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ABSTRACT

ACOUSTIC TRACKING OF SHIP WAKES

Onir, Cagla
Ph.D., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Kemal Leblebicioglu

January 2013, 78 pages

Theories about ship wake structure, bubble dynamics, acoustic propagation
through bubble clouds, backscattering and target strength of bubble clouds have
been investigated and related Matlab simulations have been carried on. Research
has been carried on algorithms for ship wake acoustic detection and tracking.
Particle filter method has been simulated with Matlab for target tracking using
wake echo measurements. Simulation results are promising.

Keywords: Acoustic, Bubble, Wake, Tracking.
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GEMILERIN DUMEN SUYUNUN AKUSTIK TAKIBI

Onir, Cagla
Doktora, Elektrik ve Elektronik Miuhendisligi Bolumu
Tez Yoneticisi: Prof. Dr. Kemal Leblebicioglu

Ocak 2013, 78 sayfa

Gemi dimen suyu yapisi, kabarcik dinamigi, kabarcik bulutlar arasinda akustik
yayilim, kabarcik bulutlarinin geri sacilimi ve hedef kuvveti ile ilgili teoriler
Uzerinde calisiimis ve ilgili Matlab benzetimleri yuratilmastir. Gemilerin diimen
suyunun akustik tespiti ve takibi i¢in algoritmalar Uzerine arastirma yurttiimustar.
Dimen suyu eko o6lgimlerini kullanarak hedef takibi yapabilmek igin parcacik
filtresi metodunun Matlab’da benzetimi gergeklestiriimistir. Benzetim sonuglari
umut vericidir.

Anahtar Kelimeler: Akustik, Kabarcik, Diumen Suyu, Takip.
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CHAPTER 1

INTRODUCTION

1.1 Literature

In the scope of underwater warfare, strong signature of ship wakes is attractive for
its exploitation in ship detection, tracking and classification. It is known that nations
are working on the development of wake-homing torpedoes and counter-
measures against wake-homing torpedoes.

Ship wake signatures are generally more distinct than the signature of the ship.
Also information about the ship’s heading and speed can be obtained from the
wake pattern. The most effective underwater sensor for detection is sonar.
Detection and tracking of surface ships using radar may be difficult due to the low
signal to clutter ratio and wake detection using sonar may be preferable [66].

The strong signature of ship wakes is due to bubbles found inside them. Ships
generate bubbles by propeller cavitation, by breaking of ship generated waves,
and by air entrapment in the turbulent boundary layer under the ship hull [6]. As
bubbles breakup, turbulent diffusion causes bubbles to mix and fragment.
Afterwards, turbulence decays and the bubbles of different sizes begin to rise at
different rates towards the surface due to their buoyancy. The main physical
processes affecting the bubbles in this phase are advection by local currents,
turbulent diffusion, buoyant degassing, and dissolution [1, 29].

Ship propeller and hull design, ship speed and maneuver affect the bubble
distribution and hence wake signature [6, 10, 15]. In various experiments, it has
been observed that ship wakes could last for about 15 minutes [1, 15].

As it will be detailed in the next chapter, bubbles are nonlinear oscillators. They
act as acoustic sources giving out characteristic acoustic emissions depending on
their entrainment procedure. Also they affect acoustic propagation such that
acoustic waves through the bubble cloud have frequency dependent average
sound speed and attenuation. Backscattering of the acoustic waves is observed
due to the scattering cross sections of the bubbles. These properties of bubbles
create the acoustic signature of ship wakes [2, 8].

Since 1940’s, various research have been made trying to understand the effects of
bubble clouds and the inverse problem of characterizing the structure of bubble
clouds [1-26, 29-31].

Various acoustic methods are used for probing underwater bubble clouds to
estimate parameters like average sound speed, average attenuation, target
strength, bubble size distribution and void fraction. Mostly used acoustic methods
for probing bubble clouds are pulsed and continuous wave forward propagation
measurements using separate projector and hydrophones, backscatter
measurements using multi-beam sonars, and measurements using acoustic
resonators. While each method has different advantages making it suitable for
bubble clouds with specific structures, best approach seems to be using a
combination of these methods [1, 3, 4].



Generally, for both forward and inverse problems, various simplifying assumptions
are made such as bubbles undergo linear, steady-state monochromatic
oscillations in the free field, without interacting. In reality, these assumptions fail
more or less especially in specific cases.

Most of the developed theories are effective medium theories which treat two-
phase bubbly mixtures as a single, homogenized medium. Hence, it is assumed
that the locations of the bubbles are independent from each other. In order to
accurately describe the acoustic propagation in clustered bubble clouds with void
fractions sufficiently high to make interactions between bubbles considerable,
modification of these theories by including correlation functions for the relationship
between the positions of the bubbles is necessary [1, 21].

Effective medium theories developed for the propagation of sound through bubble
clouds use different approaches like multiple scattering approach, continuum
approximation approach, and diagram approach. These theories treat the
propagation of acoustic waves through bubble clouds in a statistical sense which
is preferable because of the variability inherent in bubble clouds [1, 30].

High driving pressures make the linear bubble dynamics assumption invalid. A
case which necessitates the use of high driving acoustic pressure amplitudes
might be probing of a medium with high void fractions causing high attenuation.
High acoustic pressure amplitudes may be desirable also in low void fractions,
because they offer opportunities to gain information about the bubble cloud or to
enhance sonar operation by the exploitation of nonlinear effects [13, 18-20].

Adjusting various parameters of the insonifying signal, exploitation of nonlinear
effects in bubble clouds is possible. Actually it seems that marine mammals use
echolocation signals exploiting these nonlinear effects [13, 18, 24].

The resonant bubble approximation depends on the assumption that only the
bubbles at resonance with the insonifying field contribute significantly to
attenuation. It has been shown by various studies that including the effect of off-
resonance contributions improves the results of related estimations [9, 31].

In literature it is possible to find various experimental and theoretical work related
to modeling the ship wake structure [6, 7, 10, 15, 16, 17, 26, 29, 68, 90, 100, 102,
103, 117, 125]. On the other hand, a complete model of the ship wake structure
that includes the initial bubble distribution and the evolution of the bubble
distribution in relation with the ship and ambient parameters does not exist in the
open literature.

In [102], a ship wake model is formed for acoustic propagation studies. The mean
bubble density profile of the ship wake is constructed from the data found in the
literature. A separate stochastic function is used to form the random structure of
the bubble density.

More complex wake models have also been constructed in the literature. In a
recent work [103], it is stated that the wake of a ship is governed by the water
current pattern in the wake. Bubbles are distributed in the water by the wake
currents. Besides the acoustic signature created by the bubbles, the currents in
the wake can also create an acoustic signature.



In [66], a detection and tracking algorithm is described to detect and track a ship.
The strong noise created by propeller cavitation is used to estimate the bearing of
the starting point of the wake. Then a linear feature corresponding to the wake is
determined using a high frequency active sonar. This increases the confidence of
target detection and also provides initial estimates of target position and velocity.
Kalman filter is used for tracking the starting point of the wake, hence the target
ship.

In literature [18], exploiting the nonlinear dynamics of the bubbles stands out as a
promising method for detecting ship wakes. The insonifying signal could be
adjusted such that while linear scatterers give little or no response, response from
ship wake bubbles is high enough for detection.

There are also papers [17] dealing with modelling the echo signals of ship wakes
insonified by an active sonar. Matched filter and energy detector are among the
detectors used on the echo time series. The effect of parameters such as distance
to the ship, the aspect angle, and the source frequency is investigated using the
echo models developed.

1.2 Contributions

In this thesis, research is carried on ship wake acoustic detection and tracking. A
simulation environment is developed in Matlab and results of related numerical
experiments are given.

The wake model described in [102] is taken as the basis for the wake profiles used
in this thesis. Since the mean bubble density profile of the wake model in [102]
depends on data found in the literature, it is supposed that the wake model will
give realistic and sufficient results for the studies related to this thesis.

The wake model described in [102] is simulated with some modifications. Mainly
the bubble size distribution of the wake model is changed, taking into account that
small sized bubbles last for a longer time than bigger sized bubbles.

Receive level profiles when insonifying ship wake are obtained using this wake
model. Some features of the ship wake echo level pattern that could be exploited
for detection and tracking are outlined.

Particle filter method is implemented for target tracking based on wake echo
measurements. Particle filter method is used instead of Kalman filter method,
since wake echo measurement is a nonlinear function of target position.
Compared with the method in [66], it is not necessary for the target, namely the
start point of the wake, to be inside the search range.

Two articles have been prepared from this thesis for submission [223, 224]:

1) C. Onur, K. Leblebicioglu. “Ship Wake Acoustic Tracking Using Particle Filter”.
IEEE Journal of Oceanic Engineering, 2013.

2) C. (")nUr_, K. Leblebicioglu. “Wake Tracking with Particle Filter”. 21. IEEE Sinyal
Isleme ve lletisim Uygulamalari Kurultayi, 2013.
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1.3 Thesis Plan

In Chapter 2, the theoretical information found in the literature about bubble
dynamics, acoustic propagation through bubble clouds, and backscattering and
target strength of bubble clouds is given. In Chapter 3, ship wake structure models
found in the literature and the model used are explained. Also, examples for wake
echo level profile obtained using the wake model are given. In Chapter 4, the
algorithms for ship wake acoustic detection and tracking are explained. In the
References chapter, there is an extensive list [1-224] of literature about bubble
acoustic behavior, ship wake measurements, and target tracking.



CHAPTER 2

BUBBLE THEORY

2.1 Bubble Dynamics

For a static gas bubble in a liquid, the internal pressure Py, of the bubble which is
formed by the pressure of the gas Pyas and the pressure of the liquid vapour P,y

inside the bubble is equal to the sum of the liquid pressure Rjg at the bubble wall

and the pressure resulting from the surface tension Py that tries to keep the
bubble intact. In equilibrium, the liquid pressure Bjj; at the bubble wall is equal to

the pressure in the liquid P,, far away from the bubble [2].

An excess pressure inside the bubble that makes the pressure of the gas within
the bubble greater than the dissolved gas in the liquid just outside the bubble is
formed to balance the surface tension pressure. Hence, the bubble tends to
dissolve. This causes the concentration of the dissolved gas in the liquid at the
bubble wall to exceed the concentration far away from the bubble. As the bubble
dissolves because of this concentration difference, the size of it reduces making
the surface tension pressure increase. Hence, the general tendency of the bubble
is to dissolve [2].

Bubbles are actually nonlinear oscillators. For simplicity, they are modeled as

linear oscillators. The equation of motion for a bubble as a linear oscillator driven
by a force can be written as

2
md7 b9 o (2.1)
di2  dt

where m is the mass, b is the damping coefficient, S is the stiffness, F is the

force applied on the bubble, and ¢ is the associated radial displacement of the
bubble wall [1, 2].

Mass in Eqg. (2.1) is actually equal to the mass of the entrained fluid which is three
times the mass of the fluid displaced by the bubble. So m is given by

m=po4m° (2.2)
where p, is the fluid density and a is the bubble radius [1].

If the gas inside the bubble is assumed to behave as an ideal gas, the relation
between pressure inside the bubble and the bubble volume can be written as

R/t —c | 2.3)



where y is the ratio of specific heats for the gas inside the bubble, d and e
account for the changesin y, and C is a constant [1].

The damping coefficient and the stiffness for the bubble in Eq. (2.1) are given by
[1]

b= 22787t (2.4)
W

s =12maydPy; (2.5)
where w=2xf is the angular frequency of oscillation.

Since the bubble is modeled as a linear harmonic oscillator, its angular resonance
frequency is the square root of the ratio of the bubble stiffness to the mass of the
entrained fluid which can be written as [1]

W, = 2, =+ [Pt 2.6)
ay po

The damping constant for the linear oscillator defined by Eq. (2.1) is given by
o =b/wm (2.7)
and for the bubble, it is the summation of three components: the damping constant

S, due to radiation, the damping constant &, due to thermal conductivity, and the
damping constant &, due to shear viscosity. Hence it can be expressed as [2, 3]

S=0p +3 +0, . (2.8)

Different formulations exist in the literature for the damping constants. In [2], under
some assumptions, they are formulated as:

Wy xa

Sy (2.9)

c
5 =441x1074 [f, (2.10)
5, =210 . (2.11)

WO

The energy subtracted by the bubble from the energy of an incident acoustic wave
is represented by the extinction cross-section which is the summation of the
scattering and absorption cross-sections of the bubble. The absorption cross-
section is the summation of the thermal dissipation and viscous dissipation cross-
sections. The ratio of the energy losses due to radiation, thermal conductivity, and
shear viscosity, hence the ratio of the related cross-sections, are in the ratio of the
related damping constants [2].



If an oscillating force with frequency f is applied to the bubble, according to the
linear equation in Eq. (2.1), the bubble wall will oscillate with the same frequency.

Hence, if F=Me M s the applied force, the radial bubble wall displacement is

given by ¢ = De W The radially oscillating bubble creates a spherically symmetric
radiation field. The pressure for this radiation field can be written as

ej(Wt_kr)
Psct = Af , (2.12)

where A is the amplitude of the scattered pressure wave at one meter distance
from the bubble, r is the distance from the bubble, and k=2z/1 is the
wavenumber where A is the wavelength [1].

Using F=Me M and &=DeM™in Eqg. (2.1), the amplitude D of the radial bubble
wall displacement is found as

oo 1 Pndm?®

- , (2.13)
2
wm [Wg — }+ jo

W2

where B, is the amplitude of the incident pressure [1].

The particle velocity for the spherical radiation field of the bubble can be written as
u= jwe (2.14)
in terms of the bubble wall displacement.

Using the relation

OPsct ou
hset _ 22 2.15
or P (2.15)

and Eg. (2.7), the scattered spherical pressure field in relation to the particle
velocity is found as [1, 32]

PoC
_
kr

Using Eg. (2.7), Eq. (2.8), Eq. (2.12), Eq. (2.14), and assuming that ka <<1, the
amplitude A of the scattered pressure wave one meter away from the bubble is

Psct = u. (2.16)



found to be [1]
Rncae @
5 .
{W‘)—l} i
2
w
The scattering coefficient s of the bubble is defined as the ratio of the amplitude

of the scattered pressure wave to the amplitude of the incident pressure wave.
Hence, the scattering coefficient is given by [1]

A (2.17)

jka
s A ___ %" (2.18)

Pnc [ w2 :
(2— +jo
w

The scattering cross section of the bubble is defined as the ratio of the total
scattered power to the incident intensity. Therefore, it is given by [1]

2 2
oo —ap N 4m . (2.19)

2 2
P. 2
| |nc| {Wo _]} +52

W2

Since the damping constant due to radiation is given by &, =ka, the absorption
cross-section and the extinction cross-section can be written as [2, 19]

ot
e e (2.20)
W2 2
-1 +6
W
and
47za2[k5j
Cp=— 2 (2.21)

Although the linear model given above is used for simplifying the things, as
mentioned before, bubbles are nonlinear oscillators. One of the cases where the
necessity of using a nonlinear model arises is the case of high driving pressures.
Since the bubble has a finite radius, increasing the amplitude of the driving
pressure cannot increase the amplitude of the scattered pressure in proportion
[19].

Examining the physics of the oscillation process, various formulations giving the
relationship between the bubble response and the driving pressure have been
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derived. One of those formulations is the modified Herring-Keller equation given
by

(&) 3., 1a a1 a)) a dpjg(t)

where a is the bubble radius, a is the instantaneous bubble wall velocity, & is the
instantaneous bubble wall acceleration, p, is the hydrostatic pressure in the

liquid, pjq is the liquid pressure at the bubble wall, and pj,. is the driving
pressure [2, 24].

The liquid pressure at the bubble wall is given as

3k

2 a 2 4na

Piiq =[p0+_6j(_J _co_%na (2.23)
a )\ ag a a

where 7, is the shear viscosity of the liquid, o is the surface tension, a, is the

bubble radius at equilibrium, and x is the polytropic index of the gas inside the
bubble [24].

Assuming that the liquid is incompressible, the scattered pressure at a distance r
from the bubble is given by [24]

22,4

afl1 . a“a
Psct 2?[5,032 + Plig — poo]_p o (2.24)

If the driving pressure-bubble volume curve is plotted, the area of a loop in the
curve is the energy subtracted from the incident acoustic wave in the time interval
corresponding to that loop. The time-dependent nonlinear extinction cross-section
of the bubble can be found by dividing the power loss calculated from the driving
pressure-bubble volume curve in a specific time interval by the intensity of the
driving pressure [20].

2.2 Acoustic Propagation through Bubble Clouds

A bubble cloud changes the sound speed and attenuates the amplitude of an
acoustic wave travelling through, in amounts depending on the frequency of the
wave. The acoustic wave is scattered by the bubbles and the scattered waves
interact with other bubbles. The coherent summation of these scattered waves
with phase lags and leads results in an acoustic field with a sound speed
fluctuating around a frequency dependent mean sound speed. The scattering of
the acoustic wave, the thermal and viscous dissipation at the wall of the bubbles
cause the amplitude of the wave to attenuate. The attenuation also fluctuates
around a frequency dependent mean attenuation. The fluctuations in the sound
speed and attenuation tend to increase as the wave travels through the bubble
cloud.



Several theories have been developed modeling the propagation of acoustic
waves through bubble clouds. Most of the developed theories are effective
medium theories which treat two-phase bubbly mixtures as a single, homogenized
medium. Effective medium theories use different approaches like multiple
scattering approach, continuum approximation approach, and diagram approach.
These theories treat the propagation of acoustic waves through bubble clouds in a
statistical sense which is preferable because of the variability inherent in bubble
clouds [1].

According to the multiple scattering theory, originally developed by Foldy, a
particular configuration of bubbles forms a scattering chain. The pressure field at a

point r for an acoustic wave propagating through this scattering chain can be
found from the equations:

p(r)= Po(r)+§5(ai )o'(6)6(r. 1) (2.25)

p' ()= po(ri )+ Ts(a)p' (r J(r. 1) (2.26)

i'#i

where p, is the pressure field in the bubble-free medium, s(a;) is the scattering

coefficient for the i bubble, p'(r;) is the incident pressure at the i" bubble, and
G(r, ri) is the free-space Green’s function [1, 30].

The free-space Green’s function where r; is the source point and r is the
observation point is written as

(2.27)

For most applications, acoustic wave equation is defined as a linear, hyperbolic,
second-order, time-dependent partial differential equation [33]:

1 02
vip==2P (2.28)
c“ ot

If a harmonic solution is assumed for the acoustic pressure, then Eqg. (2.28)
becomes

VZp+k?p=0, (2.29)

which is the Helmholtz equation [33].

The following relation holds for the free-space Green’s function:

(V2 +k2 )50, 1)= 4zl ) (2.30)

where k, is the wavenumber in the bubble-free medium [1].

10



The average pressure field can be obtained by taking the average of Eq. (2.25) by
multiplying it by the joint probability density function of the bubbles in the volume
of the bubble cloud interacting with the acoustic wave and integrating over the
domains of the random variables [1].

The joint probability density of the bubbles can be written as
p(rl,...,rN,al,...,aN) s (231)

where N is the number of the bubbles in the volume of the bubble cloud
interacting with the acoustic wave, the random variables r; and a; are the position

and radius of the i bubble. If the locations and the sizes of the bubbles are
independent, the joint probability density of the bubbles can be written as

p=M/N)Nn(r,a)n(ry,a,).0(ry.ay) (2.32)

where n(r;,a;) is the average number of bubbles per unit volume at position r,
with radius a; [1].

Assuming that the locations and the sizes of the bubbles are independent and
using Eq. (2.25) and Eg. (2.32), the average pressure field is obtained as

(p(r)) = po(r)+\{fsi<pi(ri )>G(r1ri n(r;, a )daydr; . (2.33)

Assuming that the acoustic wave is scattered only once by any bubble in the
chain, Eq. (2.33) can be written as

(p(r))=po (r)+\{jsi (p(r )G(r, 1 n(r & )daydr; . (2.34)

If the Helmholtz operator (VZ +k§) is applied to both sides of Eq. (2.34), using the
relation in Eq. (2.30), the wavenumber k for the bubble cloud medium is found as

(1]
k? =k2 +4z[sn(r,a)da . (2.35)
Expanding the scattering coefficient, Eq. (2.35) becomes

an(r,a)

(fOf(a)Jz -1+ js(a)

The effective medium for the bubble cloud is described by the complex
wavenumber k. Since amplitude of an acoustic wave propagating through the

k2 =k2+4z] da . (2.36)

bubble cloud is proportional to e~ which can be expressed as

11



efjkr _ efj Re{k}relm{k}r (2.37)

the average sound speed and average attenuation coefficient for the bubble cloud
as a function of frequency are given as [1]

27
c(f)=m , (2.38)
and
a(f)=—Imk(f)} . (2.39)

The pressure field is a random function of position, it can be written as the sum of
the average pressure field and the fluctuating pressure field [25]:

p(r)=(p(r))+p¢ (r) . (2.40)

The average field is mentioned as the coherent field and the fluctuating field is
mentioned as the incoherent field. The coherent intensity, the incoherent intensity,
and the average intensity of the field are defined respectively as [25]:

1o(r)=|(p) (2.41)
Ii(r)=<|pf(r)|2> : (2.42)

(1) = ([Pl )= 160)+ 1) (249

The variance of the pressure field is equal to the incoherent intensity:

af, :<pp*>—<p>< p*> . (2.44)
Whereas the coherent intensity decays as a result of both scattering and
absorption, the average intensity decays as a result of absorption. Hence the
coherent intensity decays with range, and the incoherent intensity converges to

the average intensity [1].

The variance for a particular configuration of bubbles can be approximately
calculated from [1]:

\{ISiSi*< p(r )>< p*(n )>Ge (r,1)Ge (r i n(r; & Jdaydr;
(2.45)

where G, is the free-space Green’s function for the effective medium.
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Eq. (2.25) for the pressure field at a point r for an acoustic wave propagating
through the bubble cloud can be expanded as [1]

p(r)= Po(r)+§5i Po (1 )5(r.1;)

+Y ¥ si1Si2 Po (1i2)5(rig, 1i2)G(r.1ig )

ili2=il

+Y ¥ YsisiaSiaPo(riz )Gz, 1ig)G(rig. 12 )G(r,rig )

iLi2#i1i32i2
+...
= Po(1)+ Psa(r)+ Psa(r)+ ps3(r)... . (2.46)
Using the expansion in Eq. (2.46), the average pressure field can be written as [1]

(p(r))=po (f)+\£J5i Po (1 )G(r, 1 )n(r;, a )daydr;
+\£Isi15i2 Po (2 )G (ri2, 1i2 JB(r, 1i2 Jn(Fig. Tiz. @31, @2 Jdayy daypdirigdri

+... (2.47)

For a Poisson distributed bubble cloud, the average attenuation coefficient and the
average sound speed versus the total number of bubbles estimated using the
effective medium theory described by Egs. (2.36-2.39) are given in Figure 2.1 and
Figure 2.2 respectively. The bubble radius is taken as 100 ym and the source
frequency is 32.675 kHz.
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Figure 2.1 Average attenuation coefficient versus number of bubbles.
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In Figure 2.3 and Figure 2.4, the average attenuation coefficient and the average
sound speed versus the source frequency are given respectively. The bubble
cloud is Poisson distributed, contains 5000 bubbles with a radius of 100 pm. From
Figure 2.3 it can be seen that although the greatest attenuation is near the
resonance frequency, there is also a considerable off-resonance contribution to
attenuation.



In Figure 2.5 and Figure 2.6, the average attenuation coefficient and the average
sound speed versus the source frequency are given respectively for a Gaussian
bubble size distribution of 5000 bubbles with a mean radius of 165 ym.
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Figure 2.3 Average attenuation coefficient versus source frequency.
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Figure 2.4 Average sound speed versus source frequency.
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Figure 2.6 Average sound speed for a Gaussian bubble size distribution.

For a Poisson distributed bubble cloud of 1 m® containing 500 bubbles of radius
100 pym, the average attenuation coefficient is also estimated using multiple
scattering theory described by Eq. (2.46). The attenuation coefficient is calculated
from the ratio of the pressure magnitudes at two different locations. The average
over 1000 trials is used for the pressure magnitudes. The source frequency is
taken as 32.675 kHz. While the average attenuation coefficient considering only
single scattering is found as 0.0241, the average attenuation coefficient
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considering both single and double scattering is found as 0.0233. The value found
from Eq. (2.39) and shown in the graph in Fig. 2.1 is 0.0238.

For clustered bubble clouds, the joint probability density of two bubbles can be
written as

p=(/N) g(r —ran(r, a)n(rp,a7) (2.48)

where g(|r1—r2|) is the pair correlation function of the bubble pair. For
uncorrelated bubble pairs, its value can be taken as one [1, 41].

For clustered bubble clouds in which not only single scattering but also double
scattering is effective, but triple scattering is negligible, Eq. (2.47) can be written
as [1, 41]

(p(r)) = po (r)"'\{ISi Po (1 JG(r 1 )n(r; & )daydr

+\£J siSiz Po (1i2 )85z, 1 J( iz )a(ria — i (ria, @ia In(riz @i, Jdayg dapdrg i
(2.49)

Using the pair correlation function in calculation of the joint probability density
function instead of assuming independent bubble positions gives more accurate
results for the average pressure field calculations [1].

Using measurements of average attenuation and sound speed over a range of
frequencies, Eg. (2.36) can be inverted to find the bubble size distribution n(a). A

simple inverse operator for Eq. (2.36) is not available; hence various methods
have been developed that make some assumptions for the inverse calculation [1,
9].

In the resonant bubble approximation, it is assumed that only the resonant
bubbles contribute significantly to attenuation, bubble distribution changes slowly
about the resonance radius, § is constant, and surface tension is negligible. Then

the bubble size distribution can be found by inverting Eq. (2.36) as
n(a)=4.6x107° f3o(f) (2.50)

where a(f) is in dB/m. If the depth is included as a parameter, Eq. (2.50)
becomes [9, 10]:

46x107°f 3a(f )
1+0.1z

1

(2.51)

n(a)

An iterative approach described in [9] can be followed to obtain the bubble size
distribution more accurately than the resonant bubble approximation method. The
true attenuation is denoted by g, and the true bubble size distribution by n, . The
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resonant bubble approximation is represented by the operator RBA acting on S ,

Eq. (2.39) is represented by the operator FT acting on n, and the inverse of FT
actingon g,is FT ~1. Then the following steps can be tracked to find the bubble
size distribution from a given attenuation function over a range of frequencies:

no = RBAG = FT YA ]=n,
n,=ng—ng ,
o =FT[no]=FT[n —n,]= 4 ~FTIn,] .
ny = RBA[S,]=n, —RBA[FT[n. ],

n. =RBA[FT[n.] .

N =Ng +N, ~Ny +N, =Ny +(ng —ni)=2n, —nf, . (2.52)
In [18, 20], a nonlinear model is used for calculating attenuation and sound speed
through bubble clouds. For inversion to estimate the bubble size distribution, it is
assumed that the bubble cloud is homogeneous and bubbles are oscillating in
steady state.

The bubble cloud volume is the sum of the water volume and the gas volume:
Ve =Vy +Vg , (2.53)
and from mass conservation:
PcVe =puNw +pgVy - (2.54)
The bulk modulus is defined as [2]:

v (2.55)
dv

Differentiation of Eq. (2.53) with respect to the applied pressure, the following
relation between the bulk moduli is obtained:

1

<

_Yw Vg

Vet Vo1 259
B V¢ By Ve By
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If the bubble cloud was not dissipative, the following relation could be written for
the sound speed through the bubble cloud:

Co =% . (2.57)

For the dissipative bubble cloud the function &, is defined as

-1
B V V, \%

£o= =% = c w_,_ 9 , (2.58)

Pec PuVw +pgVg | VeBw  VcByg

which can be approximated as
-1/2
BuVy(t)

~Cy| 1+ , 2.59
e w[ VeBy (0 (2.59)

under low void fraction conditions. If the inhomogeneous bubble cloud is divided
into volume elements in which bubbles are subject to the same pressure change,
then for the volume element the function & is

1/2
N 2 J dVJ(t)
Sy NCW[]'_/OWCW jglnj(Roj )W ' (2.60)

where n; (Roj ) is the number of bubbles per unit volume with an equilibrium radius

of Ry, . The function dV; (t)/dR (t) is found from the appropriate bubble dynamics

model.

For a nonlinear lossless bubble cloud, dV;(t)/dR(t) varies throughout the

oscillatory cycle and the locus of points in the pressure-volume plane is a line
which is not straight. The speed of sound varies throughout the oscillatory cycle
and is given by Eqg. (2.60). If the bubble cloud is dissipative, the locus of points in
the pressure-volume plane forms loops with finite areas. In this case, the speed of
sound can be inferred from the spine of the loop [18, 20].

As mentioned before, the area of a loop in the pressure-volume curve is the
energy subtracted from the incident acoustic wave in the time interval
corresponding to that loop. The time-dependent nonlinear extinction cross-section
of the bubble can be found by dividing the power loss calculated from the driving
pressure-bubble volume curve in a specific time interval by the intensity of the
driving pressure.

In [20], a method of inversion of the measured attenuation over a range of
frequencies is described to estimate the bubble size distribution. The attenuation
measured at a number of discrete frequencies is given by the matrix
representation:
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a=Kn , (2.61)

where n is the bubble size distribution giving the count of bubbles at a number of
discrete bubble radii. The elements of the matrix K are defined as

Ky = jQEXt(wq,Roj )Bj(Roj )dRo , (2.62)
0

where BJ(ROJ.) is the j™ spline function for the representation of the continuous

bubble size distribution, and QEXt(wq,Roj) is the extinction cross-section of a
bubble with radius ROj when the driving frequency is wg . In equation Eq. (2.62),

the nonlinear cross-sections calculated from the pressure-volume curves of the
bubble are used.

For finding the bubble size distribution, a simple matrix inversion for Eq. (2.61)
cannot be used. Optimum distribution is given by the expression

Nopt = (KT K+l Tl(KTa) , (2.63)

where g is the regularization parameter [20].

2.3 Backscattering and Target Strength of Bubble Clouds

For a mono-static configuration of the source and the receiver, namely the
locations of the source and the receiver being the same, the backscattered
pressure signal p(r) received at the receiver from the portion of a bubble cloud

containing N bubbles insonified by a source pressure signal can be written as

p(r)= _%1% (i )s(a B (r.ri) (2.64)

I
assuming only single scattering is important [1].
The pair correlation function, showing the clustering in the bubble cloud can be
found from correlation of the backscattered pressure signals from different

locations of the bubble cloud. Correlation between backscattered pressure from
two different locations can be written as

(p1(r)p2(r)) Z\{\{HS(&i )S(aj )po 1 )Po (rj Jo(r, v )Gl r| )“(aiaaj il )daidajdfidrj :

(2.65)
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Using Eq. (2.48), Eq. (2.65) can be rewritten as
(P(r)pa(r)) =\£\£”S(ai)s(aj )po(ri)po(rjb(r’ fi)G(ﬂ r )gqri —rj|)1(ai, ri)”(aj,fj )daidajdridrj
(2.66)

Assuming that the pair correlation function is independent of position, the following
expression can be written from Eq. (2.66):

B <p1(r)p2(r)>
o(d)= <Pl(r)>< Pz(r» '

where d is the distance between the considered backscattering locations of the
bubble cloud [1].

(2.67)

For an active sonar signal with pulse shape x(t) and spectrum x(f ) the received

signal, namely the echo from the insonified portion of the bubble cloud can be
written as

yO= [ SX(F)s@)H NG e 12 (2.68)

f=—c0i=1

The received spectrum is [12, 17]

Y(f):i%x(f)s(ai JH (1, 1)G(r,5) . (2.69)

Signal processing like matched filtering can be applied on this received signal for a
better discrimination of the bubble cloud.

The target strength TS of an underwater target refers to the magnitude of the
echo from the target. It is defined as:

TS :10|og'|—r , (2.70)

where |; is the incident intensity and |, is the reflected intensity referred to 1 m
from the center of the target [27].

If V is the insonified volume of the bubble cloud and Sq is the scattering cross-
section per unit volume, then the target strength can be written as [3]:

TS :lOIog[S—SVj . (2.71)
4
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The scattering cross-section per unit volume is [3]:

(2.72)

For a mono-static configuration of the source and the receiver, the active sonar
equation can be written as:

RL=SL+TS-2TL-2TL, , (2.73)

where RL is the receive level, SL is the source level, TL is the one-way
transmission loss, and TLy, is the one-way transmission loss caused by the bubble
cloud.

Transmission loss is given as

TL:10Iog[:—°J , (2.74)

r

where 1, is the intensity at the initial point and |, is the intensity at the arrival
point [27]. It can be written as the sum of spreading loss and absorption loss:

TL=20logr +arx10~ , (2.75)

where r is the distance travelled in meters, and «a is the attenuation coefficient
due to absorption in dB/km.

Transmission loss caused by the bubble cloud is given as
TLy =4.34x S xr , (2.76)

where extinction cross-section per unit volume of the bubble cloud is

s, = Taen(a)da _ ‘]"47@2(5/ ka)n(a)da
0

2

== +6?

W
In [3], an iterative technique has been described for estimating the bubble size
distribution from measurements of receive level for different source frequencies.

Using Eq. (2.72) and Eq. (2.73), the scattering cross-section per unit volume can
be expressed as:

2.77)

10logS = RL— SL +2TLy, + 2TL—10logV +10log4r . (2.78)
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For the different source frequencies, Eq. (2.69) is expressed as:

sdi :O[oo-sfi n(a)da , (2.79)
0

and an initial guess is made for n(a). Using this initial guess for the bubble size

distribution, Eq. (2.79) is calculated for the different source frequencies used in the
measurements. Calculated scattering cross-section values are compared with the
ones found from Eq. (2.78) and the bubble size distribution n(a) is adjusted

accordingly.
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CHAPTER 3

SHIP WAKE ECHO

3.1 Ship Wake Structure

Ships generate bubbles by propeller cavitation, by breaking of ship generated
waves, and by air entrapment in the turbulent boundary layer under the ship hull
[6]. As bubbles breakup, turbulent diffusion causes bubbles to mix and fragment.
Afterwards, turbulence decays and the bubbles of different sizes begin to rise at
different rates towards the surface due to their buoyancy. The main physical
processes affecting the bubbles in this phase are advection by local currents,
turbulent diffusion, buoyant degassing, and dissolution [1, 29]. Ship propeller and
hull design, ship speed and maneuver affect the bubble distribution and hence
wake signature [6, 10, 15].

In literature it is possible to find various experimental and theoretical work related
to modeling the ship wake structure [6, 7, 10, 15, 16, 17, 26, 29, 68, 71, 90, 100,
102, 103, 117, 125]. On the other hand, a complete model of the ship wake
structure that includes the initial bubble distribution and the evolution of the bubble
distribution in relation with the ship and ambient parameters does not exist in the
open literature.

In various experiments, it has been observed that ship wakes could last for about
15 minutes [1, 15]. Usual values for ship wake length, depth and width are
approximately 1500 m, 10 m, and 30 m respectively. Commonly, wake depth is 2
times the ship’s draft and width is 5 to 10 times the ship’s beam [15]. Actually, ship
wake can be modeled as being composed of a central wake formed by propellers
and the hull, and left and right wakes caused by the bow waves [17].

It is common to represent mean bubble density in the ship wake as a function of

bubble radius with power law or quadratic equations. Using power law, mean
bubble density can be written as

n@a a a®, (3.1)
where s takes values between 2.5 and 4 [6, 10, 102].

In [102], a ship wake model is formed for acoustic propagation studies. In this
model, the mean bubble density profile of the ship wake is constructed from the
data found in the literature. A separate stochastic function is used to form the
random structure of the bubble density.

The mean bubble density N(x,y,z,a), namely the mean number of bubbles per
m? at location (x,Y,z) with radii between a and a+da is written as

N(%,¥,2,8) = Ny (-Ny (¥)-N, (2).A8) (3.2)
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where N,(x), Ny(y), and N,(z) are separable functions giving the x, y, and z

axes (range, cross range, and depth axes) dependence of the bubble density and
A(a) is the bubble size distribution. In Figure 3.1, the representation of wake

range, wake cross range, and wake depth axes is given.
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Figure 3.1 Representation of wake axes.

The void fraction u(a) is defined as the volume of air per m® formed by bubbles
with radii between a and a+da and written as

u(a) =[§M3JN(8.) . (3.3)
The bubble size distribution is given as
A@)=a* (3.4)

for bubble radii between 50 ym and 1000 ym.

Along-wake dependence of the bubble density is given as

(73.10‘3)[5}13.3
N, (x) =10 v : (3.5)

where v is the speed of the ship.
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Cross-wake dependence of the bubble density is given as
~(yl0)?
Ny(y)=e , (3.6)

where the parameter o depends on the distance astern.

Depth dependence of the bubble density is given as

N,(z) =N, (z = 0).e[D’°°e“2) , (3.7)

where the parameter D defined as the characteristic depth of the wake depends
on the distance astern. Varying the constant parameter coeff 2 forms a deeper or

shallower wake.

In order to randomize the wake profile defined by Eq. (3.2), the following steps are
applied: A zero-mean Gaussian distribution is formed with unit variance for along-
wake and cross-wake axes. The desired correlation of the field in x and y
directions is obtained by convolving the field in x and y directions by a suitable
kernel. This field referred as corr(x,y) is scaled by the constant parameter coeff 1
for adjusting the variance of the field and the field is biased to make the center
value unity. The resultant field is used to scale both N,(z) and the parameter D

in Eq. (3.7) to obtain N g (X y,2) which replaces N,(z) in Eq. (3.2):

z
N3 rand (X, ¥, z) = (coeff Lcorr(x, y) +1)N, (z = 0).e [(Coeffl'corr(x’y)+1)'D/C°eff2j . (3.8)

In Figure 3.2, bubble density profile of the wake obtained by simulating the model
in [102] is given. The locations of the yz-plane, xz-plane, and xy-plane are at
x=650 m, y=6 m, and z=2 m respectively. The bubble density profile is for a bubble
radius of 160 uym. The following values are used for the parameters:

o(t)=[12.5,12.1,12.6,15.7,17.1,19.1,30] m,
D(t)=[7.4,8.3,9.0,7.0,5.3,2.5,1.3] m,
t =[75,125,175, 225, 275, 325, 375] s,
v=7.5 m/s,

coeff 2=2.3,
coeff1=1.5,

kernel dimension for corr(x,y) =[10,10]. (3.9)
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Figure 3.2 Bubble density profile of the simulated wake.
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Figure 3.2 (continued).

For the mean bubble density profile, namely for coeff1=0, void fraction values

and bubble density values at different wake ranges and for different bubble radii
are given in Table 3.1. Depth and cross range values are taken as 3 m and 6 m
respectively.

Table 3.1 Void fraction and bubble density values

Bubble radius Distance (m) Void fraction w.r.t. Bubble density
(um) bubble density #/m®/um)
160 500 3.26*10™"° 19.00
160 1000 2.30%10™"° 13.41
400 500 1.30*10™"° 0.49
400 1000 0.92*10™"° 0.34

More complex wake models have also been constructed in the literature. In a
recent work [103], it is stated that the wake of a ship is governed by the water
current pattern in the wake. Bubbles are distributed in the water by the wake
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currents. Besides the acoustic signature created by the bubbles, the currents in
the wake can also create an acoustic signature.

In [103], two different wake models are investigated. Given an initial condition just
behind the ship, these models describe the evolution of the far field wake currents.
The Swanson model is intended for flows created by the movement of the hull of
the ship through the water and the Chernykh-Loitsyanskiy model is intended for
flows created by the propeller of the ship.

In the Swanson model, the width of the axial wake b is expressed as the result of
the contributions of ship turbulence, wake turbulence, and ambient turbulence:

b=d./0.2066(x/d *'25 + 2fcp (x/d)+10%t1.348-10~7 d /7 (x/Ud 'O/ + 3.4, (3.10)

where d is the ship beam, U is the ship speed, f is the ratio of wave drag to total
drag, and cp is the total drag coefficient.

The axial (x-direction) velocity of the wake current is given as:

_05fepUdn [ (v [ x(z2)
Vy (X, y’Z)_—b(x)h\/; exp[ (bj }exp( 4(hj } , (3.12)

where h is the ship draft. Eq. (3.11) is found by equating the amount of axial
momentum in the wake to the momentum radiated forward by the ship and
assuming a Gaussian profile for the cross wake and vertical directions.

A vortex pair is defined behind the ship. A mirrored virtual vortex pair above the
water is assumed to model the free surface condition. The y-direction and z-
direction velocities of the wake current are given by the sum of the contributions of
these four vortices. A vortex is described by a circulation T":

I'=2aVi(r) , (3.12)

where Vi (r) is the tangential velocity due to the vortex at a distance r from the
vortex center.

The circulation decays with time and the depth of the vortices Z, and the
separation between them b, change with time. The initial value of the circulation
is given as

T, e (3.13)
07 21, '
at
2
to :M , (3.14)
I'o
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where | is the ship length, f,, is the ship hull form factor, and the parameter Cp
is defined as

d 3/2
cp:1.5[—j . (3.15)

The circulation T'(r) can be expressed as
r(r)=r, 20 (3.16)
dr

with 7 =t/ty and

G(r) = -1, (3.17)

with f=0.598+0.396f, and p=39-27f; where f; is the measure of the
ambient ocean surface turbulence.

The vortex pair separation is given as

b, =dli+ 12G(x)/2) for f,=0  (3.18)

by :d(1+(,/ftfhze(r)+1—1)/ftj . for f,>0  (3.19)

The depth of the vortex pair is given as

b d
z, =f, ?V+(1— f, )E : (3.20)

The y-direction and z-direction velocities of the wake current are given as [103,
105]:

() z+2, z+2Z,
\ (X!YIZ):_ -
y 27 | (y=by 122 +(z+2,)* (y+b, /2 +(z+2,)?

-7, 3 -7, ’ (3.21)

by 2P+ (-2, (y-by /2P + (-2, F
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O y—b,/2 N y+b, /2
2z (y_bv/2)2+(z+zv)2 (y+bv/2)2+(z+zv)2

Vi (x.y,2) =

B y+h, /2 . y—b,/2 1 | 3.22)

(y+bv/2)2 +(Z_Zv)2 (y_bvlz)2 +(Z_Zv)2

In the Chernykh-Loitsyanskiy model, similar to the Swanson model, the velocity
field of the wake is formed as the summation of the velocity fields of four vortices
behind the ship. The axial, radial, and tangential velocity components for a single
vortex field are given as:

2

Urg=—22 1, (3.23)
(1+1a2 2)" %
4 n
\/;naz(l—iaznzj 1
V(r,x)= > (3.24)
[1+1a2 2 X
4 n
ran 1
W(r,x) = =, (3.25)
X

2
)
1+«
[ 4 ’7)

where o =./3)0 /1671, y = (331647 ) (Lor[Ro 1 1%), n=rixv, and u=pv,
with p=1000 glem®, v=0.05e—4 cm?s, J, =0.01 g/cm?, L, =0.01 g/cm’, and
B =25 cm.s/g.

The X, y, and z direction velocity components can be found from:

Vx(rvx) :U(I’,X) 1 (326)
Vy (r! X, gD) :V(r! X) COS(Q)) _W(r, X)Sin(§0) y (327)
V, (r,X,¢) =V (r,x)sin(p) +W(r, x) cos(¢) , (3.28)

with r =4y +22 and p=tan"(z/y).

In [103], the initial distribution of the wake bubbles behind the ship is modeled as

(a—x)/b—e(@X)/b

P(x)=N .

, (3.29)
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with a=2, b=1, and x=(7/400)R, where R is the bubble radius and N is the
number of bubbles. It is mentioned that this model is just an assumption.

The terminal rise velocity of the bubbles (in cm/s) is
V; =-0.417 +0.0112- (2R) +1.42-10 % - (2R)? (3.30)
which is added to the V, component of the velocity field of the wake.

When a bubble rises, because of the pressure decrease, the volume of the bubble
increases and the radius change is given by:

1/3
Sty il
3 10 \3™7 ™

ARyise = 2 . -Rng - (3.31)

a1-0

10

The radius change of bubbles due to dissolution is given as

ARyiss = —-1075At . (3.32)

The bubble distribution in the wake of a ship is simulated in [103] by using this
initial bubble distribution and bubble evolution model and the wake current
models.

Since the mean bubble density profile of the wake model in [102] depends on data
found in the literature, it is supposed that the wake model will give realistic and
sufficient results for the studies related to this thesis. Besides, the model and the
parameters involved are simple to implement and interpret. Hence, the wake
model described in [102] will be taken as the basis for the wake profiles used in
this thesis.

In this thesis, the wake model in [102] is used with some modifications. The
bubble radius is taken to be between 50 ym and 400 pym. It is known that small
sized bubbles last for a longer time than bigger sized bubbles. Hence, again Eq.
(3.2) is used for bubble density, but for each 100 m of the wake, it is assumed that
only the bubbles with radii indicated in Table 3.2 could exist and Eq. (3.2) is scaled
by a factor of 10.
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Table 3.2 Bubble size distribution

Wake range (m) Bubble radius (um)
0-100 150-400
100-200 140-350
200-300 120-300
300-400 100-250
400-500 80-200
500-1000 50-200
1000-1500 50-150

In order to model the wake starting from the beginning of the wake range, namely
starting from t =0 s, the values of the parameters in Eq. (3.9) are extended as

o(t) =[3,7,9,12.5,12.1,12.6,15.7,17.1,19.1,30] m,
D(t) =[1.3,5,7.4,8.3,9.0,7.0,5.3,2.5,1.3] m,

t =[0, 25,50, 75,125,175, 225, 275, 325, 375] s. (3.33)

3.2 Ship Wake Echo

The wake model in [102] with modifications indicated in Section 3.1 is used to
simulate the receive level profile when insonifying a ship wake. The values in Eq.
(3.33) and Eq. (3.9) are used for the parameters of the bubble density equation
given by Eq. (3.2). The bubble radius is taken to be between 50 ym and 400 pym
as in Table 3.1. The maximum depth of the wake is taken as 20 m, the maximum
width of it as 100 m, and the length of it as 1500 m.

The wake is divided into cells having dimensions of 100 m in range, 1 m in cross
range, and 1 m in depth. It is assumed that the bubble density in each cell is
uniform and found by taking the average of the bubble densities corresponding to
1m? portions of the cell.
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The receive level for each cell is calculated using Eq. (2.73) with the source
frequency and pressure being 30 kHz and 300 kPa respectively. The scattering
cross-section per unit volume and the extinction cross-section per unit volume of
the cells are found using Eq (2.72) and Eq. (2.77). Corresponding target strength
and attenuation coefficient of the cells are found using Eq (2.71) and Eq. (2.76).

For the figures below; the range, width, and depth of the wake corresponds to the
X-axis, y-axis, and z-axis respectively. In Figure 3.4, the receive level profile for the
x-y plane of the wake at 1 m of depth when insonifying each wake cell from the
side of the wake is given. For each cell, the source-receiver pair is brought to the
same range as the middle point of the cell and 500 m away from y=0 m, and 1 m
depth. The diagram showing the measurement scenario is given in Figure 3.3.
Since the receive level is in dB scale and its interval is large, different receive
levels are not easily distinguished in Figure 3.4.
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m - L _L L R R
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1500 m
450 m
acoustic
Sensor

Figure 3.3 Receive level profile measurement scenario.

In Figure 3.5, a background Gaussian noise with a mean of 20 dB and a standard
deviation of 6 dB is added to the receive level profile of Figure 3.4. It can be seen
that due to the attenuation caused by the bubbles, the receive level obtained from
the distant half of the wake with respect to the source is lower than the near half of
the wake.
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Figure 3.4 Receive level profile when insonifying the wake from the side.
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Figure 3.5 Receive level profile when insonifying the wake from the side with
background noise added.
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CHAPTER 4

ACOUSTIC DETECTION AND TRACKING OF SHIP WAKES

4.1 Introduction

For acoustic detection and tracking of targets, a large literature exists. When the
target is a ship wake, various features of the ship wake could be exploited for
acoustic detection and tracking.

In [66], an automatic detection and tracking algorithm is described to detect and
track a ship based on the evolution of its wake observed in the sonar image
sequence. The strong noise created by propeller cavitation is used to estimate the
bearing of the starting point of the wake. Then a linear feature corresponding to
the wake is determined from the range measurements at the estimated target
bearing. Range normalization and clutter map processing are used to reduce the
number of false measurements. Kalman filter is used for tracking.

In literature [18], exploiting the nonlinear dynamics of the bubbles stands out as a
promising method for detecting ship wakes. The insonifying signal could be
adjusted such that while linear scatterers give little or no response, response from
ship wake bubbles is high enough for detection.

There are also papers [17] dealing with modelling the echo signals of ship wakes
insonified by an active sonar. Matched filter and energy detector are among the
detectors used on the echo time series. The effect of parameters such as distance
to the ship, the aspect angle, and the source frequency is investigated using the
echo models developed.

In Section 4.2, some features of the ship wake echo level pattern that could be
exploited for detection and tracking will be outlined. The echo level pattern of the
ship wake model explained in Chapter 3 will be investigated for this purpose.

In Section 4.3, particle filter method will be used for tracking instead of using
Kalman filter method, since wake echo measurement is a nonlinear function of
target position.

4.2 Wake Features for Detection and Tracking

Ship wake has a complex pattern formed by the processes explained in Chapter 3.
It is proposed that various features of this pattern could be exploited for detection
and tracking. Simulations have been carried out using the ship wake model
mentioned in Chapter 3 to figure out the ship wake echo patterns for different
conditions. Features of the ship wake echo level pattern that could be exploited for
detection and tracking are outlined.
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In Chapter 3, it was mentioned that due to the attenuation caused by the bubbles,
when insonifying the wake from the side, the receive level obtained from the
distant half of the wake with respect to the source is lower than the near half of the
wake. This property of the ship wake is evident when insonifying the wake with
frequencies near to resonant frequencies of bubbles.

In Figure 4.2, the receive levels of Figure 3.5 with 30 kHz source frequency are
summed along the wake range and the result is plotted against the wake cross
range.

It can be seen that the resulting plot is non-symmetric and its peak is near -10 m
instead of 0 m. The same plot is repeated with different source frequencies and
the results are given in Figure 4.2. The measurement configuration is shown in
Figure 4.1. Also, in Figure 4.3 receive level at 600 m wake range and 1 m depth
obtained with different source frequencies are given.

For different source frequencies, the plots become more or less symmetric

depending on the bubble size distribution of the wake portion insonified. This
feature of ship wakes could be a distinctive property for detection.

&0 m . wake range (x)

1
. = m; viahe Grops range (y)
sensor m W
wiake
depth (z)

Figure 4.1 Measurement configuration for receive level summation.
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Figure 4.3 Receive level at 600 m wake range and 1 m depth.

Since ship wakes contain various sizes of bubbles, the target strength and hence
the echo level of the wake cells change with source frequency. In Figure 4.4,
Figure 4.5, Figure, 4.6, and Figure 4.7, the receive levels obtained with source
frequencies of 1 kHz, 10 kHz, 30 kHz, and 200 kHz are given respectively. The
wake is insonified from the side with the source and receiver located at the same
range as middle point of each cell and 500 m away from y=0 m, and at 1 m depth.
Background noise is Gaussian with a mean of 20 dB and a standard deviation of 6
dB. The measurement configuration is as in Figure 3.3.
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Figure 4.4 Receive level profile with 1 kHz source.
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Figure 4.7 Receive level profile with 200 kHz source.

41



When there is enough amount of resonant bubbles inside the wake, the target
strength of the wake is high enough for detection. Also the transmission loss
caused by the bubbles is high, decreasing the receive level of the wake cells
behind.

For 1 kHz and 200 kHz source frequencies which are out of the resonant
frequency range for the wake model used, the receive level considerably
decreases. As seen from Figures 4.4 and 4.7, also the receive level profile
becomes more symmetric with respect to the axis of wake range. Frequency
dependency of wake echo level is another feature that could be exploited for wake
detection.

Using a number of sources and receivers at different locations and with different
frequency bands, the above features could be used to support the detection of
ship wakes. After detection has been ensured, tracking can be maintained by
tracing the pattern changes in the receive profiles obtained by source receiver
pairs. A database which shows the relation between the receive level profiles and
the wake parameters, source frequency, source range, aspect, and wake range
would be helpful for matching the observed receive level profiles with a specific
situation. Also a database which shows the relation between the ship parameters,
the wake parameters and the receive level profiles could be used for classification.

4.3 Tracking with Particle Filter

As mentioned in the previous chapter, after detection has been ensured, tracking
of the ship wake, hence tracking of the ship, can be maintained by tracing the
pattern changes in the receive profiles obtained by source receiver pairs and
matching with a database. Another alternative for tracking the target ship is to use
Bayesian filtering methods.

In [66], a detection and tracking algorithm is described to detect and track a ship.
The strong noise created by propeller cavitation is used to estimate the bearing of
the starting point of the wake. Then a linear feature corresponding to the wake is
determined using a high frequency active sonar. This increases the confidence of
target detection and also provides initial estimates of target position and velocity.
Kalman filter is used for tracking the starting point of the wake, hence the target
ship.

In this section, particle filter method [219-222] will be used for tracking based on
wake echo measurements. Particle filter method is used instead of Kalman filter
method, since wake echo measurement is a nonlinear function of target position
and the measurement noise is hon-Gaussian. Compared with the method in [66], it
is not necessary for the target, namely the start point of the wake, to be inside the
search range.

For the first simulation case, the area to be searched is defined as an x-y plane
with x-axis extending from 0 m to 4000 m, and y-axis extending from O m to 1000
m. Along x-axis at y = 0 m, beginning from 1500 m until 2500 m, at each 100 m,
source-receiver pairs are located at 3 m depth. The search area is insonified with

42



a source frequency of 10 kHz. Simulation results are given for a straight going
target and one making a triangular path. It is assumed that the wake
characteristics of the target are known and determined by the wake model
indicated in Section 3.2.

1) The algorithm used for tracking is as follows (Figure 4.8):
The existence of wake inside the search range is determined.

Each 10 kHz source beam is made parallel to the y-axis and insonify 10 m* cells of
the search range along the beam. For each source, the echo levels from the 10 m®
cells are summed. If the summation is above a predetermined threshold for
consecutive sources, then it is likely that wake exists at that interval. The
existence of wake can be confirmed further by using the methods described in
Section 4.2.

2) The orientation of the wake is found.

For the wake model used, with 10 kHz source frequency, the echo level will be
maximum at the axis of the wake along the wake range. For each source beam
insonifying the wake, the maximum echo level and its corresponding location is
determined. The location of the maximum echo levels of consecutive parts of the
wake gives the orientation of the axis of the wake, hence the orientation of the
wake. The direction of the target can be found by observing the evolution of the
wake pattern and by observing the echo level pattern of consecutive parts of the
wake.

3) Patrticle filter method is used for tracking.

After the location and the orientation of the wake are determined, the position of
the target can be estimated using wake echo level measurements. The relation
between the echo levels and the position of the target can be formulated using the
wake model. The tracking of target position is made using particle filter method
which is explained below.

3.1) Particle sets and particle weights for x and y coordinates of the target are
initialized.

The state vector to be estimated is composed of x and y coordinates of the target.
Each of the probability density functions for x and y coordinates of the target are
represented by 100 particles which are samples of x-axis and y-axis with assigned
weights representing the probability density. Since x and y coordinates of the
target are uncoupled in the dynamics model of the target given by Eq. (4.4),
separate particle sets are used for x and y coordinates. Initially x-axis and y-axis

are sampled uniformly and the initial weight wi(‘o of each x-axis sample and the

initial weight W;’O of each y-axis sample are assigned as 1/100 giving equal
probability to the samples, where i is the sample number.

3.2) Measurements of the echo level are done.

The sources are arranged to send transmit beams orthogonally to the wake axis.
For each receiver, the echo levels from the 10 m® cells are summed. The first
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receiver that exceeds the predetermined summation threshold is identified.
Propagation loss differences for different portions of the wake are taken into
account when making the related calculations. The x and y coordinates
corresponding to the maximum echo level received by the chosen receiver and
echo level summation of cells in an interval of 20 m of the maximum echo level are
recorded.

The measurement function can be represented by

M = f(x,y,z)+N (4.1)

where M stands for the measurement result, (x,y,z) is the measurement point,
and N is the measurement noise.

The measurement function in Eq. (4.1) is a complex nonlinear function that
depends on environment parameters like sea state and currents, ship parameters
like maneuvering, and measurement parameters like source frequency. As echo
measurement noise, besides a background Gaussian noise with a mean of 20 dB
and a standard deviation of 6 dB, a uniform random value between [-15,15] dB is
added to receive level of each 10 m® cells.

For the wake model used, the wake is divided into seven portions along its range.
Also, seven intervals for the wake receive level summation is determined. The
intervals are numbered from one to seven starting with the interval having the
highest receive level summations. For each wake portion, probabilities p(M |r)

are assigned for insonifying the portion of the wake at wake range r and receiving
echo level summation in those seven intervals.

The difference x4 between the x-coordinate of the target X, and the x-coordinate
of the measurement point x,, is given by rcosé and the difference y, between
the y-coordinate of the target y, and the y-coordinate of the measurement point
Ym IS given by rsing, where @ is the angle of orientation of the wake.

The assigned probabilities which form the perception model are shown in Table

4.1 and are found from 100 simulations. The probabilities p(M |x4) and p(M|yq4)
are the same as the corresponding p(M |r) value.
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Table 4.1 Probability p(M |r) forming the perception model

M, r (m) 0- 100 100- 200- 300- 400- 500- 1000-
200 300 400 500 1000 1500
> 3850 0.13 0.48 0.02 0 0 0 0
3750-3850 0.71 0.48 0.51 0.05 0 0 0
3700-3750 0.11 0.01 0.30 0.22 0.02 0.01 0
3650-3700 0.03 0.02 0.12 0.47 0.21 0.20 0
3600-3650 0.02 0.01 0.02 0.19 0.44 0.43 0
3500-3600 0 0 0.03 0.07 0.30 0.35 0.37
< 3500 0 0 0 0 0.03 0.01 0.63
3.3) Particle weights are updated according to the measurement data.
The weights of the particles for x and y coordinates are updated as
Wyt =Wy P(M [ Xq) (4.2)
Wy =Wy p(M | yg) (4.3)

using the measurement data, namely the echo level summation received by the
receiver chosen and x and y coordinates corresponding to the maximum echo
level measured by this receiver. Then, the calculated particle weights are
normalized such that the sum of particle weights is equal to one for each axis.

3.4) Resampling of the particle sets are done.

After the weights of the particles are updated, resampling of the particle sets are

done, where the probability of taking sample i is w{. By resampling, multiple
copies of particles with large weights are created, whereas the particles with small
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weights are eliminated. Again the weight wti of each sample is assigned equally

as 1/100. The densities of the particles for x and y axis reflect the probability
density functions for x and y coordinates of the target.

3.5) Prediction, update, and resampling steps are applied in turn for each
insonification.

The search area is insonified with a period T of 12 s. At each insonification, the
location and the orientation of the wake are determined. For each insonification;
prediction, update, and resampling steps are applied in turn.

In prediction step, the position of the target, namely the particles xti and yti are
estimated using the dynamic model of the target and the previous values of the
particles x{_; and y{ .

The dynamics of the target is given by
X! =AX{ ;+Bu+R (4.4)

where the state vector is defined as

xi=ld.vi] . 4.5)
the system matrix A is
10
A= , 4.6
M @s)
B is
—T.cosé;_
B:{ o 1} , 4.7)
T.sin6;_4

where 6 is the angle giving the orientation of the wake, U is the target speed
which is assumed to be known and equal to 7.5 m/s and R is the process noise.
Since matrix B depends on the orientation measurement, also the corresponding
noise can be taken into account by R. For the simulations, a Gaussian process
noise with zero mean and 40 m standard deviation in the ship movement direction
is used. For the intervals where the ship moves along the x direction, also a
Gaussian noise with zero mean and 10 m standard deviation is added to the y
direction for the filter process noise.

The update and resampling steps are done as explained for the first
measurement. The estimated position of the target is found by taking the average

of the particles xti and yti after each resampling step.
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Figure 4.8 Tracking algorithm.

The first simulation is done by a straight going target along the x-axis. The initial
position of the target is (1650 m, 500 m). In Figure 4.9, the x and y coordinates of
the real position of the target ship, and the estimation of them are shown for an
example run.

For this simulation, in addition to the Gaussian process noise with zero mean and
40 m standard deviation in the ship movement direction, also a Gaussian noise
with zero mean and 10 m standard deviation is added to the y direction for the
process noise.
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Figure 4.9 Real and estimated coordinates of the target.
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The RMSE value for the estimated values the location of the target ship are given
in Figure 4.10 using 5 runs.
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Figure 4.10 RMSE value for the target ship location estimates.

100
1

As the ship moves, it gets out of the range of source receiver pairs. The wake
orientation measurement is made using the wake far behind the ship, hence
estimation error might increase after the ship gets out of range.

The second simulation is done by a target which goes with 45° in decreasing x
and increasing y direction for 3 periods, then goes straight in decreasing X
direction for 3 periods, and then goes with 45° in decreasing x and decreasing y
direction for 4 periods. The initial position of the target is (2150 m, 500 m).

In Figure 4.11, the x and y coordinates of the real position of the target ship, and
the estimation of them are shown for an example run. Also, the real and estimated
x-coordinate values of the target ship and the real and estimated y-coordinate
values of it are given in Figure 4.12 and Figure 4.13 respectively.
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Figure 4.11 Real and estimated coordinates of the target.
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Figure 4.12 Real and estimated x-coordinate values of the target.
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Figure 4.13 Real and estimated y-coordinate values of the target.

For the second simulation case, the area to be searched is defined as an x-y
plane with x-axis extending from 0 m to 4000 m, and y-axis extending from 0 m to
2000 m. An underwater vehicle with sensors on each side tracks the ship using
the echo measurements. The underwater vehicle is thrown from another ship
towards the area of the target ship and travels with a speed of 15 m/s at 3 m
depth. The ship wake is insonified with a frequency of 10 kHz.

Simulation results are given for a straight going target and for a target following a
triangular path; first along decreasing x direction, then along increasing x direction.
Again it is assumed that the wake characteristics of the target are known and
determined by the wake model indicated in Section 3.2.

A similar algorithm is followed as in the first simulation case:

1) The existence of wake inside the search range is confirmed.

If the echo level summation is above a predetermined threshold for consecutive
beams, then it is likely that wake exists at that interval.

2) The orientation of the wake is found.
The orientation of the wake is determined in a similar way as in the first case. This

time, two beams of the source are used to determine the location of the maximum
echo levels of consecutive parts of the wake.
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3) Patrticle filter method is used for tracking.

3.1) Particle sets and particle weights for x and y coordinates of the target are
initialized.

3.2) Measurements of the echo level are done.
3.3) Particle weights are updated according to the measurement data.
3.4) Resampling of the particle sets are done.

3.5) The orientation and location of the underwater vehicle for the next
insonification are calculated.

The estimated position of the target is found by taking the average of the particles
xt' and yt'. Using the estimate of the target location, the orientation of the

underwater vehicle and the location of it for the next insonification are calculated.
The orientation of the underwater vehicle is calculated to be directly towards the
estimated next position of the target. It is assumed that the vehicle changes its
orientation instantly.

3.6) Prediction, update, and resampling steps are applied in turn for each
insonification.

The search area is insonified with a period T of 30 s. For each insonification;
prediction, update and resampling steps are applied in turn. Using the estimate of
the target location, the orientation of the underwater vehicle and the location of it
for the next insonification are calculated.

The first simulation is done by a straight going target along the x-axis. In Figure
4.14, the x and y coordinates of the target ship and the underwater vehicle are
shown for an example run. The initial position of the target is (1700 m, 1500 m)
and the initial position of the underwater vehicle is (2300 m, 0 m).
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Figure 4.14 Coordinates of the target ship and the underwater vehicle.

The RMSE value for the estimated values of the x-coordinate, y-coordinate, and
the location of the target ship are given in Figure 4.15, Figure 4.16, and Figure
4.17 respectively using 5 runs.
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Figure 4.15 RMSE value for the target ship x-coordinate estimates.
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Figure 4.16 RMSE value for the target ship y-coordinate estimates.
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Figure 4.17 RMSE value for the target ship location estimates.

For this configuration, the underwater vehicle tracks the target ship successfully
using the particle filter method.

The second simulation is done by a a target following a triangular path; first along
decreasing x direction, then along increasing x direction. In Figure 4.18, the x and
y coordinates of the target ship and the underwater vehicle are shown for an
example run. The initial position of the target is (2000 m, 800 m) and the initial
position of the underwater vehicle is (2400 m, 0 m).
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Figure 4.18 Coordinates of the target ship and the underwater vehicle.

The RMSE value for the estimated values of the x-coordinate, y-coordinate, and
the location of the target ship are given in Figure 4.19, Figure 4.20, and Figure
4.21 respectively using five runs.
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Figure 4.19 RMSE value for the target ship x-coordinate estimates.
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Figure 4.20 RMSE value for the target ship y-coordinate estimates.
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Figure 4.21 RMSE value for the target ship location estimates.

For this configuration, again the underwater vehicle tracks the target ship
successfully using the particle filter method.

With the wake and noise models used, the implemented particle filter algorithm

gives successful results for tracking ships using wake echo measurements. The
results depend on the simulation configuration and the target path.
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CHAPTER 5

CONCLUSIONS

Research and simulations have been carried out for detection and tracking of ship
wakes. A simulation environment is developed in Matlab and results of related
numerical experiments are given.

The wake model described in [102] is taken as the basis for the wake profiles used
in this thesis. Since the mean bubble density profile of the wake model in [102]
depends on data found in the literature, it is supposed that the wake model will
give realistic and sufficient results for the studies related to this thesis.

The wake model described in [102] is simulated with some modifications. Mainly
the bubble size distribution of the wake model is changed, taking into account that
small sized bubbles last for a longer time than bigger sized bubbles.

Receive level profiles when insonifying ship wake are obtained using this wake
model. Some features of the ship wake echo level pattern that could be exploited
for detection and tracking are outlined.

For the wake model used, it has been observed that changing the source
frequency, both the magnitude and the symmetry of the receive level profile of the
wake with respect to the wake range axis changes.

Particle filter method has been implemented with Matlab for target tracking using
wake echo measurements. Particle filter is used instead of Kalman filter method,
since wake echo measurement is a nonlinear function of target position.

With the wake and noise models used, it has been observed that the implemented
particle filter algorithm gives successful results for tracking ships using wake echo
measurements. The results depend on the simulation configuration and the target
path.

Ship wake structure used in this thesis is based on the knowledge found in the
literature. A complete model of the ship wake structure that includes the initial
bubble distribution and the evolution of the bubble distribution in relation with the
ship and ambient parameters is needed to obtain more realistic results for the
scattering characteristics of ship wakes. Also, the effects of maneuvering should
be taken into account. For a complete model like this, not only theoretical and
numerical studies but also ocean experiments would be necessary.

Scattering characteristics of the bubble clouds in ship wakes are modeled based
on linear harmonic oscillator model of bubbles and multiple scattering theory. As a
future work, nonlinear behavior of the bubbles could be taken into account in
modeling scattering characteristics of the bubble clouds in ship wakes.
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Forward studies could be done using advanced sonar and environment models
which would give more precise results. Signal processing methods should be
developed for environment with intensive noise and clutter.

Also, for a thorough understanding of the processes related to acoustic detection

and tracking of ship wakes, laboratory studies and ocean experiments should be
carried out in addition to numerical experiments.
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