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Abstract: In this study, we propose a new method for the imaging simulation of looking forward sonar. According 
to the theory of acoustics, the Kerchief’s integral formula is used to solve the scattering sound field of objects in the 
water and the models of objects are set up. Secondly, the surface of objects is divided into some parts and the 
formulas are proposed to gain echo data according to the reflecting condition of those parts. These data are used to 
generate sonar images of objects. At last, the simulation results of echo data and sonar images are contrasted with 
those gained from the water tank test. The results verified the feasibility of the new method. 
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INTRODUCTION 

 
System simulation technology has become an 

indispensable tool for the research and development of 
Autonomous   Underwater  Vehicle  (AUV)  (Bharath 
et al., 2006; Folkesson et al., 2007; Jian et al., 2011). 
As one of the key technology, the acoustic imaging 
simulation is paid more attention at present. It not only 
plays an important role in the closed-loop simulation 
system, but also its simulation levels are of great 
significance to improve the whole performance of AUV 
and deepen the study of underwater perception system 
(Cufi et al., 2002; Horner, 2005; Quidu and Hetet, 
2007) . 

Simulation of acoustic imaging is in the field of 
integrated technology, which involves the system 
simulation technology, acoustic modeling technology 
and computer technology. Because of the commercial 
or military reasons, there aren’t many published 
literatures (Mestouri et al., 2008). Xu and Feng (2009) 
used the technology of virtual line in the software of 
Vega to simulate acoustic image and results were used 
to carry out the research on the obstacle avoidance and 
control method of AUV. Didier et al. (2007) simulated 
the acoustic imaging based on the ray theory, parabolic 
equation and other methods. The simulation framework 
was found to realize the acoustic imaging simulation 
under various scenarios. Zhonghua et al. (2005) used 
the functions of collision vector and BUMP features to 
simulate the performance of some sonars. In short, 
although some achievements have been made, the 
research work was mainly focused on the functional 
simulation of sensor, so the actual situation of acoustic 
image couldn’t be evaluated effectively. It may result in 

unpredictable problems during real test in the sea.  
In this study, in accordance with the acoustics 

theory, an imaging simulation method of looking 
forward sonar is proposed. At first, two models of 
underwater targets are set up and the Kerchief’s integral 
formula is used to solve the scattered sound field of 
objects in the water and the echo data are generated to 
form sonar images of objects according to the reflecting 
condition of acoustic wave in every surface of the 
object. Simulation results were compared with the 
experimental data and they show that the method is 
effective and robust. 

 
DIFFUSE SOUND FIELD OF UNDERWATER 

OBJECTS 
 

From the acoustics theory, if sound waves 
encounter obstacles in the way of propagation, 
secondary sound sources are stirred on the objects 
surface and they radiate the secondary sound waves to 
the surrounding medium. These secondary sound waves 
are usually referred as the scattered waves. Among 
them, some are reversed back to the sound source and 
these are known as object echoes. Object echoes are 
one part of scattering waves and they are generated for 
the interaction between incident waves and objects. 
Some features of the target information are also 
included in the echoes. Therefore, the key problem of 
sonar sensor simulation is how to identify and solve the 
scattering sound field of objects in order to generate 
those echo data (Aimin and Weimin, 2006).  

Two ways are usually used. One is to use wave 

equation to resolve it and the other is to use the 

Kirchhoff integral method to resolve it. In this study,  
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Fig. 1: Geometry relationship of acoustic scattering wave 

 
the last one is selected  to analysis the scattering field of 
two underwater objects. The Kirchhoff integral formula 
expression is written as: 
 

∫∫ ∂
∂

−
∂
∂

=
0

02 )(
S

ds
nn

Φ
Ψ

Ψ
ΦΦ              (1) 

 

In Eq. (1), 0s represents the surface areas of 

scatters and tiezy,x,zy,x, ω−= )()( 0ΦΦ , where Φ0 

represents the velocity potential on the surfaces of 
scatters. Ψ Is the auxiliary function and Ψ satisfies the 
following relationship with Φ: 
 

( )∫∫∫ ∫∫ 







∂
∂

−
∂
∂

=∇−∇
v s

ds
nn

dV
Φ

Ψ
Ψ

ΦΦΨΨΦ
22  (2) 

 
where, n∂∂  represents the partial derivative along the 

outer normal direction of panel ds. 
In formula (1), the physical meaning is as 

following: the situation of secondary radiation on the 
scatter is decided by sound pressure (velocity potential) 
in the received point. So if second radiation wave 

velocity potential
sϕ can be gotten at the position where 

the sonar sensor is placed, based on the acoustic theory, 

sound pressure
t

p s

∂
∂
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ρ  can be defined as
t
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(ρ represents the density of the sound transmission 
medium). 

The sonar sensor simulated in this study is the 
bilateral high-frequency forward looking sonar. The 
objects are sphere and cylinder and their shells are 
composed of the rigid metal material, so the Eq. (1) can 
be approximated according with the condition of high 
frequency. 

It is supposed that objects are placed in the infinite 

sound field. The outside surface of object is the closed 

surface S and the outer normal direction is n, and the 

sound source point is placed at point A. According to 

the formula (1), the Kirchhoff integral solution of 

scattering sound field at point B (Fig. 1) is written as: 
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In formula (3),  

k : The wave number  

φs : The potential function of scattering field  

n∂∂  : The normal derivative on the surface of S. Φs  

( )s
n
φ

∂
∂

 

: Unknown values, so the formula (3) can’t be 

resolved directly 

 

According with the boundary condition and far 

field condition, it can be turned into: 
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Considering the inverse scattering, namely: 

rrr == 21
 and formula (4) is turned into: 
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So the formula (4) and (5) are the integral solution of 

scattering field under the condition that the object is 

rigid. 

 

MODEL OF UNDERWATER OBJECTS 

 

In formula (5), if r  and cos(r, n) can be confirmed, 

sϕ  can be gotten. The detail methods are descripted as 

following: 

 

Model of the rigid sphere: Its radius is R and the 

distance between the center of the sphere and the sonar 

is   d.  The   spherical   equation   is   written   as  x
2
 + 

y
2 

= z
2
 = R

2
 and the coordinate system is established 

(Fig. 2). In the coordinate system, the center of the 

sphere is at the origin and Z axis is perpendicular to the 

sonar scanning plane and Y axis is parallel to the 

scanning centerline of sonar. 

The angle between the center line of the sphere in 

the sonar scanning plane and sonar scanning center line 

is supposed as α. Point of sight is located at the position 

of sonar. If connecting line between the sphere center 

and   sonar  is  on  the left of sonar scanning center line,  
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Fig. 2: Scanning situation of rigid sphere 

 
the value of α is negative. Otherwise, it is positive. 
Distance between position of sonar and the origin are d. 

The surface of sphere is divided in n equal parts 
and m equal parts from the forward direction of Z axis 
and X axis along the radial direction and zonal direction 
respectively [15], so the values of coordinate at the 
intersection of each bisector is determined. Supposing 
that the region ABCD on the surface of sphere is 
located in the sonar beam and the point A is 
corresponded to the (i, j) region from the radial and 
zonal division, so the point A can be written as: 

 

)/2cos()/sin( jmniRAx ××××= ππ
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)/cos( inRAz ××= π               (6) 

 
Similarly, the point B, C, D and point S(Sx, Sy, Sz) 

can be obtained. Θ is supposed as the included angle 
between the projection of connecting line ( from point P 
to point S in the sonar scanning plane) and scanning 
center line of sonar. 

According to the scanned range and scanned step 
angle of sonar, the echo values produced by the regions 
can be determined by the following conditions: 

 
i. θ is in the current scan angle scope. 

ii. θ is less than half of the vertical detection range. 
iii. The distance between two points P and  S is in a 

current scanning step. 
iv. The angle, which is between the outside normal 

vector of point P at the surface of sphere and the 
vector of point S, is less than 90º. 

 
For the condition (i), θ can be determined as following: 

 
 
Fig. 3: Determination of scanning angle 

 

As the axis Z is perpendicular to the sonar scanning 

plane, the projection point of P is point P′ , which is 

represented as (Px, Py, Pz) in the plane (Fig. 3), then: 

 

}0,,{ yyxx SPSP −−=′PS                   (7) 

 

The sonar scanning center line is represented as SS' 

and θ  between SP' and SS' can be written as: 
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where, θ  is determined by the value of Px  and Sx. 

 

Model of the rigid cylinder: Height of cylinder is H 

and its surface radius is R. The origin of coordinates is 

set at the bottom center of the cylinder and Z axis is 

along the height direction. The location of sonar is in the 

YOZ plane. It is shown in Fig. 4(a). 

It is supposed that the angle between the line which 

connects coordinate origin with sonar and the forward 

direction of Z axis is set as β. Distance between sonar 

and origin O is set as d. Intercept in the X axis is set as 

x, then point S can be obtained as following: 

 

0=xS  
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The side surface of cylinder is divided into some 

grids. The numbers of grids are m in radial direction and 
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(a)  

        

 
 

(b) 

 
Fig. 4: Coordination and grids (a) cylinder coordinates, (b) 

results of grids divided on the surface of cylinder 

 

those are n in height direction (as shown in Fig. 4(b). 

Supposing that the region ABCD on the surface of 

cylinder is located in the scanning region and the point 

A is corresponded to the region (i, j), so the point A can 

be written as: 

 

)/2cos( miRAx π=  

 

)/2sin( miRAy π=  

 

nHjAz /=                 (10) 

 

Similarly, the point B, C and D can be determined 

respectively. Considering the geometry relationship 

among points A, B, C, D, the coordinate values of points 

Px, Py and Pz can be gotten. According to the point P and 

point S, cos (r, n) can be confirmed. 

The end face of cylinder is divided into some grids. 

The numbers of grids are k in circumferential direction 

and those are t in radial direction, as shown in Fig. 4(b). 

Supposing that the region ABCD on the surface of 

cylinder is located in the sonar beam and the point A is 

corresponded to the region (i, j), so the coordinate 

values of point A can be written as: 

 

tkiRjAx /)/2cos( π=  

 

tkiRjAy /)/2sin( π=  

 

0=zA                (11) 

 

Similarly, if point A is on the top surface of the 

cylinder, then: 

 

tkiRjAx /)/2cos( π=  

 

tkiRjAy /)/2sin( π=  

 

HAz =                               (12) 

 

The condition of echo data produced by the regions 

is the same as that in sphere. It is as following: 

 

• According to the spatial location of sonar, the 

surface echo data is determined 

• θ is in the current scan angle scope 

• θ is less than half of the vertical detection range 

• The distance between P and Sis in a current 

scanning step 

• The angle, which is between the outside normal 

vector of point P at the surface of sphere and the 

vector of point S, is less than 90° 

 

In the condition (ii), θ  can be calculated according 

to the included angle between two lines and the positive 

and negative signs of angle can be determined as 

following: 

 

• When the value of intersection X0 in X axis is not 
equal to 0 (Fig. 5), scanning plane center line is 
intersected the plane XOZ at point Q. P is set as one 
grid center on the surface of cylinder, which has an 
effect on the echo at S. P′  is the projection point of 

point in the sonar scan plane. PS ′  is intersected 

with plane XOZ at point P0. Comparing the value of 
P0 and Q in X axis, the positive and negative 

situation of angle between PS ′  and centerline of 

sonar scanning plane can be confirmed. If P0x>Qx, 
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Fig. 5: Confirmation of the sonar scanning angle (X0 ≠ 0) 

 

       
   
                         (a)                                                     (b)  

 
Fig. 6: Simulation and test results of sphere (a) detected image, 

(b) simulated image 

 

       
 
                       (a)                                              (b)  

 
Fig. 7: Simulation and test results of cylinder (a) detected 

image, (b) simulated image 

 
the angle is negative value, otherwise, the angle is 

positive value. By the length of PP′  and SP′ , the 

angle from PS to sonar scanning plane can be 
gotten in condition (iii). 

• When the value of intersection X0 in X axis is equal 
to 0 (Fig. 5), the central axis of cylinder is in the 
sonar scanning plane. It can be assumed that if the 
coordinate value of point P′  in Z axis is greater than 
the intersection point between the sonar scanning 
centerline and Z axis in Z axis, the angle between

PS ′  and sonar scanning plane centerline is positive, 

otherwise it is negative. 

SIMULATION RESULTS AND ANALYSIS 

 

In order to evaluate the imaging simulation results 

of some single-beam forward looking sonar, some tests 

of objects detection were carried out. Objects were the 

hollow aluminum sphere )2.0( mr = and cylinder 

)3.0,3.0,1.0( mlmhmr === . Due to the limit of 

depth and width of the tank, the measurement range of 

sonar was less than 5 meters. Simulation and test results 

were in Fig. 6 to 8. 

In Fig. 6a, the sphere was placed at 4.2 m in front of 

the sonar and the offset angle to the sonar scanning 

center line was 02.4− . The corresponding simulation 

results were shown in Fig. 6b. In Fig. 7a, the cylinder 

was placed at 4 m in front of the sonar and the angle 

between the scanning plan and the axis of cylinder was
045 . The corresponding simulation results were shown 

in Fig. 7b and results in Fig. 6 and 7 were shown that: 

 

• From the imaging effect, the change of pixel values 

in the simulation image is not consecutive as in the 

actual image and they are different in the aspect of 

the intensity of the noise point and target point. The 

main reason is that the actual image data displayed 

is the non-linear processing results of echo data and 

the data simulated is processed directly by the 

threshold method. However, for the simulation 

purposes, the location information of object can be 

clearly shown in the simulated images, so the 

requirements of region recognition can be satisfied 

with.  

• From the aspects of target region, no matter the 

actual images or simulation images, the acoustic 

imaging outline of the sphere can be shown that it 

was composed of two parts. It is mainly because the 

sphere is not rigid entirely. Except that some sound 

waves are reflected in the form of reflection and 

scattering waves, another part of the incident waves 

penetrates the internal objects and stirs the sound 

field in the object. The inner sound waves is 

returned to the position of sonar through the 

reflection and transmission of inner surface. At the 

same time, under the action of the incident wave, 

some natural vibration mode of object will be 

excitated, thus some waves are generated with the 

vibration and these are also received by sonar. So 

the above-mentioned phenomenon is formed. It can 

be seen that the simulated image is consistent with 

the actual situation. 

 

For the forward looking sonar, image data are 

generated by the sampling transform of sonar data, so 

the image data is not the real value of echo intensity. It 

only reflects the strength relationship of echo signal, but 

for the narrative convenience, it is still referred as "echo 

intensity". 
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(a) 

 

 
 

(b) 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                         (c)                                                              (d) 

 
Fig. 8: Test data and simulation data in the same angle (a) data format gained in the tests, (b) data format gained in the 

simulation, (c) echo data received in the test, (d) echo data received in the simulation
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In Fig. 8a and b, the experimental and simulation 
data format of sphere is shown. It contains data head 
(112 characters), echo data (250 characters) and data 
end (20 characters).In Fig. 8c and d, the curve is 
generated according with the results in Fig. 8a and b. 

Compared the experimental data and simulation 
data, it can be found that:  

 

• It is difference in the maximum peak value of echo 
intensity. The reason is mainly that the data 
conversion in the simulation is not inconsistent with 
the actual sonar sensor.  

• In Fig. 8(d), there is interference of low noise, but it 
did not appear in Fig. 8(c). In fact, it is consistent 
with the actual situation of low noise in Fig. 8(d). In 
Fig. 8(c), due to the impact of noise suppression, 
the sensor is not sensitive for the low noise, so there 
is no noise. 

• The variable situation of echo signal in the 
maximum peak position of echo intensity is 
different. The reason is mainly that the model of 
sphere in simulation is ideal. But it is corresponding 
to each other at the maximum peak position. As a 
whole, the variable trend of echo data in simulation 
is consistent with that in real situation. Though 
there are different for the simulation results and test 
results in the variable trend of noise data and target 
data, the main purpose of the simulation is to obtain 
the position information of objects, so the 
simulation results can meet the requirement of 
mission. 
 
For the rigid cylinder, the simulation results are 

similar to those of sphere, so they are not restated here, 
but two points are emphasized as following: 

 

• In Fig. 7a, the change of sound intensity in the 
object area is more obvious, but its change is slow 
in Fig. 7b. It is mainly caused by the difference at 
the aspect of data processing.  

• There is difference for the cylinder and the sphere 
in the material. It lead that it is difficult for the 
incident wave to penetrate into the object, so the 
phenomenon of two acoustic imaging regions to 
one object does not appear in Fig. 7a, such as in 
Fig. 6. The results in Fig. 7b also show this 
situation. 

 
CONCLUSION 

 
The simulation of sonar data is important for the 

recognition of underwater objects. On the basis of the 
acoustic theory, a method of sound imaging simulation 
is proposed. Compared the results of acoustic image and 
acoustic data, it can draw the following conclusions: 
selecting the Kirchhoff integral formula to solve 
underwater scattering field of two typical targets, the 
echo data can be gotten better and they also reflect the 
actual detection conditions. The method is accurate and 
effective. 
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