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Bispectral analysis of the noise of navigable objects

Miodrag S. Vragar, MSc (Eng)"

Passive hydroacoustic (HA) detection of navigable objects means a possibility of narrow band frequency separation of
spectral components in the spectrum of hydroacoustic noise provoqued by various aggregates and processes during
object moving in water. The most important role in noise generation have the main and auxiliary motors, the propel-
ler, the pumps and other processes. In order to detect navigable objects, it is necessary to apply the techniques of the
bispectral analysis of hydroacoustic signals generated in water as a result of moving of navigable objects. In this work
the passing hydroacoustic characteristics of a navigable object are presented.
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Used marks and symbols

A(z) — characteristic polynomial of the ARMA model,
pole definition

a; — parameter of the AR model

B(2) — characteristic polynomial of the ARMA model,
zeros definition

B (k1) — bispectrum of limited time series

b; — parameter of the MA model
Che —cumulant of order &
E [x(n)] — operator of the mean value
f — frequency
F —sampling frequency
K — the number of non-overlapping blocks
M;, —moment order ; of the signal x
Sk —polyspectrum order & of the signal x
P — order of the AR model
—order of the M4 model
Xi(k)  —discrete Fourier transform in M points of the
time series
x(n) —time series, digital form of the analog signal
y(n) —filter output
@, (o) spectral density function of the filter output
o —phase
o — variance

Introduction

YDROACOUSTIC signals radiated by navigable ob-
jects are used for identification, location and determi-
nation of the parameters of navigable object movement. Bi-
spectrum, i.e. the bispectral analysis is used as a generally
accepted method for the analysis of periodic signals in
many fields, such as: medicine — heart diagnostics, supervi-
sion of machinery work, tides waves [1-3], etc.
Electrical signals generated by a hydrophone during na-
vigable object passing along the straight course in the
shallow water with constant velocity is analyzed in this
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work. Estimating the parameters of hydroacoustic signals is
of particular interest in case when we wish to achieve a
classification of hydroacoustic signals of navigable objects,
on the move when mechanical rotation predominantly defi-
nes characteristics of radiated noise signals. A standard na-
vigable object with a conventional configuration of the pro-
pulsion system is analyzed. It is well known that relatively
good results could be accomplished by using the spectral
analysis for the signal analysis. The spectral analysis enab-
les estimating the frequency distribution of the signal
energy but if we wish to establish a form of the phase cou-
pling between spectral components it is necessary to use the
techniques of the spectral analysis of a higher order. The bi-
spectral signal analysis gives answers to this question. On
the basis of the bispectral analysis it is possible to determi-
ne the phase coupling of the signal spectral components.
Existence of the phase coupling of the local spectral
maximums enables various physical interpretations of their
origin. For instance, it is possible to recognize the harmo-
nics generated by the propeller from those generated by the
motor. The possibility to accomplish this task is the key for
a successful classification of noise sources on the basis of
their spectral characteristics. In this way it is possible to at-
tribute a particular group of harmonics to a particular pro-
peller or some other group of harmonics to other particular
propeller.

Methods for spectrum analysis

There are many approaches in the analysis of time series
and among them it is necessary to point out those intended
for spectral characteristics estimation of the signals, in par-
ticular those which give answers about frequency distribu-
tion of the signal energy. Power spectral estimation could
be done using different methods, which can be classified in
this way:

1. non-parametric or conventional methods,
2. parametric methods or methods based on models, and
3. methods based on criterions.
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The first group of methods is divided into two subgro-
ups: direct methods, based on the Fourier transform of the
signal and indirect, ones based on calculating the Fourier
transform of the autocorrelation data series. The conventio-
nal methods are easy to implement and understand. They
have certain limitations reflecting in a relatively weak
possibility to separate two close frequencies in the spec-
trum. The problem of separation of close frequencies is out-
standing when a time series is relatively small. In the case
of the stochastic process analysis, the application of direct
methods in the spectrum analysis means using relatively
long time segments of the signal and in this way the error in
spectrum estimation would be minimal [4].

Today there are several parametric methods for spectrum
estimation depending on a used model. The most used mo-
dels are:

- AR (Autoregressive);

-~ MA (Moving Average);

- The combination of the two previous models 4ARMA,
(Autoregressive Moving Average);

— Models based on eigenvalues such as MUSIC, Min-

Norm, etc.

The parametric spectrum estimation is very useful but
under some circumstances it leads to an incomplete spec-
trum estimate. The starting point for introducing parametric
methods is a hypothesis that a signal x(n) depends on a li-
mited number of parameters and all statistic parameters are
possible to be expressed using them.

Today there are several methods based on the application
of some criterions and among them Burg’s algorithm of
maximum entropy should be pointed out as well as the
method based on Capon’s algorithm of maximum likeliho-
od or minimum variance. Burg’s criterion gives better
frequency resolution than Capon’s one when the signal noi-
se ratio is higher than one [4].

The Fourier transform of the signal at a particular
frequency could be considered as a filter letting signal
components pass through this frequency but rejecting other
frequencies. However, the spectrum estimation in this way
suffers from a lack of data on the edge of the data segment.

ARMA model of the signal

ARMA models are used for parametric description of the
signal spectrum, which, besides harmonic components, has
additive white noise. A fundamental problem is to determi-
ne the order of the ARMA model as well as the parameters.
Parametric models do not need the introduction of the
window concept. Today there are reliable algorithms for pa-
rametric estimation of the time series that are independent
of their size. The importance of the parametric models is in
the fact that on the basis of autocorrelation sequence not-
hing cannot be concluded about non-linearity of the signal,
although it is well-known that a radiated HA noise of navi-
gable object is characteristic by its nonlinearity due to mec-
hanisms of its origin. In the case of stationary stochastic
process there are a few ways to generate time series. The
only problem is a choice of an adequate model. There is no
automatic procedure for selecting a model with good re-
sults. One of possible ways for generating time series is ba-
sed on filter application. Namely, it is well-known that in
the beginning of the last century it was suggested that a ti-
me series is possible to be generated at the filter output
when white noise x(n) is applied at the input with a zero
mean value and a constant variance [5]:
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The process described by eq.(2) is called auto regressive
or the AR process. Eq.(3) describes a model with a moving
average mean value, i.e. the MA process. The combination
of these two models is represented by eq.(4) and is called
the ARMA (Auto Regressive Moving Average) model. The
basic characteristics of these models are parameters, poles,
reflection coefficients, correlation coefficients and roots.
By using them, it possible to describe the ARMA process on
the basis of a limited number of parameters. The roots of
the polynomial

A(z):1+alzfl+~--+apzfp (%)

define the poles of the ARMA(p,q) process and the roots of
the polynomial

Blz)=1+4bz" +- b,z (©6)

determine zeros.

The process is stationary if all poles are within a circle
with the radius equal to one and the opposite claim is that
all zeros are within a circle whith the radius one, as well.

By definition, the last parameter of the stationary AR
model of p order, is called reflection coefficient. The re-
flection coefficient of the stationary process is (-1,1).

The power spectral density can be calculated on the basis
of model parameters using the following equation
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The covariance function is an inverse Fourier transform
of the previous equation. Also, it should be pointed out that
there are parametric relations for calculating the covariance
function.

Experiment

The measurements of the radiated HA noise of a naviga-
ble object are done in the water of the south Adriatic sea,
where the depths of the sea are constant, about 40 m. The
navigable object was moving along the straight course with
a constant velocity of about 10 knots, until the hydrophone
of the B&K 8104 type, was dipped into a depth of 2 m. The
electrical signal from the hydrophone is amplified by the
B&K 2635 conditioning amplifier and then recorded using
the B&K 7004 type recorder. Subsequent digitalization of
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the signal was performed with a sampling rate F; = 20 kHz,
without previous filtrating. Sampling speed was slightly
magnified, regarding that all processes of interest were in a
frequency range below 3000 Hz.

Three groups of data were used for the analysis. The first
group contained data gathered during the approach of the
navigable object, point 1 in Fig.1. The second group con-
tained data gathered during the departure of the navigable
object from the measuring point, point 3 in Fig.1, and the
third group was made of data gathered when the navigable
object was closest to the measuring point, point 2 in Fig.1.
In the literature, point 2 is marked as the CPA (Closest Po-
int of Approach).

o '11' llz'ls'

0.3}

0z

Amplitude (V)

2 4 [ 8 10 12 14 16 18
Time (s)

Figure 1. Passing HA characteristics

The bispectral analysis method

The sufficient and necessary condition for the existence
of the power spectrum is that the autocorrelation sum is
absolutely convergent. The power spectrum is a real, non-
negative value, symmetrical in relation to the frequency.
The moments of a higher order are a natural generalization
of the autocorrelation, while the cumulants of the specific
order are specific nonlinear combinations of the moments.
The higher order cumulants point out to the existence of
non-linearity and the cumulants of a particular order are de-
fined in particular. For example, the cumulant of the first
order is a mean value, while the cumulants of higher orders
are defined in the following way

C,. (k)= Bl (n)x(n + k) ®)
c, (k1)= E{x(n)x(n +k)x(n +l)} 9)
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-C,, (k)C,, (I-m)—Cy, (1) Gy (k—m)— (10)
—M 2 (m)M,, (k=1)

The cumulants of all orders have the additional property
and that fact in many cases simplifies the analysis procedu-
re. Also, the cumulants of stationary real processes are
symmetrical to their arguments.

Polyspectra are defined through series of cumulants and
their Fourier transform. The polyspectra of the first, second
and third order are defined in the following way
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wich define power spectrum, bispectrum and trispectrum,
respectively.

The basic area of the bispectrum in the ( fi» fz) plane is
11 1
defined by the triangle vertices (0,0) ,(g,gj and (2 )m

the case of the normalized sampling frequency F;,=1 Hz.

The bispectrum of the discrete time series x(n), which
corresponds to the HA signal of the radiated noise of the
navigable object, could be calculated using the following
equation [6,7]
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where X;(k) is the discrete Fourier transform in M points of
the time series and K is a number of non-overlapping
blocks. In this way the bispectrum at discrete frequencies is
defined

(1, /2) = (kA 1a7) (15)

where the frequency difference Af is defined as a quotient
of the sampling frequency and the number of points of the
discrete Fourier transform. The practical choice of these pa-
rameters enabled the bispectral analysis with a frequency
resolution of about 5 Hz. The number of points of the disc-
rete Fourier transform was 4096. The calculation of the bis-
pectrum with such a resolution is computationally deman-
ding task. Because of that, the indirect procedure with
ARMA models was defined and the bispectrum was calcu-
lated on the basis of ARMA parameters [4].

Using such procedures was justified because the HA sig-
nal has a very distinct structure of local extremes in the
spectrum within the observed frequencies, so with a choice
of an adequate order of ARMA model it was possible to op-
timize computer time. The order of the ARMA models (p,q)
did not exceed 100.

The ARMA parameters were determined by the MATLAB
function armasel.m, (by P.M.T. Brorensen), version [2001
314 22 5 14] [8], and then the bispectrum was calculated..

The results of the calculations are presented in Figs.2 to
10. The analysis shows the existence of sharp local
maximums and the harmonics of this basic frequency f,
pointing out at the existence of the phase coupling. Besides
the frequency of the primary harmonic f, it is possible to
notice higher harmonics with the frequencies f, + f;,
Sfot2 fo or f5=f,+f, and the phases ¢; = ¢, + ¢, in
the case of quadratic coupling.

The example of the existence of phase coupling is the
frequency of 108 Hz, with the harmonics of 220 Hz and
434 Hz, Fig.2.

The bispectral analysis was performed at three chosen
points on the ship passing characteristic, points 1,2 and 3,
Fig.1. The results show that the ship acoustic noise has very
emphasized space characteristics which is possible to be se-
en very clearly using only one sensor. Point 1 is characteri-
zed by a very emphasized influence of the bow, point 2 is
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distinctive by equal influence of the bow and the stern and
point 3 is distinctive by stern influence. To confirm these
results, the additional analysis was done.
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Figs. 9 and 10 show an evident connection between the
600 = » 3 . . . . .
B oY Z ] 206 400 oG spectrum of the signal and its bispectrum. It is evident that
Frequency fi (Hz) the nature of the local spectral maximum is not the same. In
Fi 4 The bi ion 3. driving in th order to clearly determine the origin of the local maximums
igure 4. The bispectrum, position 3, driving in the course in the spectrum, it is necessary to correlate hydroacoustic
measurements with simultaneous measurements of vibrati-
The whole analy51s was done for two cases: first, the ons on the ship propulsion aggregates and with measure-
ship moved in course and second, the ship moved in the ments on the ship hull. Additional vibration measurements
opposite direction (Figs.5,6 and 7,) and the same results and their correlation with the results of the bispectral

were obtained. analysis of HA signals will enable to predict contribution of
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particular ship aggregates in whole noise and to make dis-
tinction among various physical processes. The process of
detection and identification of navigable objects will be
thus performed with greater probability.
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Figure 9. The spectrum of the HA signal, position 2, driving in the course
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Figure 10. The bispectrum, position 2, driving in the course

Conclusion

The bispectrum analysis of HA signals generated during
the ship activity proved its quality in solving problems of
detection and identification of navigable objects. In order to
improve the process of ship identification as well as the
processes and systems which predominately contribute to
the radiated HA noise, it is necessary to conduct additional
simultaneous vibration measurements at selected points of
the navigable object. In this way the image of the navigable
object as a source of HA noise will be better known and the
results of the bispectrum analysis of radiated noise will
enable the application of results of the bispectrum analysis
with higher probability.

In addition to detection and identification, the importan-
ce of these analyses is in their possible application in diag-
nostics of proper functioning of the ship propulsion aggre-
gates as well as the ship as a whole. This testing is possible
to do without great limitations, at specially selected positi-
ons at sea. These positions are acceptable with respect to
their ambient noise characteristics and underwater sound
propagation.

Similar methods are possible to be applied in a other ca-
ses. For example, it is possible to identify vehicles or air-
planes on the basis of their noise.

References

[1] SHEN,M., SUN,L. The analysis and classification of phonocardio-
gram based on higher-order spectra. Proc. IEEE Workshop on Hig-
her-Order Statistics, Banff, Alta., Canada, 21-23, July 1997,
pp-29-33.

[2] BARKER,R.W., HINICH,M.J. Statistical monitoring of rotating
machinery by cumulant spectral analysis. Proc. I[EEE Workshop on
Higher-Order Statistics, South Lake Tahoe, CA, USA, june 1993,
pp.187-91.

[3] BEARD,A.G., MITCHELL,N.J., WILLIAMS,P.J.S., KUNITAKE,M.
Non-linear interactions between tides and planetary waves resulting in
periodic tidal variability. J. Atmosph. Solar Terrest. Physs., 1999,
vol.61, pp.363-376.

[4] SWAMIA., MENDEL,J.M., NIKIAS,C.L. Higher-Order Spectral
Analysis Toolbox. User’s guide, version 2, may 1993.

[5] DRAIJIC B. DUSAN. Uvod u statisticku teoriju telekomunikacija.
Akademska misao, 2003.

[6] FACKRELL,J.W.A., McLAUGHLIN,S., WHITE,P,R. Bicoherence
estimation using the direct method. Part 1: Theoretical considerati-
ons. Applied Sig. Process., 1995, vol.3, pp.155-168.

[77 LENNARTSSON,R.K., PERSSON,L., ROBINSON,J.W.C., McLA-
UGHLIN,S. Passive underwater signature estimation by bispectral
analysis,” E-mail {ron,leifp,john}@sto.foa.se.

[8] Brorensen,P.M.T. ARMA, E-mail brorensen@tn.tudelft.nl

Received: 21.7.2003



50

M.S.VRACAR: BISPECTRAL ANALYSIS OF THE NOISE OF NAVIGABLE OBJECTS

Bispektralna analiza izracenog Suma plovnih objekata

Pasivna hidroakusticka detekcija plovnih objekata podrazumeva moguénost uskopojasnog frekvencijskog razdva-
janja komponenti spektra hidroakusti¢kog Suma koji nastaje tokom rada razli¢itih agregata plovnog objekta, kao i
odvijanja razli¢itih fizickih procesa tokom kretanja plovnog objekta kroz vodenu sredinu. Najznacajniju ulogu u
stvaranju Suma imaju glavni i pomoéni motori, elisa, pumpe, ali i drugi procesi. Da bi se ostvarila detekcija plovnih
objekata neophodno je primeniti tehnike bispektralne analize hidroakustickih signala koje registrujemo u vodenoj
sredini tokom kretanja plovnog objekta. U radu je dat prikaz rezultata bispektralne analize prolazne hidroakusticke
karakteristike plovnog objekta.

Kljucne reci: hidroakusticka identifikacija, hidroakusti¢ki Sum plovnog objekta, bispektar, plovni objekat.

Analyse bispectrale du bruit des objets navigables

La détection hydroacoustique passive des objets navigables signifie la possibilité de séparer, 2 bandes étroites de
fréquence, les composants du spectre de bruit hydroacoustique provoqué par les agrégats divers et les processus
pendant le mouvement des objets dans Peau. Les moteurs principaux et auxiliaires, Phélice et les pompes ont un role le
plus important. Afin de réaliser la détection des objets navigables, il est nécessaire d’utiliser les techniques de Panalyse
bispectrale des signaux hydroacoustiques enrégistrés dans Peau. Les résultats de Panalyse bispectrale des
caractéristiques hydroacoustiques du passage des objets navigable sont présentés.

Mots-clés: identification hydroacoustioque, bruit hydroacoustique de Pobjet navigable, bispectre, objet navigable.





