)

where dcable is the diameter of the towing cable; Lout is the lower length of the towing cable;
Hw is the elevation from the center of the winch to the sea level; ρ is the density of sea
water; g is the gravitational acceleration.

The gravity Gout of the towing cable in water can be expressed as:

Gout = Loutmcableg (25)

where mcable is the linear density of the towing cable.
The weight of the towing cable in water can be expressed as:

Gcable = Loutmcableg − 1
4

πd2
cable(Lout − Hw)ρg (26)

The weight GF of the connecting frame of the towing cable array in water can be
expressed as:

GF = MFg − 1
4

πd2
FLFρg (27)

where MF is the mass of the connecting frame; dF is the diameter of the connecting frame;
and LF is the total length of the connecting frame.

(2) Hydrodynamic load

Let the water velocity be
→
J = J1

→
τ + J2

→
n + J3

→
b = JX

→
i + JY

→
j + JZ

→
k The velocity of

the cable with respect to the water in the Lagrangian coordinate system is:
v1r = u − J1
v2r = v − J2
v3r = w − J3

(28)

Since both ends of the microelement are connected to adjacent microelements, without
direct contact or interaction with the water, the tangential upward added mass force and
dynamic Archimedean force are zero. Therefore, the hydrodynamic loading is limited to
the drag force.

According to Morison’s equation, the expression for tangential resistance is:

−→
Fdr,t = −1

2
ρwd1πCdrv1r|v1r|

→
τ (29)
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Hydrodynamic loads in the plane perpendicular to the cable include drag, addi-
tional mass forces, and dynamic Archimedean forces. The expression for the drag force is
as follows: 

−−→
Fdr,n = − 1

2 ρwd1Cdpv2r

√
v2

2r − v2
3r
→
n

−−→
Fdr,b = − 1

2 ρwd1Cdpv3r

√
v2

2r − v2
3r

→
b

(30)

The dynamic Archimedean force is independent of the acceleration of the cable element
and is determined by the acceleration of the currents

.
J2 and

.
J3 with vector expressions

as follows: 
−−→
FdA,n = ρw

πd2

4(1+e)

.
J2

→
n

−−→
FdA,b = ρw

πd2

4(1+e)

.
J3

→
b

(31)

The added mass force is generated by the acceleration of the fluid around the cable
element and depends on the added mass of the cross-section, as well as the acceleration of
the cross-section relative to the surrounding fluid in the

.
v2r and

.
v3r directions.

−−→
Fam,n = ma

(1+e)
.
v2r

→
n

−−→
Fam,b = ma

(1+e)
.
v3r

→
b

(32)

(3) Drag force

The Morison equation [56–58] is used to calculate the drag force of the towing cable
in this paper. When the force balance equation of the connecting frame is established, the
drag force of the towing cable needs to be decomposed to the X, Y and Z axis components.

The connecting frame is an isosceles triangular support, which consists of three mem-
bers with circular cross-sections. Due to the different normal speeds of each member, its
drag force is made up of three parts, as follows:

−→
Ff =

(−→
f fb

+
−→
f f f

)
l f +

−→
f f Bl f B (33)

where
−→
f f f ,

−→
f fb

,
−→
f f B are the drag force vectors per unit length of members on both sides and

bottom of the connecting frame, respectively; and l f B is the length of the bottom member
of the connecting frame.

In the towed-system motion coordinate system, the relative velocity of the connecting
frame is equal to the current velocity [59,60]. Then, the normal velocity of each member of
the connecting frame can be expressed as:

Vf f = Vcosα f f = Vcos
(
−1

2
β f rame + α f rame

)
(34)

Vf b = Vcosα f b = Vcos
(

1
2

β f rame + α f rame

)
(35)

Vf B = Vcosα f B = Vcos(90◦ − α f rame

)
(36)

where Vf f , Vf b, Vf B are the normal velocities of the front, rear, and bottom members of
the connecting frame, respectively; α f f , α f b, α f B are the pitch angles of the front, rear, and
bottom members of the connecting frame, respectively; β f rame is the pitch angle of the front
members of the connecting frame, and α f rame is the pitch angle of bottom members of the
connecting frame.

By substituting Vf f , Vf b and Vf B into the Morison equation, the drag force of the front,
rear, and bottom members of the connecting frame can be obtained.

(4) The tension of the towing cable at the spacing hole
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The force of the towing cable at the spacing hole is shown in Figure 7. The towing
cable is subjected to the tension TW of the winch, the wall pressure Fhole of the spacing
hole, the gravity Gcable0 of the towing cable above the spacing plate, and the tension Tco of
the towing cable below the spacing plate at the spacing hole. It can be seen that the winch
tension and the gravity of the upper towing cable are both along the Z-axis direction, and
the Z-axis component of the tension of the lower towing cable is equal to the resultant force
of the winch tension and the gravity of the upper towing cable.
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Then, the following equation can be obtained:

Tcocos∝cable +Gcable0 − TW = 0 (37)

Then, the tension TCO of the towing cable at the spacing hole can be obtained:

Tco =
TW − Gcable0

cosαcable
(38)

(5) Tension of the towing cable at the towed end A

The schematic diagram of the overall force of the towing cable is shown in Figure 8. If
the part of the towing cable under the spacing plate is considered as a whole, the force on
the towing cable can be shifted to its center of gravity. Since the horizontal component of the
towing cable tension is always opposite to the direction of the resistance, the forces acting
on the towing cable can be decomposed along the Z-axis and parallel to the XOY plane,
and the force balance equation for the towing cable under the spacing plate is obtained
as follows:

Tcocosαcable − TcAz − Gcable − Ff cablez = 0 (39)

Tcosinαcable − TcAXOY + Ff cableXOY = 0 (40)

Then, the components of the tension at end A of the towing cable along the Z-axis and
in the XOY plane can be obtained:

Tcosinαcable − TcAXOY + Ff cableXOY = 0 (41)

TcAXOY = (Tcocos αcable − Gcable) (42)

Then, the tension at end A of the towing cable can be written as:

TcA =
√

T2
cAz + T2

cAXOY (43)
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(6) Equilibrium equation of the towing cable and the connecting frame

Figure 9 is the force analysis of the towing cable and the connecting frame, it can
be seen that the connecting frame is subjected to forces in different directions. Therefore,
when solving the top load of the connecting chain, it is necessary to decompose the forces
acting on the towing-cable connecting frame along the X, Y and Z axes of the towed-system
motion coordinate system as follows:

TcAX − FCbx − FC f x − Ff x = 0 (44)

TcAY − FCby − FC f y − Ff y = 0 (45)

TcAZ − FCbZ − FC f z − GF = 0 (46)
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The tension at end A of the towing cable is obtained in the previous section and the
direction of tension is unknown. The included angle between the tension at the A end of
the towing cable and the negative direction of the X-axis is ∝XcA , and the positive direction
is clockwise. The included angle with the negative direction of Z-axis is ∝ZcA ; then, the
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components of the towing cable end tension TcA in the X, Y, Z axis directions are shown
as follows:

TcAX = TcAsin ∝zcAcos ∝XcA (47)

TcAY = TcAsin ∝ZcAsin ∝XcA (48)

TcAZ = TcAcos ∝ZcA (49)

The loads of the connecting chain on both sides are equal. The load on the top of the
connecting chain on the rear side is Fc; then, we can obtain the following equation:∣∣∣−→FC f

∣∣∣ = ∣∣∣−→FCb

∣∣∣ = Fc (50)

If the node coordinates of the connecting chain are known, the components of the
loads FC f , FCb acting on both sides of the connecting frame in the directions of X, Y, and Z

axes can be represented by the vectors
−−→
B0B1 and

−−→
F0F1:

(FCbX , FCbY, FCbZ) = |FCb|
−−→
B0B1∣∣∣−−→B0B1

∣∣∣ (51)

(
FC f X , FC f Y, FC f Z

)
=

∣∣∣FC f

∣∣∣ −−→
F0F1∣∣∣−−→F0F1

∣∣∣ (52)

where FCbX , FCbY, FCbZ and FC f X , FC f Y, FC f Z are the components of X, Y, and Z axes of the
front and rear connecting chain loads.

By substituting Equations (41)–(46) into Equations (38)–(40), a set of three-component
equations can be obtained. By solving the set of equations, the load of the joint at the top of
the connecting chain on both sides can be obtained.

3.2. A Dynamic Outspread Model with Reference Significance

Parachute outspread is a complex process [61–63], comparable to the outspread of
towing cable arrays. Consequently, parachute outspread is vulnerable to phenomena such
as “Linesail” [64,65], which can have numerous adverse effects. The aerospace field has
extensively studied the parachute outspread process, making it a valuable reference for
understanding the outspread of towing cable arrays. In this section, selected research by
Zhang [66] and Wang [67] from the National University of Defence Technology is reviewed
for analytical studies.

In Zhang’s study, as illustrated in Figure 10, the parachute system is modeled as
a series of rigid chain segments connected by rotating joints. Each rigid chain segment
represents a portion of the suspension system. The mass of each rigid body within the
system is distributed across its two endpoints, which are treated as nodes of the suspension
system. The orientation of the chain segments is denoted by the angle θn.
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The Newton–Euler method is employed to derive the acceleration of the nodes in the
system, considering aerodynamic, gravitational, and other forces in the calculations.

(1) Calculation of velocity and acceleration

For a node mn in the system, its velocity and acceleration in the X and Y directions is
given by:

vn
x = vn−1

x −
.
θLnsinθn (53)

vn
y = vn−1

y −
.
θLncosθn (54)

an
x = an−1

x −
..
θnLnsinθn −

.
θ

2
nLncosθn (55)

an
y = an−1

y −
..
θnLncosθn −

.
θ

2
nLnsinθn (56)

(2) Equilibrium equations of forces

According to Newton’s second law, the equilibrium equation of force on the mass
point mn is:

mnan
x = Tn+1cosθn+1 − Tncosθn + Qn

x + mng (57)

mnan
y = Tn+1sinθn+1 − Tnsinθn + Qn

y (58)

In the equation, g represents the acceleration due to gravity. Qn
x and Qn

y denote the
aerodynamic forces acting on the nth link.

(3) Recursive constraint algorithm

In order to solve for the constraint of the system, a recurrence relation is established:[
Tn+1..

θn

]
=

[
cosθn+1 mnLnsinθn
sinθn+1 −mnLncosθn

]−1

[Kn] (59)

Here:

[Kn] = mn

[
an−1

x
an−1

y

]
+

− .
θ

2
nLncosθn

−
.
θ

2
nLnsinθn

−
[

mng
0

]
+

[
Tncosθn
Tnsinθn

]
−

[
Qn

x
Qn

y

]
(60)

Using this recurrence relation, all the constraint forces Tn can be solved for to determine
the acceleration of each node.

(4) Solving for Separation Velocity

For the separation speed of the system
.

Ln, construct the linear function:

f un(x) = αx + β − Fc (61)

The true separation velocity is obtained by finding the zeros in three iterations:

..
L1 =

..
L1

1 f un
..

L2
1 −

..
L2

1 f un
..

L1
1

f un
..

L1
1 − f un

..
L2

1

(62)

In Wang’s study, the parachute suspension was simulated using a mass-spring-damper
model. During the outspread process, the suspension line continuously extends from the
parachute bag and moves with the system, as illustrated in Figure 11.
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Figure 11. (a) A sketch of the outspread model of the suspension line and the canopy. (b) The
mass-spring-damper model.

Therefore, a pullout model is typically used to represent this behavior. When the
distance between the last node and the next neighboring node in the umbrella pack exceeds
the original length, a new node is pulled out, and the dynamics equation is:

mi
..
ri =

→
F ai +

→
F r +

→
F gi +

→
F ti +

→
F tie (63)

where
→
F ai,

→
F r,

→
F gi,

→
F ti and

→
F tie represent the aerodynamic force, friction force, gravitational

force, tension, and constraint force of the i-th suspension node, respectively.
→
F tie is ignored

when the node is not constrained. The constraint force of the proposed node using the line

spring model,
→
F tie, is given by:

→
F tie =

{
kε 0 < ε < εmax
0 ε ≤ 0 or ε > εmax

(64)

where ε is the strain of the constraint suspension and εmax is the maximum permitted strain.
The outspread process of a towing cable array shares similarities with the outspread

of a parachute, as both involve nonlinear deformations driven by fluid forces. However,
significant differences arise due to their distinct environments. Towing cable arrays operate
underwater, where they are influenced by complex hydrodynamic forces and buoyancy,
whereas parachutes outspread in the atmosphere under aerodynamic forces. These en-
vironmental distinctions lead to differences in structural design, dynamic response, and
control strategies. In addition, towing cable arrays must account for non-uniform load
distributions caused by water currents and the dynamic coupling effects of multi-branch
systems. These challenges impose higher demands on the research of towing cable arrays,
particularly in the analysis of their nonlinear hydrodynamic behavior and the stability of
their working attitude.

4. Factors Affecting Towing-Cable-Array Outspread

Through the authors’ extensive exploration of the field and a thorough review of
existing research, it is evident that several factors influence the outspread process of towing
cable arrays. These factors include towline length, wave impact, alignment spacing, tip-
drawing dynamics, and tension fluctuations.

4.1. Towline Length

The length of the tow cable is a crucial feature of the towing cable array, significantly
influencing the outspread process in terms of dynamic response and complexity. The length
of the towing cable is a crucial feature of the towing cable array, as it significantly affects the
outspread process, influencing the dynamic response, complexity, and spatial orientation
of the array.

The ratio R
L of the total length of the towing cable to the radius of turning is a crucial

parameter for describing the dynamics of a motorized towing system [68]. However, it
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appears that the primary focus has been on the variation in the radius of gyration, neglecting
the impact of different cable lengths [69–71]. Kamman and Huston [72] provide a detailed
modeling and analysis methodology for variable-length towing and tethered cable systems,
effectively capturing their complex dynamic behavior. As shown in Figure 12 of their
study, three cable length increases—50 ft, 100 ft, and 150 ft—were selected to observe
the changes in the pitch angle of the towed body over time. The results indicate that the
pitch angle of the tractor initially increases with the extension of the cable, then gradually
decreases and stabilizes at the end of the cable release. Additionally, longer cables result in
greater variations in pitch angle, a more pronounced overshoot phenomenon, and longer
stabilization times. Consequently, the flexure of the tow cable increases with cable length,
leading to greater difficulty in controlling and maintaining the morphology of the tow
cable, as also confirmed by the study of [73]. This increased flexure further prolongs the
time required for outspread. In addition, Li et al. found through experimental studies
on a lake with a fixed depth that the increase in cable length affects the increase in drag
force on the underwater towing system [74]. Observing Figure 13a, it can be seen that
the variation in dry end tension under the same airfoil angle of attack is primarily due
to the cable length. In addition, collisions and crossing are frequently observed between
cables [75,76]. As shown in Figure 13b by Li et al., it can be observed that the spread of
the tow body gradually increases with the length of the cable [74]. Simultaneously, the
deflection and deadweight also increase, making spatial attitude control more challenging.
This results in greater variation in the spacing between the tow cables, especially near the
top, where the nonlinear variation characteristics become more pronounced over time.
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4.2. Wave Impact

Waves, as an environmental factor, affect the towing cable array outspread process in
the four following ways: wave period [77], wave direction [78], wave height [79], and flow
velocity [80] and direction [81].

4.2.1. Wave Period

Based on the structural characteristics of towing cable arrays, it is known that vari-
ations in the wave period affect the morphology of the towline during the outspread of
multi-branch towing cable arrays. Tang et al. found that the wave period influences the sta-
bility of the towing system [82]. As shown in Figure 14 the stability of the system improves
with longer wave periods. Kamali and Khojastch conducted a study on the swaying of
buoys under two different wave conditions [83]. The motion of the buoy is transmitted to
the towline, and some reasonable speculations can be made by examining Figure 15. When
the wave period is small, the motion of the buoy is influenced by more frequent and faster
waves, resulting in rapid changes in the buoy’s motion on the water surface. This frequent
motion is transmitted to the attached towline, causing more bends and inflection points as
the towline outspread. Conversely, when the wave period is large, the buoy’s movement is
slower due to the lower frequency of the waves, leading to a smoother trajectory on the
water surface. This reduced movement is transmitted to the towline, resulting in fewer
bends and inflection points during outspread.
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It can be seen that when the wave period is too small, the multi-branch towing cable
array experiences high-frequency vibrations or may even break into several small segments
during outspread. This can cause varying degrees of damage to the sonobuoys and other
instruments embedded within the towline. Therefore, it is crucial to select appropriate sea
conditions for the outspread of the multi-branch towing cable array, avoiding operations
when the wave period is too short.

4.2.2. Wave Direction

The change in wave direction significantly impacts the outspread process of multi-
branch towed array systems. Chen studied the characteristics of the tension at the top end
of the towed cable under various wave directions. As shown in Figure 16, the tension range
at the top end of the towed cable increases as the wave direction shifts from 0◦ (following
the wave) to 180◦ (against the wave), reaching its maximum at specific wave directions,
such as 90◦ and 180◦ [84]. The alteration of wave direction affects the outspread process
of the multi-branch towed array system. When deploying in the direction of the waves,
the process is relatively smooth and steady. However, deploying against or at an angle to
the waves makes the process more complex due to the significantly enhanced nonlinear
characteristics under these conditions.
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4.2.3. Wave Height

The effect of wave height on the towed line array is investigated by Zhang [85]. By
observing Figure 17, it can be seen that the motion varies sinusoidally. Further observation
reveals that an increase in wave height leads to an increase in the magnitude of the tug-
boat’s motion response. This change in wave height alters the boundary conditions of the
towline head’s motion. Consequently, the enhanced pulling effect on the top of the tow
cable significantly amplifies the nonlinear characteristics of the multi-branch towing cable
array’s outspread process. However, based on the structural characteristics of the towing
cable array, an appropriate increase in wave height can positively affect the outspread of
the multi-branch line array. This suggests that a moderate increase in wave height can
ensure the better utilization of the flexure of the tow cable, facilitating the spreading of the
line array.
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4.2.4. Flow Velocity and Direction

The impact of changes in flow direction and velocity on the outspread process of
multi-branch towing cable arrays is significant. Gharib et al. [86] have extensively studied
the effects of flow velocity and direction on towing cable arrays. Figure 18 illustrates
the geometry of the cable array at various seawater flow rates. When the flow velocity
is constant and the angle between the flow direction and the cable axis decreases, the
nonlinearity in the cable-array outspread process reduces. Figure 19 shows the tension
along the cable array at different seawater flow rates. Higher flow velocities result in
increased tensile force, leading to greater nonlinearity in the cable shape. This observation
aligns somewhat with the findings in Section 4.1. Figures 20 and 21 depict the arrays at
different vessel orientations and constant flow velocities, demonstrating that larger angles
correspond to stronger nonlinearity.
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velocities and a constant vessel velocity of 5 m/s for a constant array depth.
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Figure 20. A diagram of the cable array in the direction of sea level according to different seawater
velocities and angular vessel motion relative to seawater for a constant depth of the cable array with
a vessel velocity of 5 m/s.
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Figure 21. A diagram of the cable array in the direction of depth according to different seawater
velocities and angular vessel motion relative to seawater for a constant depth of the cable array with
a vessel velocity of 5 m/s.
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Therefore, it can be concluded that when the flow velocity is constant, as the angle
between the flow direction and the axial direction of the tow cable decreases, the degree of
nonlinearity in the outspread process of the cable array also decreases. Conversely, when
the flow direction is constant, the degree of nonlinearity in the cable array’s spreading
increases with rising flow velocity.

Based on the authors’ research experience, this phenomenon occurs because as the
angle between the flow direction and the axial direction of the tow cable decreases, the
obstructive effect of the current on the spreading process of the cable array weakens.
Concurrently, the drag effect along the axial direction of the cable array increases, causing
the tow cable to straighten. This axial stretching effect diminishes the nonlinearity. When
the flow direction is fixed, an increase in flow speed amplifies both the obstructive effect
of the current on the spreading process and the drag effect along the axial direction of the
cable array, resulting in increased nonlinearity during the spreading process.

4.3. Alignment Spacing

During the outspread of a multi-branch towing cable array, variations in the spacing
between the line arrays may result in cable-to-cable collisions, a phenomenon known
as cable-to-cable interference [87,88]. A review of the literature on underwater towing
systems reveals a primary focus on the interference caused by the seabed [89,90] and
other oceanic materials on these systems [91]. These studies have examined the vari-
ous impacts on marine ecosystems and the seabed caused by the use of towing cable
arrays in marine environments. The movement and vibrations of these arrays, particularly
through underwater equipment, can disrupt the habitats of marine organisms. Addition-
ally, the towing process may agitate seabed sediments, increasing suspended particles
in the water column and thus affecting water quality. Prolonged towing operations may
also alter seabed geomorphology and potentially damage the sonar systems of the towing
cable arrays.

In contrast, the issue of cable-to-cable interference in towing cable arrays has received
little attention. Based on the author’s extensive research in the field of underwater towing
systems, the interference encountered during the outspread of towed line arrays can
be broadly classified into four categories. As illustrated in Figure 22, the four types of
interference include self-interference, forward interference, non-forward interference, and
multiple interference. Although there are fewer studies on cable-to-cable collisions in the
field of towed line arrays, marine cables can, in some cases, exhibit properties similar to
flexible rods [92–94]. Consequently, these four types of interference can be briefly analyzed
by drawing on studies related to flexible rods [95–99].

Self-interference refers to the phenomenon where a cable experiences coiling due to
external forces such as ocean currents, leading to the cable colliding with itself. When
the cable coils, it generates significant stress concentrations, especially on the inner side
of the bends. This can cause localized fatigue in the cable material, increasing the risk of
fracture. During the coiling process, the cable exhibits pronounced nonlinear behavior,
particularly during large bends. The combined effects of friction and restorative forces
make the cable’s movement complex and variable. Forward interference refers to the
phenomenon where two cables, or cable-like structures, collide tangentially at their cross-
sectional circles. In this type of collision, the tangential contact between the cross-sections
of the cables generates significant contact stress, with particularly high normal pressure at
the contact points. During contact, relative slippage occurs between the cables, leading to
frictional wear at the contact points. This affects the lifespan and reliability of the cables.
Non-forward interference refers to the collision that occurs when two cables approach and
intersect each other, typically when the spacing between different cable arrays is improperly
set. When two cables collide at an intersection, a significant impact force is generated
instantaneously. This impact force causes local deformation and stress concentration near
the contact points. After the collision, the cables experience vibrational waves along
their lengths, which propagate along the cables and affect their overall dynamic response.
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Multiple interferences refer to secondary and repeated collisions between cables. This type
of collision typically occurs after an initial crossing collision, with subsequent collisions
happening due to continued dragging and the influence of ocean currents. After the
initial collision, the cables may rebound and flexible waves may propagate, leading to
multiple crossing collisions and resulting in a complex dynamic response. Each collision
causes some degree of damage and energy loss to the cables. The cumulative effect of
multiple collisions can significantly degrade cable performance, potentially leading to
failure. Multiple crossing collisions make the cable path very complex and difficult to
predict. The cables may undergo numerous turns, bends, and stretches, increasing the
system’s uncertainty and complexity. Therefore, the spacing between the towing array
cables is crucial.
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In the study [74], it was found that the region with the greatest variation in array
spacing is located near a specific length of the cable close to the top end. As wave height
and current speed increase, and wave period decreases, this length range shifts towards
the tail end. In contrast, the spacing between the rest of the cable’s changes little during
outspreading. This indicates that during the outspread of a multi-branch towing cable
array, the spacing variation between cables is most pronounced near a specific length region
close to the top end. In this region, the spacing fluctuates significantly over time, while
the relative spacing in other length ranges changes minimally. It can be observed that
during the outspread of the towing cable array, there is a jump node in cable spacing at a
certain distance from the top end of the cable. The position of this jump node varies with
differences in cable length and weight.

4.4. Tip-Drawing Dynamics

Throughout the outspread process of a multi-branch towed array, the top ends of the
cables are subjected to strong tensile forces. This is because the lateral outspread makes the
forces acting on the top ends of the cables more complex [100,101].

Guo et al. studied the dynamic response frequency characteristics of the towed cable
near the ship. As shown in Figure 23, the frequency response near the top end of the towed
cable is concentrated due to the pulling action [102]. The outspread of a multi-branch
towed-array system primarily relies on the pulling force at the top end. Based on structural
characteristics, it can be observed that, due to inertia, parts of the cable farther from the top
end bend in the opposite direction. This bending and the bent state change in a very short
time, thereby exciting intense vibration waves along the length of the towed cable. The
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more severe the external marine environmental loads, the more intense the transmission of
these vibrations, which in turn enhances the nonlinearity of the outspread process.
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4.5. Tension Fluctuations

Chen et al. [103] investigated the tension distribution of towed linear arrays under
different tow-cable lengths during the straight navigation of unmanned surface vehicles
(USVs). As observed in Figure 24, during the initial stage of outspread, the tension fluctua-
tions at the top of the tow cable are relatively mild. However, as the outspread progresses,
these fluctuations at the top of the cable become increasingly severe. This indicates that as
the outspread continues, due to the weight and inertia of the tow cable, controlling the ten-
sion at the top of the cable becomes more challenging. With the array’s further outspread,
sharp and significant tension fluctuations at the top become unavoidable. Therefore, to pre-
vent damage to the top of the tow cable, it is necessary to install a tension-buffering device
at the top during the outspread of multi-branch towed arrays, to mitigate the severity of
the tension fluctuations. Additionally, it can be observed that the transmission of tension
fluctuations along the length of the tow cable is not synchronous. The tension stretching
effect first acts on the top of the cable, and as it propagates along with the increasing length
and ongoing outspread, a whipping effect may occur, leading to a sudden increase in
tension at a specific point in the middle of the cable.
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5. The Potential of AI

With the continuous development of computer science and technology, the field of
artificial intelligence (AI) has made rapid progress. AI has significantly contributed to
scientific research with its powerful capabilities [104–106]. Similarly, AI has been effectively
applied in marine engineering research [107–109]. Therefore, AI techniques also have
strong potential in the field of towed-line-array outspreading.

5.1. Current Research

Shao et al. utilize Graph Networks (GNs) to enhance the efficiency of iterative solvers
in simulating rod dynamics. By predicting the initial guess for the iterative solver, their
approach significantly reduces the number of iterations needed to achieve a stable solution,
thereby boosting operational efficiency. Additionally, this method ensures long-term
stability and maintains the accuracy of the physical system simulation [110].

Zhang et al. developed a tension warning system for underwater towing cables based
on a long short-term memory (LSTM) neural network. This system addresses the challenges
of monitoring tension in underwater towing cables and the lengthy computation time of
time-domain coupled analysis. The study examines the effects of both a single time variable
and multiple variables (considering the six degrees of freedom of the tugboat). It predicts
and analyzes the time series of tension at critical nodes of the towing cable, comparing
these predictions with tension data obtained from numerical simulations using OrcaFlex to
validate the accuracy of the predictions [111].

5.2. Application Potential

Artificial intelligence algorithms hold significant potential in the study of the dynamics
of the towing cable array deployment process. In this field, various advanced algorithms
can be applied to tackle complex problems. Support Vector Machines (SVMs) [112–115]
provide powerful tools for addressing dynamic challenges in towing cable arrays, partic-
ularly in predictive modeling, the classification of operational states, fault detection, and
optimization. Their ability to handle complex, nonlinear data and adapt to changing condi-
tions makes them highly effective in this context. Similarly, Random Forests [116–118], an
ensemble machine-learning method based on decision trees, are well-suited for addressing
the dynamic behavior and deployment complexities of towing cable arrays. Their effec-
tiveness in handling both classification and regression problems, along with their ability
to work with nonlinear and high-dimensional data while providing interpretable results,
makes them ideal for this domain.

In underwater and offshore operations, towing cable arrays face dynamic challenges
due to varying environmental forces and complex system interactions. Deep Neural
Networks (DNNs) [119–121] are used to manage large volumes of nonlinear data and con-
struct precise dynamic models, offering deeper insights into system behaviors. Reinforce-
ment learning algorithms, such as Q-learning [122–124] and Deep Reinforcement Learning
(DRL) [125–127], are capable of optimizing real-time control strategies and deployment
paths, adapting to dynamically changing environmental conditions. Additionally, data-
mining techniques like clustering analysis [128–130] and association rule mining [131–133]
uncover latent patterns within the data, supporting system optimization and decision-
making processes.

6. Conclusions

This paper systematically reviews the relevant research on the outspread process of
multi-branch towing cable arrays and has discovered some intriguing conclusions.

The top of the towing cable array experiences complex pulling forces during the
deployment process of a multi-branch towline array. As the length of the array increases,
the time required for stabilization after deployment also increases. Greater flexure and a
lower natural frequency make attitude control more difficult, resulting in sharp tension
fluctuations and potential whiplash effects, with tension often concentrating at the central
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node. Wave period and height significantly influence the morphology of the array, as shorter
wave periods lead to more bending points and complex shapes, while longer periods result
in smoother configurations. The speed and direction of currents also affect the degree of
nonlinearity in the array’s outspread. The variations in cable spacing are concentrated near
the top, with the weight and length of the array influencing the location of jump nodes. As
the towline length increases, formation control becomes more challenging, the nonlinear
behavior intensifies, and the overall dynamics become more complex.

6.1. Limitations and Challenges

This review provides a valuable summary of the existing research on multi-branch
towing cable arrays. However, it highlights several limitations in the current understanding
of the outspread dynamics of these arrays. Firstly, most studies have concentrated on the
dynamics of towing cable arrays after they have completed the outspread process, with
relatively few investigations into the outspread process itself. Additionally, the majority
of research has only examined the effects of individual environmental factors on the
outspread process, leaving a significant gap regarding the dynamics influenced by multiple
concurrent factors.

Furthermore, while some studies draw parallels with parachute opening dynamics,
this comparison may overlook critical differences between aerial and underwater towing
cable arrays. The review indicates that much research has focused on the interactions
between towing cable arrays and the seabed or marine organisms, with insufficient attention
given to collisions among the cables themselves.

Despite the rapid development of artificial intelligence technologies, there has been
limited application of AI methods in studying towing cable-array dynamics. Moreover,
many studies often simplify mathematical models, making assumptions such as uniform
water flow and neglecting nonlinear behaviors, which can lead to results that do not accu-
rately represent real-world conditions. The dynamics of towing cable arrays also present
multi-scale challenges, ranging from microscopic behaviors at local nodes to macroscopic
overall dynamics. Effectively addressing these different scales remains a significant hurdle,
and many studies may fall short in this regard.

Lastly, while theoretical and numerical modeling is crucial, the lack of sufficient
experimental validation due to the high cost and complexity of underwater experiments
can hinder the reliability of these models. Additionally, the structural complexity of
towing cable arrays, which includes various components like tow cables, sensor nodes, and
connectors, is often inadequately represented in simplified models, potentially failing to
capture the dynamic behavior under varying operational conditions. Thus, future research
should aim to address these limitations to enhance the understanding of the dynamics of
underwater multi-branch towing cable arrays.

6.2. Suggestions and Prospectives

As technology advances, towing cable arrays are expected to expand their applications
across various fields, leading to the development of multi-branch towing cable arrays with
increasingly complex dynamics. To address the challenges identified in the review, several
prospects and suggestions are proposed.

Firstly, it is crucial to conduct economically viable pool experiments or at-sea field
trials to gather additional experimental data, which will aid in the validation and calibration
of kinetic models. Secondly, developing a multi-scale modeling approach that effectively
integrates microscopic local-node mechanical behaviors with macroscopic overall dynamic
behaviors will enhance model integrity and accuracy.

Moreover, drawing insights from related research in similar fields can help create
more complex nonlinear dynamics models, allowing for a more precise representation
of towing-cable-array behavior under diverse operating conditions. It is also essential to
incorporate multiple environmental factors—such as currents, temperature, salinity, and
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waves—into the dynamics models of towing cable arrays to achieve a more comprehensive
understanding of their performance.

The use of artificial intelligence methods for simulating and analyzing the dynamics
of the outspread process can provide valuable insights. A detailed investigation into
the mechanical mechanisms involved in cable collisions, including aspects like collision
forces, deformation, and potential damage, is also necessary. Establishing a comprehensive
mechanical model for cable collisions would be fundamental for advancing this area
of research.

Additionally, the development and testing of anti-collision devices and technologies,
such as cushioning materials between cables, dampers, and active control systems, are
essential to mitigate and manage collisions within towing cable arrays. Lastly, conducting
uncertainty analyses on environmental factors will enhance the robustness of the models
used in studying the dynamic responses of towing cable arrays under varying condi-
tions. Together, these efforts will contribute to a deeper understanding of the complexities
associated with multi-branch towline arrays and their dynamics.
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