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We present an optimization algorithm for achieving optimal acoustic stealth
performance during designing an underwater vehicle shape in the free field using
COMSOL-MATLAB integrated software. A component superposition method based
on phase interference is adopted to simplify and decompose a nonaxisymmetric
complex underwater vehicle model into two main parts: the hull and the conning
tower. The shape of underwater vehicle hull is described mathematically with a
sequence of undetermined coefficients for optimization. The basic mathematical
principle of the proposed method is Kirchhoff approximation, also called planar
element method (PEM). Additionally, some examples and experimental results show
that this method can realize the automatic optimization design of acoustic stealth
shapes for underwater vehiclemodel in a given frequency band and acoustic incident
angle range. The underwater vehicle design has a smooth appearance with low
target strength (TS) or angle detection rate for most detection angles and frequency
bands after optimized.

KEYWORDS

target strength, acoustic stealth, phase interference, optimization design, underwater
vehicle model, conning tower

1 Introduction

With the development of underwater acoustic countermeasure technology, developing a
means of designing the shapes of underwater vehicles more scientifically to reduce their TSs and
improve their acoustic stealth ability is a topic of great interest in underwater acoustic physics.
Underwater vehicles constitute the most important type of equipment among the underwater
weapons of all countries, and their shape design is a major and complicated task. The shape
design of early underwater vehicles was generally performed empirically, and the drag
coefficient was obtained through experimentation or simulation (computational fluid
dynamics, CFD). Finally, the performance was compared to determine an optimum shape.
Mackay [1] experimentally measured the drag coefficient of the standard underwater vehicle
model under different Reynolds numbers and compared the results with the DSSP20 simulation
data. Suman et al. [2] calculated and evaluated the hydrodynamic performance of different
ellipsoidal shapes of underwater vehicle heads based on CFD and obtained an optimum
underwater vehicle head shape, which was verified experimentally. Praveen [3] used CFD
simulation and experiments to study the influence of the length of an underwater vehicle on the
hydrodynamic performance caused by the attack angle of an axisymmetric underwater vehicle
and studied the linear variation of the drag coefficient with the length-to-diameter ratio (L/D).
Moh et al. [4] performed CFD analysis on all available equations of the stern shapes of all
underwater vehicles from the perspective of minimum resistance and discussed the optimum
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hydrodynamic shape of the stern of the underwater vehicle. The next
work [5] involved examining an underwater vehicle or torpedo-
segmented bare hull (bow, middle, and stern) using different linear
CFD calculations and comparing the results to obtain an underwater
vehicle hull shape with less resistance. Using the CFD method and
FLOWVISION software, the optimal L/D of the hydrodynamic shape
of a cylindrical hull was proposed [6].

With the introduction of optimization algorithms, the design of
underwater vehicle shapes has entered a new stage. Vasudev et al. [7]
established a multi-objective optimization framework for underwater
vehicle shape design and optimized the internal volume and
hydrodynamic resistance of the underwater vehicle by integrating
the non-dominant sequencing genetic algorithm and Reynolds-
average Navier–Stokes solver into one code. In a follow-up study
[8], a genetic algorithm (GA) was used to solve the design
optimization problem of an autonomous underwater vehicle
(AUV) under the five-parameter axisymmetric description.
Through this approach, the hull shape at a constant speed was
optimized, and the flow resistance coefficient was significantly
reduced. Paz et al. [9] established a comprehensive model of
underwater vehicle conceptual design (hull geometry
parameterization, mobility model based on slender body theory,
and resistance formula) applicable to a multi-objective optimization
technique (GA) to find a design solution that minimized the turning
diameter and created resistance requirements. Ting et al. [10]
proposed an underwater vehicle shape optimization platform
composed of multiple commercial software packages to reduce the
navigation resistance of underwater vehicles and to improve their
energy utilization and endurance. These scholars obtained excellent
results in the automatic optimization design of ship shapes, but their
work did not consider the TS changes caused by the development of
active detection in the shape design of underwater vehicles.

A considerable breakthrough has been made in the method of
calculating the acoustic scattering of underwater targets, but for the
complex structures of underwater vehicles, only numerical
calculations or approximate calculations using acoustic scattering
can be employed. More complete numerical calculation methods
and approximation methods include the finite element method
(FEM) and boundary element method (BEM) [11, 12], T-matrix
method [13–15], time domain finite difference method (TDFDM)
[16, 17], deformation column method (DCM) [18–20], and wave
superposition method (WSM) [21]. There are many other
approximate methods. The highlight model (HM) proposed by
Tang [22] decomposes a target into simple sub-targets, calculates
the highlight parameters of the sub-targets separately, and finally
obtains the TS of the whole target according to the principle of linear
superposition. Abawi [23] used the Kirchhoff Approximation (KA) to
establish a method of obtaining the frequency- and time-domain
solutions of an acoustic scattering field of arbitrary shape. To improve
the calculation rate of the PEM, Lavia [24] proposed using curved
elements instead of planar elements. The numerical solution of the TS
agrees well with the precise solution. Kookhyun [25] proposed a
method of quickly estimating the sonar cross-sections of large and
complex underwater targets such as Underwater vehicles and
torpedoes. This method is based on the deterministic scattering
center model, uses a combination of physical and geometric optics
to construct a scattering center database, and then utilizes the database
to perform polynomial interpolation on the incident angle to
reconstruct the sonar cross-section. Fan et al. [26] established

visual graphical acoustics computing based on the Kirchhoff
approximate equation. Based on OpenGL technology, this method
involves converting the geometric model into the visual pixel graphics
of the target on the screen, obtaining the target surface normal vector
and space distance information contained in the pixel, and finally
converting the surface integral in the prediction of echo characteristics
into the pixel summing calculation of the visual graphics on the screen.
Using the Kirchhoff approximation method, Peng et al. [27]
performed a scattering time-domain echo simulation of a surface
ship radiated through the sonar area, and verified the effectiveness of
this method experimentally. However, the research work of these
scholars only predicts the acoustic target intensities of existing
underwater vehicles and does not include a low-TS underwater
vehicle shape design method. Li et al. proposed an optimal design
method for the acoustic stealth shape of the underwater vehicle head
[28] and bottom object [29] with relatively lower TS, based on the
Nelder–Mead optimization algorithm and finite element method.

To address this shortcoming, a non-axisymmetric complex
underwater vehicle target was simplified and decomposed in this
study using the component phase interference superposition
method into two main parts: the hull and the conning tower
(both considered as rigid targets). Then, the underwater vehicle
hull and conning tower were utilized as the optimization objects to
explore the optimization design of an acoustically concealed shape
in a given incident angle range and frequency band. This approach
overcomes the limitations of the previous underwater vehicle shape
optimization design method that only considers hydrodynamic
performance and opens a new channel for underwater vehicle
shape design.

In this paper, the benchmark underwater vehicle models are
selected as our research object. The optimization method of the
head shape of benchmark hull and conning tower with lower TS
under the incidence of plane wave with multi-frequencies and multi-
angles is studied. This paper is organized as follows. In Section 2, the
physical acoustical method is introduced, which is the basis of
calculating TS of the arbitrary target. In Section 3, we introduce

FIGURE 1
Schematic diagram of the derivation of the physical acoustic
method with the source and receiver separated.
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the optimum design of acoustic stealth shapes of underwater vehicle
hull and conning Tower, respectively. In Section 4, we present the
optimization results of hull and conning tower for a give frequency

band and detection angle. In Section 5, the PEM method is verified by
experimental results. Finally, a summary and a discussion of the results
are presented in Section 6.

2 Physical acoustical method

The difficulty of solving the problem of acoustic scattering from
complex targets such as underwater vehicles has led to many
approximate solution theories, such as physical acoustics. Figure 1
shows a schematic diagram of the derivation of the physical acoustic
method.

Omitting the time factor e−jωt, the basic formula for the scattering
problem based on physical acoustics is given by

ps �r2( ) � 1
4π

∫
S1+S2

ps
z

zn
G �r2( ) − zps

zn
G �r2( )[ ]ds, (1)

where S1 is the area directly illuminated by the incident
sound wave, called the bright area, and S2 is the area not
illuminated by the incident sound wave, called the shadow
area. G( �r2) � eikr2 /r2 is Green’s function. Considering a rigid
target, the KA formulation satisfies the bright and shadow
areas, which can be expressed as

FIGURE 2
Schematic diagram of hull and conning tower optimization method.

FIGURE 3
(A) Geometric description of axisymmetric hull. (B) Original hull.
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ps � pi,
z ps + pi( )

zn
� 0

ps � −pi,
z ps + pi( )

zn
� 0

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ . (2)

where Pi, Ps is the incident sound pressure and the scattering sound
pressure. And the incident pressure is expressed as pi � eikr1 /r1.

Considering the far-field conditions kr1 ≫ 1, kr2 ≫ 1,
cos θ1 � −zr1/zn, and cos θ2 � −zr2/zn, the terms in Eq. 1 can be
expressed as

zps

zn
� −zpi

zn
� ikr1 − 1

r12
eikr1

zr1
zn

≈
ik

r1
eikr1 cos θ1 (3)

zG �r2( )
zn

� z

zn

eikr2

r2
( ) ≈ − ik

r2
eikr2 cos θ2. (4)

Substituting Eqs 2–4 into Eq. 1 yields

ps �r2( ) � − ik

4π
[∫

S1

eik r1+r2( )

r1r2
cos θ1 + cos θ2( )ds

+∫
S2

eik r1+r2( )

r1r2
−cos θ1 + cos θ2( )ds] (5)

In monostatic situation, r1 � r2, θ1 � θ2, and Eq. 5 can be simplified as

ps �r2( ) � − ik

2π
∫

S1

ei2kr1

r12
cos θ1ds (6)

The details of calculation of Eq. 6 can be found in Ref. [28], which
is omitted here.

3 Optimum design of acoustic stealth
shapes of underwater vehicle hull and
conning tower

Based on the PEM, this section considers the underwater vehicle
hull and conning tower (considered as a rigid target at this stage) as the
optimization objects and establishes the method of obtaining an
optimized shape for acoustic concealment with a plane wave of a
given frequency band and incident angle range. The optimized hull is a
simplified benchmark hull model. During the optimization process,
the generatrix line type of underwater vehicle hull is parameterized
and controlled by a specific segment function that uses six hull
optimization variables to describe it quantitatively. Before
optimization, the conning tower is a simplified model of the

benchmark conning tower. During the optimization process, the
shape of the conning tower is regulated by the bottom and top
contour lines and four optimized lofting control curves. The
bottom contour line type remains the same as that of the original
benchmark conning tower, and the top contour line type is obtained
by scaling the bottom contour line type (by a scaling factor a). The
deviation of each optimized lofting control curve from its
corresponding initial lofting control curve is characterized by a
Bernstein polynomial and scaling factor a.

The optimization method takes the displacement change rate of
the hull and conning tower and the gradient of the lofting control
curve as the constraints. The simulated annealing (SA) optimization
algorithm is used to iterate the hull generatrix segmentation function.
The six variables in the segmented function of the generatrix of the
boat body to be determined, parameterized model of the conning
tower of the command board, segmented function of the boat body
generatrix, and contour control of the conning tower of the command
board are iterated when the minimum optimal objective function is
obtained through optimization calculation. Then, the optimal hull and
conning tower shapes for acoustic concealment are determined. The
optimized objective function is obtained by combining the COMSOL-
MATLAB integrated modeling technology and the PEM to calculate
the TSs of the hull and conning tower in a given frequency band and
angle range and is weighted in a specific way. Figure 2 provides the
details of the optimization algorithm flow.

3.1 Underwater vehicle hull geometry
description and optimized variable control

Most underwater vehicle hulls are axisymmetric targets and can be
divided into three parts: bow, middle, and stern. Figure 3A provides a
schematic diagram of the linear piecewise function of the hull.

The overall length of the hull is L � a + b + c � 8d, where a, b, c,
and d can be changed within certain ranges, and d is the diameter of
the hull. Half of the total length is selected as the geometric origin
position, and the line type of the bow and stern is described by a
certain function.

y � 0.5d 1 − x + a − 0.5L
a

( )2( ) 1
n (7)

y � 0.5d − 1.45d
c2

− tan θ
c

( ) x − c + 0.5L( )2

− d

c3
− tan θ

c2
( ) x − c + 0.5L( )3 (8)

Equation 7 is the bow linear function. Linear bow control can be
achieved by introducing variable n and combining variable a.
Equation 8 is the stern linear function. Through variables c and θ

linear stern control can be realized.
The overall shape of the hull can be controlled by variables a, b, c,

d, n, and θ. To make the optimized hull shape more reasonable, the
range of optimization variables and optimization constraints should
be set. Table 1 shows the ranges of the optimization variables.

It can be seen from Table 1 that the total length L changes with the
diameter of the hull in the optimization process. To obtain a
reasonable shape, additional hull volume constraints need to be
imposed. Figure 3B depicts the initial hull shape. The initial hull

TABLE 1 Optimization variable range settings for hull.

Parameter Initial value Least value Maximum value

a 7.5 m 0.5d 3.5d

b 37.5 m 0 6.5d

c 15 m D 4.5d

d 7.5 m 7.25 m 7.75 m

n 2 1 4

θ 22° 10° 30°
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volume isV0 = 2,220.4 m3. During the optimization process,V satisfies
85% V0 ≤ V ≤ 115% V0.

The stern linear function is more complicated and changeable. To
make the optimized stern result more reasonable and to avoid a
concave stern, the boundary constraints are shown as

dy/dx≥ 0
d2y

dx2 ≤ 0

⎧⎪⎪⎨⎪⎪⎩ . (9)

3.2 Geometric description of conning tower
and optimal variable control

The conning tower, also known as the underwater vehicle
bridge, is one of the most important parts of a underwater
vehicle. As a complex structure, there is no general function
expression for the shape of a conning tower. Hence, parametric
modeling of the conning tower was performed using the lofting tool
in the geometric modeling software. Basic geometric modeling
software has such a modeling tool.

It can be seen from Figure 4 that parametric modeling of the
conning tower can be realized in the optimization process through
four lofting control curves. The steps of the parametric modeling
process for the conning tower are as follows. Firstly, the contour
shape of the bottom surface of the conning tower remains

unchanged. Then, the uppermost contour of the conning tower
becomes the bottom contour after plane scaling (by a zoom factor
a). Next, moving up 3.5 m along the z-axis, the zoom center is
located at the origin of the x-y coordinate system. Finally, using the
lofting operation, based on the bottom and top contours, lofting is
performed along the four lofting curves to obtain the new conning
tower.

The optimized lofting control curve function can be obtained by
adding the designed deviation function based on the lofting curve
(linear function), as shown in Figure 4.

As shown in Figure 4D, there are two important position points
for the four fitting control curves. Each lofting control curve is
converted into a two-dimensional plane. As shown in Figure 4E,
the corresponding points are converted, where An and Bn are
converted into an and bn, respectively. The coordinates of an
and bn are (a × pn, 4) and (pn, 0), respectively, and p1, p2, p3,
and p4 are −8.85, −1.1, 1.1, and 3.85, respectively. When the first
and second control curves are distributed on the negative semi-axes
in the x and y directions, Figure 4E is not applicable. At this time,
only the corresponding points and curves are mirrored on the
z-axis.

The optimized lofting control curve function is composed of two
items: a linear function item and a deviation function, as shown in
Figure 4E. The deviation function is shown in Eq. 10. The basic
expression of the fifth-order Bernstein polynomial, which serves as the
basis function to express the deviation function (without the i =
0 term) is

FIGURE 4
Basic idea of conning tower parametric modeling in the optimization process. (A)Original benchmark conning tower. (B)Optimized conning tower. (C)
Lofting control curve of the conning tower. (D) Key points of 3D lofting control curve optimization. (E)Two-dimensional deviation function.
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Δz � ∑5
i�1
Cix

i 1 − x( )5−i. (10)

Taking the third optimized lofting control curve function as an
example, its two-dimensional plane is the y-z plane and the formula is
expressed as

z � 3.5
1 − a

1 − y

p3
( ) + Δz (11)

z � 3.5
1 − a

1 − y

p3
( ) +∑5

i�1
Ci

y − p3

a − 1( )p3
( )i

1 − y − p3

a − 1( )p3
( )5−i

. (12)

Gradient constraints of the optimized lofting control curve are set
to avoid the discontinuity of echoes of the optimized conning tower,
which can be expressed as

dz/dy≥ 0
dz/dy≤ 0
dz/dx≤ 0

⎧⎪⎨⎪⎩ . (13)

The boundary gradient constraints of the second, third, and fourth
optimized lofting control curves correspond to the first, second, and third
terms of Eq. 13, respectively. In the first one, the lofting control curve is
optimized, and Δz � 0 is set without the boundary gradient constraint.

The volume constraint is also set. The volume of the original
benchmark conning tower is V0 = 28.6 m3, and the volume constraint
is 85% V0 ≤ V ≤ 115% V0.

The overall shape of the conning tower can be controlled by
variables a, C1, C2, C3, C4, and C5, and the ranges of the optimized
variables are set, as shown in Table 2.

3.3 Objective function

In the optimization process, the objective function of the
optimization design must be clarified. Considering the deficiencies
of the optimization objective function, a new type of acoustic stealth
shape optimization objective function suitable for the hull and
conning tower is proposed. The optimized objective function is
determined by taking the product of the energy superposition of
the TS at different incident angles and different frequency points and
the linear average of all TS in the optimization process, to obtain the
underwater vehicle hull and conning tower shapes for acoustic
concealment. Equation 14 gives the optimization target used by
this algorithm.

TST � 10lg ∑M
φj�m

∑N
fi�n

10(α fi( )β(φj)TS(fi,φj)/10)⎛⎜⎝ ⎞⎟⎠

× ∑M
φj�m

∑N
fi�n

TS fi,φj( )⎛⎜⎝ ⎞⎟⎠/ M1N1( ), (14)

where n and N is the start frequency and end frequency of
optimization, respectively. N1 is the number of frequency points, m
is the start angle of incidence,M is the end angle of incidence,M1 is the
optimized number of angles, TS(fi,φj) is the single-station TS of the
hull or conning tower at the incident angle φj of the plane wave with
frequency fi, TST is the product of the total TS of the hull or conning
tower with different frequencies of incident plane waves at different
incidence angles.

Figure 5 presents the TS calculation diagrams of the underwater
vehicle hull and conning tower used in the optimization process.
When calculating the TS of the conning tower, the z-axis
coordinate of the lowest profile surface of the conning tower is
3.75 m, and the acoustic geometric center of the hull is set at the
center of the hull when calculating the TS. That is, for both the hull
and conning tower, the acoustic geometric center of the TS
calculation is at the coordinate origin (0, 0, 0) to ensure that the
relative positions of the hull and conning tower space remain
unchanged and the correctness of the echoes from the hull and
conning tower assembly are obtained by overlapping the complex
sound pressures of the sub-components.

It should be noted that the parametric modeling method given in
Section 3.1 is only for the conning tower. When calculating the TS of
the conning tower, the z-axis coordinate of the lowest surface of the

TABLE 2 Optimization variable ranges for conning tower.

Parameter Initial value Least value Maximum value

a 1 0.7 1.3

C1 0 −20 20

C2 0 −20 20

C3 0 −20 20

C4 0 −20 20

C5 0 −20 20

FIGURE 5
Schematic diagram for calculating the TSs of the hull and conning
tower. (A) Conning tower. (B) Hull target.
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conning tower is 3.75 m to ensure that the relative position of the
conning tower space remains unchanged.

3.4 Introduction to SA optimization algorithm

The SA algorithm was firstly proposed by Metropolis et al. [30]
in 1953. This approach is a stochastic optimization algorithm based
on the Monte Carlo iterative solution strategy. Its starting point is
based on the similarity between the annealing process of solid
matter in physics and general combinatorial optimization
problems. The SA algorithm starts from a certain high initial
temperature, and with the continuous decrease of the
temperature parameters, combined with probabilistic sudden
jump characteristics, it randomly finds the global optimal
solution of the objective function in the solution space. That is,
the local optimal solution can jump out probabilistically and
eventually tend to the global optimum.

The SA algorithm is an optimization algorithm that can effectively
avoid falling into local minima and finally approaches the global
optimal serial structure by giving the search process a time-varying
probability jump ability that eventually approaches zero. Figure 6
presents a flow chart of the basic concept.

4 Optimization results

4.1 Multi-frequency and multi-angle
optimization of hull

When the plane wave is irradiated onto the underwater vehicle
hull with a frequency modulation signal, the unknown detection angle
greatly increases the possibility of exposure. To reduce the probability
of being discovered, this section presents the optimal hull design for
acoustic concealment considering multiple frequencies and angle. The
optimized objective function under the working conditions in Eq. 14
should be simplified, as shown in Eq. 15:

TST � 10lg ∑M
φj�m

∑N
fi�n

10(TS(fi,φj)/10)⎛⎜⎝ ⎞⎟⎠ ∑M
φj�m

∑N
fi�n

TS fi,φj( )⎛⎜⎝ ⎞⎟⎠/ M1N1( ),

(15)
where n is the optimized start frequency, N is the optimized stop
frequency, N1 is the number of optimized frequency points, m is the
optimized initial angle of incidence, M is the optimized final angle of
incidence, M1 is the optimized number of angles, TS(fi,φj) is the
single-station TS of the hull or conning tower at the incident angle φj

of the plane wave with frequency fi, and TST is the product of the

FIGURE 6
Basic concept of SA.
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FIGURE 7
Comparison of the hull generatrices before and after optimization and three-dimensional diagram after optimization. (A) Front and rear hull generatrices.
(B) Optimized 3D model of the hull. (C) Angle–frequency spectra of hull TS before optimization. (D) Angle–frequency spectra of hull TS after optimization.

FIGURE 8
Azimuth characteristics and detection rate with respect to angle of the TS of the hull before and after optimization. (A,B) are f = 5.0 kHz. (C,D) are f =
10.0 kHz.
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FIGURE 9
Optimized conning tower models. (A) Lofting control curve comparison. (B) Optimized conning tower model. (C) Angle–frequency spectra of the
conning tower TS before optimization. (D) Angle–frequency spectra of the conning tower TS after optimization.

FIGURE 10
Azimuth characteristics and angle detection rate of the conning tower TS before and after optimization. (A,B) are f = 5.0 kHz. (C,D) are f = 10.0 kHz.
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energy weighted value of the hull TS and the linear mean value
considering different plane wave incident angles and different
frequencies. The optimized incident angle range was set as 0°–180°

with a step length of 1°, and the incident sound wave frequency band
was 5.0–10.0 kHz with the step length of 0.25 kHz. The computer used
for the calculations had a main frequency of 4.20 GHz, running
memory of 32 GB, and the calculation time of 158 h. Based on
iteration of the optimization algorithm, Figure 7 compares the
generatrix types before and after hull optimization and presents the
optimized three-dimensional diagram.

The six optimized variables of the bus-line type control in the
optimized new hull are a = 23.6259 m, b = 5.6487 m, c = 31.2789 m,
d = 7.5690 m, n = 2.1950, and θ = 18.3310°. When the hull before and
after optimization is irradiated by plane acoustic wave at a frequency
of 5.0–10.0 kHz and an incident angle of 0°–180°, the TS
angle–frequency spectrum can be calculated, as shown in
Figures 7C, D.

The TS angle–frequency spectra of hull before and after hull
optimization have their limitations. Therefore, Figure 8 compares
the horizontal azimuth characteristics and angle detection rate of the
hull at different frequency points. Because the azimuth characteristics
and angular detection rate of the hull are the same at each frequency
point, the results are only under two frequency points.

Figures 8A–D compare the azimuth characteristics and angle
detection rate of the TS before and after optimization of the hull at
f = 5.0 kHz and f = 10.0 kHz. The TS of the optimized hull is lower than
that of the original hull at most angles and frequencies. Although the
optimization has a certain effect, the optimized objective function has

certain limitations and does not specifically consider the changes in
the TS at all angles and frequencies. Within the range of 120°–180°, the
TS of the hull before and after optimization does not differ much. After
optimization, it is reduced by approximately 3 dB compared to that
before optimization. The reason is that the echo energy at the stern
part of the hull is relatively weak in this angle range, and the reduction
range is limited, making little contribution to the optimization
objective function. The algorithm ignores this part in the process
of optimization through iteration. The same conclusion can be
obtained from the angle detection rate graph, where the angle is
0°–180° with a step length of 1° and the frequency range is
5.0–10.0 kHz with a step length of 0.05 kHz. After calculation, the
total average TS after optimization is reduced by 5.89 dB compared to
that before optimization. For the abeam direction (90°), the total
average TS after optimization is reduced by 10.37 dB compared to that
before optimization. After optimization, the hull displacement is
85.2% of V0.

4.2 Multi-frequency and multi-angle
optimization of the conning tower

The optimization objective function used for conning tower shape
optimization is given by Eq. 14. The optimized frequency band was
selected to be 5.0–10.0 kHz, and the step length was 0.25 kHz for
optimization. The optimization angle range was 0°–180° with a step
length of 1°. Figure 9 compares the fourth lofting control curve of the
optimized conning tower and shows the optimized three-dimensional

FIGURE 11
(A)Original model. (B)Optimized model. (C) Angle–frequency spectra of the TS of the assembly of the hull with conning tower before optimization. (D)
Angle–frequency spectra of the TS of the assembly of the hull with conning tower after optimization.
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diagram. The calculation time was 113 h, and the computer
parameters were as mentioned earlier.

The six optimized variables of the tower model obtained through
optimization are a = 0.7730, C1 = 3.3020, C2 = 16.0461, C3 = 18.1762,
C4 = 16.0281, and C5 = 8.1101. Figures 9C, D shows the
angle–frequency spectra of the TS of the conning tower before and
after optimization.

The horizontal azimuth characteristics of the TS and angle
detection rate of the conning tower under different frequency were
compared as well, as shown in Figure 10. It can be seen from Figure 10
that in the optimized frequency band and angle range, the optimized
conning tower has a lower TS than the original conning tower. This
conclusion can also be seen from the comparison of the conning tower
detection rate before and after optimization, where the incident angle
range is 0°~180° with a step size of 1° and the frequency range is
5.0–10.0 kHz with a step size of 0.05 kHz. After calculation, the total
average TS after optimization is reduced by 18.21 dB compared to that
before optimization, and the optimized volume is 85.1% V0.

4.3 Evaluation of optimization effect of hull
and conning tower combination

Sections 4.1, Sections 4.2 described the optimization of the
acoustic stealth shapes of the hull and conning tower. The original
benchmark hull and conning tower combination and optimized hull
and conning tower combination were used to calculate the TS

(ignoring the errors caused by assembly). The specific dimensions
were described in the text. TS calculation diagram is shown in
Figure 11.

Using the PEM to calculate the original and optimized benchmark
hull and conning tower combinations, the angle–frequency spectrum
of the TS was obtained in Figure 11. Figure 12 presents the azimuth
angle characteristics and detection rate according to the angle for the
optimized front and rear hull and conning tower combination at
different frequency points.

It can be seen from Figures 11, 12 that the TS of the hull and
conning tower combination before and after optimization are quite
different. In most angle ranges, the sound concealment of the
optimized hull and conning tower combination is obviously better
than that before optimization, where the incident angle range is
0°–180° with a step size of 1° and the frequency range is
5.0–10.0 kHz with a step size of 0.01 kHz. After calculation, the
total average TS after optimization is reduced by 10.58 dB
compared to that before optimization. The total average TS after
optimization is reduced by 10.36 dB at the abeam direction compared
with that before optimization.

5 Experimental verification

The specific Benchmark submarine model and the test equipment
are shown in Figure 13. It is a scale single shell benchmark model with
a scaling value of 1:15.

FIGURE 12
Comparison of azimuth characteristics and angle detection rate of TS of the assembly of the hull and conning tower before and after optimization. (A,B)
are f = 5.0 kHz. (C,D) are f = 10.0 kHz.
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The TS calculation formula is as follows

TS � 20lg
ps@1m

pi

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣ � 20lg

psr2 r1 + r2( )
p1r1

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣ � 20lg

Vsr2 r1 + r2( )
V1r1

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣, (16)

where ps and ps@1m are the echo pressure from Benchmark submarine
received by the hydrophone and at 1 m, respectively. p1 is sound
pressure of sound source received by hydrophone. r1 and r2 are the
distances between hydrophone and transducer or target center,
respectively. Vs and V1 are voltage amplitudes of target echo and
sound source received by hydrophone, respectively.

The shell is considered as a rigid target in the simulation calculation.
TS comparisons of a Benchmark submarine between the experimental
results and PEM in monostatic configuration are shown in Figure 13.

As illustrated in Figure 13, at the frequency of 5, 6, 8, and 10 kHz,
the TS directivity of Benchmark presents a butterfly shape for both
simulation results and experimental results, that is, the TS is low when

the acoustic wave is incident from bow and stern, and highest during
the abeam incident.

By conducting the acoustic scattering experiment of Benchmark
submarine scale model in lake, the experimental results at different
frequencies are obtained. From Figure 13B, the TS average errors
between PEM and experimental results are within ±3 dB with a good
agreement.

6 Conclusion

In this study, the hull and conning tower of an underwater vehicle
(considered as rigid targets) were used as the optimization objects, and
the method of optimizing the underwater vehicle shape for acoustic
concealment considering incident plane waves of multiple angles and
frequencies was established based on the PEM. Experiment results is

FIGURE 13
(A) Test equipment layout. (B) TS results comparisons between the experimental and PEM results at different frequencies.
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used to prove that PEM and experimental results are in good
agreement. The volume change rates of the hull and the conning
tower, and the gradient of the generatrix or lofting control curve is
chosen as constraints. the. The six variables in the precise section
function of the hull generatrix and the six variables in the parametric
model of the conning tower were determined respectively by applying
SA optimization algorithm. The weight of the TS in the given
frequency band and angle range of the hull and conning tower
shell was chosen as the optimized objective function by applying
COMSOL-MATLAB integrated modeling technology combined with
the PEM. After optimization, the six variables in the segmental
function of the hull generatrix and the shape control function of
the conning tower were obtained to determine the optimal hull and
conning tower shapes for acoustic concealment, when the optimized
objective function was the smallest.

(1) The optimization method proposed in this paper overcomes the
original limitation of relying only on experience or hydrodynamic
performance optimization to modify the line shapes of the
underwater vehicle hull and conning tower. Further, it can be
utilized to perform automatic optimization of the shapes of the
hull and conning tower for acoustic concealment within a given
frequency band and angle range.

(2) When the plane wave was f = 5.0–10.0 kHz and an incident angle
range of 0°–180°, the optimized hull has a total average TS 5.89 dB
lower than that before optimization when this method is applied.
In particular, the abeam angle is reduced by about 10.37 dB, and
the optimized volume is 85.2% V0. The total averaged TS of the
optimized conning tower is 18.21 dB lower than that before
optimization in the optimized frequency band, and the
optimized volume is 85.1% V0.

(3) When the plane wave was f = 5.0–10.0 kHz and the incident angle
range is 0°–180°, the total average TS of the hull and conning tower
combination is reduced by 10.58 dB compared with combination
of hull and conning tower before optimization. When the abeam
angle is 90°, the total average TS after optimization is reduced by
10.36 dB compared to that before optimization.

The optimization method proposed in this paper has still some
deficiencies. For example, one of the constraint conditions is the
volume or displacement of optimization model should be within 15%,
which makes the reduction of TS depends on two factors, i.e., both the
shape modification and the volume variation. However, if the volume
variation can be constrained within 1%, the optimization work will be
more rigorous and convincing. But meanwhile, the convergence
performance of this optimization will be worse and unsatisfied, and
the optimization process will be more time-consuming. Thus the
optimization algorithm need further research and improvement in the
future. In conclusion, the optimization method can greatly reduce the
TS of the hull and conning tower in a given frequency band and

incident angle range, enabling the automatic optimization of
underwater vehicle hull and conning tower shapes for acoustic
stealth. This optimization method can serve as a reference for the
design of underwater acoustic stealth vehicle shapes.
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