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Abstract

:

Three approaches for instantaneous wide-area analysis of ship-radiated underwater sound, each focusing on a different aspect of that sound, received on a large-aperture densely-sampled coherent hydrophone array have been developed. (i) Ship’s narrowband machinery tonal sound is analyzed via temporal coherence using Mean Magnitude-Squared Coherence (MMSC) calculations. (ii) Ship’s broadband amplitude-modulated cavitation noise is examined using Cyclic Spectral Coherence (CSC) analysis that provides estimates for propeller blade pass rotation frequency, shaft rotation frequency, and hence the number of propeller blades. (iii) Mean power spectral densities (PSD) averaged across broad bandwidths are calculated in order to detect acoustically energetic ships. Each of these techniques are applied after beamforming of the received acoustic signals on a coherent hydrophone array, leading to significantly enhanced signal-to-noise ratios for simultaneous detection, bearing-time estimation and acoustic signature characterization of multiple ships over continental-shelf scale regions. The approaches are illustrated with underwater recordings of a 160-element coherent hydrophone array for six ocean vessels, that are located at a variety of bearings and ranges out to 200 km from the array, in the Norwegian Sea in February 2014. The CSC approach is shown to also be useful for automatic detection and bearing-time estimation of repetitive marine mammal vocalizations, providing estimates for inter-pulse-train and inter-pulse intervals from CSC spectra cyclic fundamental and first recurring peak frequencies respectively.
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1. Introduction


Remote monitoring of ocean vessels over instantaneous wide areas from their sounds radiated underwater, including detection, localization, characterization and classification, is of great importance in maritime surveillance and defence [1,2,3,4,5,6,7,8,9]. The sound generated by an ocean vessel contributes to environmental ambient noise [10] that can limit detection ranges in passive and active sonar systems for a wide range of ocean remote sensing applications [1,9,11,12,13,14,15,16], as well as in ocean acoustic communication [17,18]. It may also impact the behavior and communication of marine organisms [19,20,21,22,23], such as fish [24,25,26,27,28] and marine mammals [29,30].



Sources of ship-radiated underwater sound include (i) persistent on-board machinery, such as engines and air-conditioning systems, (ii) propulsion dynamics, such as propeller and shaft rotation, (iii) hydrodynamical effects, such as cavitation and vortex shedding, intakes, and exhaust, as well as (iv) other time-limited or transient activities, such as cargo handling, mooring, and slamming motions [4,9]. Machinery and propeller noise dominate a ship’s radiated underwater sound [9]. The overall underwater sound emanated by a ship is comprised of colored broadband noise over a wide frequency range embedded with several prominent narrowband tonal components from shipboard machinery, with time-varying amplitude modulated sound pressure levels due to propeller rotation.



Here, we develop or enhance, and then employ three approaches for automatic detection and bearing-time estimation of ship radiated underwater sound over instantaneous continental-shelf scale regions, each focusing on one of the three key aspects of the sound, providing a complete and robust approach for acoustically characterizing ships. (i) Ship’s narrowband machinery tonal sounds are identified and extracted via Mean Magnitude-Squared Coherence (MMSC) of beamformed adjacent time-windowed signals in the frequency range from 1 Hz to 2 kHz. (ii) Ship’s broadband cavitation noise amplitude modulated by propeller rotation is examined using Cyclic Spectral Coherence (CSC) analysis that provides estimates for propeller blade pass rotation frequency, shaft rotation frequency, and the ratio of the latter two that equates to the number of propeller blades. (iii) Mean power spectral densities (PSD) averaged across specific broad bandwidths are calculated in order to detect and compare sound pressure levels from acoustically energetic ships. Here, we demonstrate the three approaches by applying them to detect and characterize six distant engine-powered ships simultaneously over instantaneous wide areas out to 200 km in range in the Norwegian Sea.



Acoustic recordings of ship-radiated underwater sound were received on a large-aperture densely-sampled coherent hydrophone array containing 160-elements deployed during the Nordic Seas 2014 Experiment (NorEx2014) [31,32,33,34,35,36]. The three approaches for analyzing different aspects of a ship’s radiated underwater sound are applied to beamformed pressure-time series data spanning 360   ∘   horizontal azimuths about the coherent hydrophone array. Coherent beamforming provides (a) signal-to-noise ratio enhancement of up to 18 dB over that of a single hydrophone enabling distant ships to be acoustically detected and characterized at long ranges out to 200 km, depending on their source levels, as will be demonstrated here, and (b) estimates of ship bearing as a function of time (bearing-time trajectories) enabling multiple ships distributed at a variety of horizontal azimuths 0   ∘   to 360   ∘   degrees from true North to be simultaneously detected, tracked, and characterized. We also demonstrate the hybrid usage of the three methods that provides a robust and complete acoustic signature characterization of ship radiated underwater sound in terms of machinery tonal and propeller rotation signatures, as well as ship broadband energetics that can be employed for efficient ship classification.



Ship propellers produce amplitude-modulated noise through cavitation [9], where rapid changes of pressure in a liquid lead to formation of vapor-filled cavities. When blades of a propeller pass through water, low pressure areas on the blades create unstable bubbles of vaporized water that collapse producing broadband noise. This noise is associated with significant energy and is termed as propeller cavitation noise. The cavitation noise is amplitude modulated at the rotation speed of propeller shaft or blades [37,38].



To determine the propeller rotation frequencies from broadband cavitation noise, several methods have been proposed and utilized in the published literature including the Detection of Envelope Modulation On Noise (DEMON) [4,37,39], the Cyclic Modulation Spectrum (CMS) [40,41] and the Cyclic Modulation Coherence (CMC) [38] methods that in general focus on periodicity of signal energy flow in envelope or in multiple-frequency bands. The DEMON application in [4] performs Fourier transform of windowed signal’s envelope, while CMS calculates Fourier transform of signal’s spectrogram and, therefore, analysis at multiple frequency bands. The CMS provides better (i) frequency resolution and (ii) improved SNR when compared to the DEMON method, as well as (iii) information regarding both modulation and carrier frequencies. In addition, the CMC implementation, which eliminates scaling effects via normalization, presents an enhancement in the CMS approach [38,41]. However, CMS and CMC both suffer from tradeoffs between fine carrier frequency resolution and large cyclic frequency range due to the Uncertainty Principle [38,41,42].



Here, we analyze propeller cavitation noise via signal spectral correlation [43] analysis that exploits cyclic auto-correlation at cyclical frequencies, i.e., spectral correlation between frequency components that are spaced apart by cyclic frequencies by scanning correlations in both carrier frequency and cyclic frequency. This approach avoids the tradeoff encountered in CMS and CMC. We employ the Fast Spectral Correlation (Fast-SC) estimator [42], which has been previously applied to analyze rotating machinary noise in air. This estimator has significantly faster computation speed than the traditional Averaged Cyclic Periodogram (ACP) estimator. The spectral correlation analysis provides better statistical performance than the CMS method. This may be the first application of the spectral correlation technique to real ship noise data in the published literature. In contrast, previous applications of DEMON, CMS, and CMC to real ship noise data are available [4,38,44]. The Fast-SC estimator here is applied to beamformed signals and it provides instantaneous and directional Cyclic Spectral Coherence (CSC) distributions. This enables the bearing-time trajectories and propeller rotation signatures of multiple ships to be simultaneously estimated. In particular, the shaft and propeller rotation speeds are estimated from the cyclic fundamental and peak frequencies respectively in CSC spectra. The ratio of propeller to shaft frequencies provides an estimate of the number of propeller blades. Besides ships, the CSC approach is shown to be also useful for automatic detection and bearing-time estimation of other patterned acoustic signals, such as marine mammal vocalizations with repetitive call types. We apply and derive CSC spectra for humpback and fin whale repetitive call sequences and then estimate their inter-pulse-train and inter-pulse intervals from the cyclic fundamental and first recurring peak frequencies, respectively.



Underwater machinery noise generated by an ocean vessel originates as mechanical vibration of diverse parts of the moving vessel. These include engines, motors and reduction gears that are coupled to the sea via the hull [9]. The most representative machinery noise is the “tonal” sound that appears as multiple spectral lines in one-dimensional frequency domain spectra or continuous horizontal lines in two dimensional frequency-versus-time domain spectrograms. The tonal sound maintains energy within relatively narrow bandwidths, centered at certain frequencies.



To detect ship-generated tonal sound, the magnitude-squared coherence [45,46] is calculated between adjacent time-windowed signals and then the Mean Magnitude-Squared Coherence (MMSC) is calculated in each data unit to reveal frequency components with relatively high temporal coherence within certain time periods. Compared to traditional power spectrum based approach for tonal detection, the MMSC calculation emphasizes “tonalness” feature of machinery sound from ships, and is effective even for low energy tonals that may fail to be detected via traditional power-spectrum based methods. Here the MMSC calculations are applied to coherently beamformed data for tonal extraction.



Fast moving engine-powered ships are persistent and highly energetic sources of underwater sound with continuous sound generation over a wide range of frequencies. Here we calculate the mean PSD averaged over specific broad bandwidths for each beamformed signal in order to extract potential bearings of moving ships based purely on energy consideration. The bearing-time trajectories, along with mean PSD of potential moving ships, are estimated.



Most previous analyses of ship-radiated underwater sound in the published literature are based on measurements of a single hydrophone or a small number of widely-separated or sparse hydrophones located within a few hundred meters to a few kilometers range from ships [4,37,38]. Single omnidirectional hydrophones cannot determine bearings or differentiate sound from multiple directions and have no array gain so that ship detection ranges are much smaller, typically limited to several kilometers. Sparse hydrophones cannot provide array gain either and have limited ship detection ranges similar to a single hydrophone, but can provide bearing estimation via time difference of arrival and/or cross-correlation of peak energy in pairs of hydrophone measurements [4]. In contrast, the analysis and calculations here are applied to measurements of a 160-element coherent hydrophone array [33] that provides significantly enhanced SNR and hence detection ranges for ship radiated underwater sound, as well as directional sensing via coherent beamforming.



Ships are known to be dominant sources of low frequency underwater sound in the 50 Hz to several kiloHertz frequency range [10], which coincides with the frequency range of measurements here. Many previous publications on ship acoustic signature estimation have used higher frequency data, in the tens to hundreds of kiloHertz range. For instance, the DEMON analyses of ship-radiated underwater sound are based on acoustic data that were acquired in urban harbor and glacial lake environments [4,37] that are too shallow for low frequency sound to propagate, so that significant low frequency tonal and cavitation noise components may be cut off from the measurements. These studies have high sampling frequencies of around 200 kHz to focus on high frequency sound or sound modulated to high frequencies in the 10 kHz to 90 kHz range. Similarly, in previous CMS and CMC applications [38], only high frequency signal components, around 5 kHz to 15 kHz, have been analyzed.



The acoustic dataset presented here was acquired in a continental shelf region off the Norwegian coast, where both the low-frequency tonal sound and cavitation noise can propagate over long ranges > 100 km. Our sampling frequency of 8 kHz limits our analysis of ship-radiated underwater sound to below 4 kHz frequencies. There are many other sources of sound in the ocean in this frequency range in our dataset that include marine mammal vocalizations, fish grunts, seismic airgun signals, and our own tow ship noise that can potentially interfere with our analysis of sound radiated sound from distant ships. Here, we demonstrate that simultaneous application of the three techniques: MMSC for machinery tonal characterization, CSC for propeller rotation signature characterization, and mean PSD for ship energetics; applied to beamformed pressure-time series data, can efficiently and simultaneously detect and distinguish underwater sound from multiple engine-powered vehicles at varying bearings and ranges over continental shelf regions, effective even in the presence of other natural and man-made sound sources. In contrast, previous approaches and analyses have primarily focused on a single aspect of ship sound and for a specific type of ship, such as the propeller rotation signature of small boats [37,47] or a single cargo ship [2].



In our previous publication with the same dataset [33], only ship tonal signals were analyzed. Furthermore, signal detections were based on standard thresholding applied to beamformed spectrogram images, followed by nearest neighbour clustering. This approach detects all significant sound sources, including natural and man-made sources, and cannot automatically extract ship-radiated underwater sound. Laborious manual extraction from general detections had to be performed after comparison with known ship bearings that are based on GPS measurements in historical AIS database for the region. In the current paper, the three approaches presented here provide automatic ship-generated underwater sound detection and extraction, hence greatly simplifying the task of distinguishing ship noise from other sound sources. In addition, the current paper also provides more complete ship-sound signature estimation and characterization via propeller and shaft rotation frequencies from cavitation noise, tonal sound frequencies due to machinery, and mean PSD energetics in corresponding bearing-time trajectories, which can be utilized for automatic ship classification.




2. Methods


2.1. Experiment, Instrumentation and Acoustic Data Collection


A subset of data acquired in the Nordic Seas 2014 Experiment (NorEx14) are analyzed here. A map of the Norwegian coastline, along with the data collection regions, are provided in Figure 1 of [32]. During this experiment, a large aperture, densely-sampled coherent horizontal hydrophone array [48] was towed at an average speed of 4 kn or roughly 2 m/s along designated tracks for 8 to 24 h per day to record underwater sound. To minimize the effect of tow ship noise on the recorded acoustic data, the coherent hydrophone array was towed approximately 280 m to 330 m behind the research vessel, so as to confine this noise to the forward endfire direction of the array, which is the forward direction parallel to the array axis. The water depth ranged from 100 m to 300 m at the array locations, and the array tow depth varied between 45 m to 70 m.



The hydrophone array that we utilized during the experiment contains 160 elements [48,49] which are nested into multiple sub-apertures spanning a frequency range from below 10 Hz to 4 kHz for spatially unaliased sensing. The sampling frequency is 8 kHz for temporally unaliased sensing up to 4 kHz. Three linear nested sub-apertures of the array were used to analyze ship-radiated sound: the low-frequency (LF), mid-frequency (MF), and high-frequency (HF) sub-apertures, each consisting of 64 equally spaced hydrophones with inter-element spacings d of 1.5 m, 0.75 m, and 0.375 m, respectively. The ultra-low-frequency (ULF) subaperture containing hydrophones at 3 m spacing are not analyzed here, because several hydrophones in that subaperture were unresponsive during the experiment.



The detection of long-range propagated sound is significantly enhanced by spatial beamforming and spectrogram analysis that filters background noise outside of the bearing beam and frequency band of the sound. The high array gain of the large aperture densely-sampled coherent hydrophone array used here, of up to   10  log 10   ( n )  = 18   dB gain with   n = 64   hydrophones for each sub-aperture, enabled the detection of signals up to two orders of magnitude more distant in range or lower in SNR than a single hydrophone which has no array gain. The actual array gain, which may be smaller than the full 18-dB theoretical array gain, is dependent on noise coherence and signal wavelength relative to array aperture length.



Acoustic signals from hydrophones in each subaperture are first bandpass filtered to avoid grating lobes in beamforming. Delay-and-sum beamforming is next implemented to provide time-domain beamformed signal    x θ   ( t )    steered to horizontal relative bearing angle  θ  in each subaperture. The relative bearings are measured with respect to the array axis.




2.2. Temporal Coherence Analysis of Ship Tonal Sound Using MMSC


The persistent narrowband tonal sounds radiated from ship machinery constitute highly coherent sound fields that can be quantified via MMSC. Because the tonal signals have energies that are confined to relatively narrow frequency bands centered at certain frequencies over long time durations, the PSD in adjacent time periods will be highly correlated at those tonal frequencies. First, the magnitude-squared coherence [45,46] between two adjacent beamformed time-windowed signals is calculated,


  M S  C   x w  ,  x  w + 1      ( f ,  θ i  )  =    |   P   x w  ,  x  w + 1      ( f ,  θ i  )    |  2     P   x w  ,  x w     ( f ,  θ i  )   P   x  w + 1   ,  x  w + 1      ( f ,  θ i  )    ,  



(1)




where    x w   ( t ,  θ i  )    and    x  w + 1    ( t ,  θ i  )    represent signals in two adjacent time windows w and   w + 1   in bearing   θ i  . Then MMSC between beamformed adjacent time-windowed signals in one data unit is calculated to show the averaged coherence,


  M M S C  ( f ,  θ i  )  =  1  N − 1    ∑  w = 1   N − 1   M S  C   x w  ,  x  w + 1      ( f ,  θ i  )  ,  



(2)




where N is the total window number in one data unit.



The MMSC values and relative bearings are extracted at each frequency for prominent peaks in   M M S C ( f , θ )   within each data unit. Prominent peaks with high MMSC values are identified via a peak detector. Note that, at each frequency, multiple peaks whose bearing separations are greater than the corresponding beamwidths can be extracted in order to account for multiple distinct targets that may generate tonal signals at the same frequency and at the same time. In this work, only information for the largest two MMSC peaks are output at each frequency. Persistent tonal signals can be identified by concatenating the results from consecutive data units within the recording time interval. Furthermore, a 2D image of MMSC values as a function of bearing and time can reveal the bearing-time trajectories of potential machinery targets. We provide estimates of tonal sound signature for each target by averaging detected signals’ MMSC-frequency and power-frequency distributions along their corresponding bearing-time trajectories.




2.3. Spectral Coherence Analysis of Ship Cavitation Noise Using CSC


Rotating machinery, such as a ship’s propeller, generate acoustic signals that are cyclostationary, which have hidden periodicities or repetitive patterns, for instance, periodic energy flows [41,42]. These signals are spectrally coherent, due to interfering spectral components that are spaced apart by fundamental and harmonic frequencies, comprising Fourier series components. The CSC analysis provides an approach for determining the cyclic frequencies. It is based on cyclic spectral correlation that is defined as the Fourier transform of the cyclic auto-correlation function [43],


      S  x  α   ( f )      =  ∫  − ∞  ∞   R  x  α   ( τ )   e  − i 2 π f τ   d τ     
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      R  x  α   ( τ )      =  ∫  − ∞  ∞  x  ( t −  τ 2  )   x *   ( t +  τ 2  )   e  − i 2 π α t   d t     
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where    R  x  α   ( τ )    is the cyclic auto-correlation function of signal   x ( t )   at cyclic frequency  α , and    S  x  α   ( f )    is the corresponding cyclic spectral correlation.



Among numerous cyclic spectral correlation estimators, the fast spectral correlation    S  x   F a s t    ( α , f )    [42] has been shown to provide fast computation and better statistical performance. It is calculated, as follows,
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where    S x   ( α ,  f k  ; p )    represents “scanning spectral correlation” which estimates spectral correlation from the Discrete Fourier Transform of the interactions between the STFT coefficients in frequency bins   f k   and   f  k − p   , not necessarily spaced apart by exact  α  but by   p Δ f  , which is the closet frequency bin to  α  with some residue  δ  in order to smoothly envelope the wave packet. Here,    R w   ( α )    is the window kernel from window function w with central time index at   N 0  , K is the total number of windows, each of sample length   N w  , R is the window moving length, and P is the maximum value of p.



By applying this estimator on beamformed signal   x  θ i   , the beamformed spectral coherence   γ  x  θ i     can be obtained,


      S  x  θ i     ( α ,  f c  )      =  S   x  θ i     F a s t    ( α ,  f c  )      
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      γ  x  θ i     ( α ,  f c  )      =     S  x  θ i     ( α ,  f c  )      S  x  θ i     (  f c  )   S  x  θ i     (  f c  − α )     .      



(13)




Subsequently,    ( C S  C  α   f c   )   θ i    and    ( C S  C α  )   θ i    are obtained as the magnitude of   γ  x  θ i     and mean magnitude across carrier frequency   f c  , respectively,


      ( C S  C  α   f c   )   θ i       = |   γ  x  θ i     ( α ,  f c  )   |      
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      ( C S  C α  )   θ i      =  1  N  f c     ∑  f c     ( C S  C  α   f c   )   θ i       
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where    ( C S  C  α   f c   )   θ i    is the two-dimensional magnitude of beamformed cyclic spectral coherence function, depending on cyclic frequency  α  and carrier frequency   f c   while    ( C S  C α  )   θ i    reveals its overall dependence on cyclic frequency  α .



The analysis proceeds by first setting the carrier frequency range   f c   for each beamformed signal   x  θ i   , depending on the array aperture. Next,    ( C S  C  α   f c   )   θ i    are calculated in each data unit as a function of carrier frequency   f c  , cyclic frequency  α  and relative bearing   θ i  .   f c   is next averaged out to obtain    ( C S  C α  )   θ i    as a function of cyclic frequency and bearing. For each bearing, maximum CSC value is extracted except for zero cyclic frequency. By concatenating the maximum CSC values from consecutive data units over the recording interval, we obtain   C S  C  m a x     distribution in bearing-time space that can reveal bearing-time trajectories of potential targets whose propellers generate amplitude-modulated cavitation noise. Then propeller rotation signatures are obtained in terms of    ( C S  C α  )   m e a n    by averaging   C S  C α    along corresponding bearing-time trajectories. The signature for each ship contains a combination of harmonics of the fundamental shaft rotation frequency that includes the propeller blade-pass rotation frequency.




2.4. Ship Sound’s Energetics Analysis with PSD


Engine-powered ships tend to be acoustically energetic, generating both cavitation broadband and machinery narrowband sounds distributed over a wide range of frequencies and over long time durations, regardless of ship propulsion mechanism. Here, we quantify the average received power spectral density of acoustically energetic targets,


      P  θ i    ( f )      = F {  R   x  θ i    x  θ i      ( t )  }     
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     P   θ i    m e a n      =  1  N f    ∑  j = 1   N f    P  θ i    (  f j  )  ,     



(17)




where    P  θ i    ( f )    is the spectral density of the beamformed signal   x  θ i    that is obtained from Fourier transform of its auto-correlation   R   x  θ i    x  θ i      function following the Wiener–Khinchin theorem, and   P   θ i    m e a n    is the mean PSD averaged across broad discrete frequency bands quantified by   N f  . The Welch’s averaged modified periodogram method [50,51] is utilized to calculate spectral estimation.



A peak detector is first applied on   P  θ   m e a n    to output bearings containing acoustic signals with prominent mean received PSD within each data unit. By concatenating results from multiple data units over the recording time interval, the bearing-time trajectories of potential ships can be identified and tracked. The mean received PSD signatures    ( P )   m e a n    can be obtained by further averaging the PSD across time and bearing for each ship.





3. Results


Here, we provide an analysis of the underwater sound radiated by several ocean vessels and received on the towed coherent hydrophone array for a representative subset of data recorded on 26 February 2014 during the NorEx2014 Experiment. The ships present in the region include three fishing vessels, a research vessel, a search and rescue vessel, and a cargo ship (see Section 3.3.3) with distances from the array center ranging from 200 m to 200 km and speeds between 0.5 knots to 13 knots, as verified by GPS data from AIS database for the region. The identity of these ships are provided in Table 3 of [33].



Machinery tonal sounds, cyclostationary cavitation noise, and general broadband power levels for these ships are detected and analyzed by applying the MMSC, CSC, and PSD methods, respectively, to beamformed coherent hydrophone array data. We provide acoustic signature characterization along with estimated bearing-time trajectories for each vessel that include (a) key tonal frequencies for ship machinery; (b) propeller shaft rotation frequency, blade-pass frequency and propeller blade number;and, (c) received mean PSD averaged across specific broad bandwidths to quantify ship radiated sound energetics.



3.1. Beamform Analysis of Coherent Hydrophone Array Data


Raw pressure-time series data from 64 hydrophones each in the LF, MF, and HF subapertures are separately beamformed into 100 bearings spanning forward- to back-endfire directions relative to the array aperture axis and center to form beam-time data images. The beamforming of coherent hydrophone array data enhances signal-to-noise ratio (SNR) by rejecting noise outside of the signal beam, and provides signal bearing estimation. A comparison of single omnidirectional hydrophone spectrogram with beamformed spectrogram for a given bearing within a 46.8 s data unit is shown in Figure 1. Spectrograms in Figure 1 reveal both narrowband tonal signals and broadband cavitation noise generated by passing ocean vessels and own tow ship, as well as other other sounds.



The PSD is next calculated for each beam-time signal. An example is plotted in Figure 2a–c as a function of signal bearing and frequency. This figure reveals that the narrowband tonal signals are spread over wider range of beams than large bandwidth broadband signals, especially at frequencies that are significantly lower than the array cut-off frequency in each sub-aperture.




3.2. Machinery Tonal Sound Analysis via MMSC


3.2.1. Comparing MMSC with Conventional Power Spectrum Analysis


An advantage of MMSC for tonal sound analysis is that it detrends the data compared to traditional power spectrum analysis, as illustrated in Figure 3. The conventional power spectrum applied to a beamformed signal from our dataset is plotted in linear and log scales in Figure 3a–b, respectively, and contains narrowband tonal signals embedded in ocean acoustic background ambient noise. The latter decays with increasing frequency. The MMSC output that is shown in Figure 3c, on the other hand, efficiently detrends the data enabling tonal signals to be enhanced above the background levels. Only a single threshold is needed for tonal peak detection via MMSC analysis. In contrast, conventional power spectrum analysis would require detrending the background before peak detection, or application of a local moving peak detector. The MMSC reveals many more tonal signals than can be observed using the conventional power spectrum analysis.



Next, MMSC analysis is applied to beam-time data with an example plotted in Figure 2d–f separately for data from each subaperture. The MMSC efficiently detrends the background enabling detection of tonal signals with high SNR when compared to power spectrogram analysis shown in Figure 2a–c. Broadband noise has been greatly suppressed using MMSC analysis, enabling better tonal peak detection.




3.2.2. Bearing Estimation of Targets from MMSC


Consecutive data files, each 46.8 s long, received between 15:44:00 and 17:29:24 GMT on 26 February during NorEx2014 and beamformed into 100 azimuthal directions are analyzed here using MMSC. The MMSC processing data unit is 7.8 s with 50% overlap between adjacent data units. Within each data unit, the MSC is calculated for 0.97 s duration signal portions using 1024 points window with 512 points overlap.



The MMSC values of peak detections in bearing-time space are extracted and plotted in Figure 4a–c separately for the LF, MF, and HF subapertures in frequency ranges 1–500 Hz, 100–1000 Hz, and 1000–2000 Hz, respectively. Figure 4d shows the MMSC values in corresponding bearing-time distributions within 1–2000 Hz combined from all three subapertures. These MMSC distributions reveal bearing-time trajectories of seven targets, of which five have been identified as distant ships with locations verified by GPS, labelled as M1, M5, M6, M9, and M12 (see Table 3 of [33]).



The relative bearings of these ships from the receiver array axis, as calculated from their GPS data, are plotted in Figure 5a. Their speeds and distances from the receiver array center are plotted in Figure 5c–d. Over the 1 h and 45 min analysis time period shown here, the speed and range of each ship remains relatively stable, between 0.5 knots to 13 knots and 200 m to 196 km, respectively, depending on the ship. The GPS-derived bearings of the five ships are overlain on the MMSC beam-time image in Figure 5b and show very good correspondence with bearing-time trajectories of acoustic MMSC detections. The remaining prominent MMSC detections are located in the forward endfire direction (relative bearing   sin ( θ ) = 1  ) and between   sin ( θ ) = 0.59   to   sin ( θ ) = 0.7  . These correspond to detections of our own tow ship sound at the receiver array arriving directly from the tow ship or after one bottom bounce or reflection from the sea floor, respectively. As expected, the direct tonal arrivals from our own tow ship located in forward endfire direction   sin ( θ ) = 1   have the largest MMSC values in every frequency subband shown in Figure 4a–d and in some cases very close to perfect coherence of 1.



Combining the results from multiple subapertures and subbands in Figure 4d is advantageous for tracking all five distant ships’ bearing-time trajectories, since they have prominent MMSC values in at least one, if not more, frequency sub-bands. The MMSC detections in MF subaperture 100–1000 Hz subband have consistently good SNR, as shown in Figure 4b for all ships. In contrast, vessels M5, M6, and M9 have much lower MMSC values in the HF subaperture 1000–2000 Hz subband (Figure 4c) indicating that the tonal signals for these ships at the higher frequencies are less coherent. Furthermore, vessels M1 and M12 have undetectable coherent tonals in this HF frequency subband. For M1, both low frequency mechanical vibration due to low speed and high-frequency signal dissipation due to long-range propagation cause the received tonal signals from this ship to be restricted to <1000 Hz frequency. Because M12 is a cargo ship with large propellers, its low frequency engine rotation can provide high speeds [9] resulting in negligible high frequency tonals, and it will be discussed further in Section 3.3.



The corresponding power and frequency of MMSC peak detections are plotted in Figure 6 and Figure 7, respectively, as a function of bearing and time. These images reveal that the tonal signals detections are highly energetic in most frequency subbands when detected via MMSC calculations. For instance, vessels M5, M6, and M9 have tonals that are not highly coherent in the HF 1000–2000 Hz subband, but they are energetic.




3.2.3. Individual Ship’s Tonal Sound Signature in Different Time Period


Here, the tonal sound signatures of distant ships and our own tow ship are derived. The mean MMSC and log-transformed average power calculated from detected tonal sound signals in each ship’s bearing-time trajectories are plotted as a function of frequency in Figure 8 for ship M1 and in Appendix A for the other distant ships and our own tow ship. Results are shown for three averaging time periods of 46 s, 13 min and 26 min in the time frame from 16:15:46 to 16:42:40 GMT. For own tow ship, the tonal sound signatures are presented for (a) the direct arrival in forward endfire   sin ( θ ) = 1  , direction (b) seafloor reflected, averaged over   sin ( θ ) = 0.59   to   sin ( θ ) = 0.7   relative bearing range, and (c) seafloor reflected in the   sin ( θ ) = 0.68   relative bearing direction. These results show that some tonals are highly consistent over long time periods, while others tend to fade over time.





3.3. Propeller Noise Analysis via CSC


3.3.1. Received Broadband Cavitation Noise Overview


For illustration, we first demonstrate the result of CSC analysis applied to a beamformed signal to examine the cyclostationary broadband cavitation noise generated by an ocean vessel. The beamformed time-domain signal, spectrum, and spectrogram are shown in Figure 9a–c. The signals CSC distribution in cyclic and carrier frequency   α − f   domain and mean CSC distribution in cyclic frequency  α  domain, obtained by averaging across carrier frequency f are shown in Figure 9d–e. This subplot reveals the harmonic group of frequencies associated with the propeller shaft and blade rotation of a ship, with a fundamental frequency of 6.17 Hz.




3.3.2. Bearing-Time Trajectory Estimation for Targets from CSC Analysis


Here, the CSC analysis is applied to multiple data files over our analysis time period in order to detect bearing-time trajectories of potential ships with cavitation noise. The CSC calculations are conducted on the 100 individually beamformed signals spanning azimuthal angles   sin ( θ ) = − 1   to   sin ( θ ) = 1   relative to the array axis. Each CSC processing data unit is again chosen to be 7.8 s with 50% overlap between adjacent data units. Within each data unit, the CSC is calculated using 256 point window with 216 point overlap to cover cyclic frequency components up to 100 Hz.



The maximum CSC values extracted from peak detection are plotted in bearing-time space in Figure 10a–c for the LF, MF, and HF subapertures, respectively, corresponding to carrier frequency ranges of 1–500 Hz, 500–1000 Hz, and 1000–2000 Hz, respectively. Figure 10d shows maximum CSC distribution of signals within 1–2000 Hz carrier frequencies combined from all three subapertures. These maximum CSC bearing-time images reveal the bearing-time trajectories of six cyclostationary ship sound sources. Four of these are the GPS-verified distant ships M5, M6, M9, and M12, while the remaining two are due to our own tow ship direct-arrival and seafloor-reflected signals. The bearing-time trajectories of M6 and M9 are clear and can be tracked over most of the analysis time period, while that of M12 is clearly visible only at the beginning, and that of M5 is faint throughout. Best results are obtained in the 500–1000 Hz frequency range from CSC analysis of MF subaperture data, with CSC values for distant ship noise standing above the background and well confined within the bearing of these ships, Figure 10b. The CSC values are the largest in the 1000–2000 Hz frequency range, Figure 10c. Besides cavitation noise from ships, Figure 10a–d also contain other patterned signals whose maximum CSC values stand above the background levels. These patterned signals are due to other ocean sound sources such as marine mammal vocalizations, that may be repetitive. However, unlike ship propeller cavitation noise, these other sound sources do not generate patterned signals over a long enough time duration or with large enough repetition rates to form clear and continuous bearing-time trajectories. Examples of CSC analysis applied to patterned signals from marine mammal vocalizations are provided in Section 3.5.



The vessel M1’s bearing-time trajectory cannot be clearly distinguished in Figure 10a–d. This is because M1 is located roughly 192.4 km from the receiver array where high frequency signal components from this ship are significantly attenuated due to propagation and absorption losses in the ocean. Furthermore, its speed of approximately 0.78 knots is low so that its propellers may only generate low-frequency cavitation noise. The only dominant signal from the previous MMSC analysis for ship M1 is a 250 Hz narrowband tonal, which is likely to get averaged out over the wide carrier frequency ranges used in the CSC analysis for Figure 10. To focus on the 250 Hz tonal for ship M1 and potential cavitation noise, we reanalyze the data via CSC by averaging the carrier frequency only within 200–300 Hz carrier frequency range, using data from the LF subaperture in Figure 11. The bearing-time trajectory of ship M1 can now be clearly distinguished from the background. This 200–300 Hz carrier frequency subband analysis also enhances the bearing-time trajectory of ship M12. This indicates that the received propeller cavitation noise from both vessels are mostly present only within the 200–300 Hz frequency subband in the analysis time period. The two methods for ship noise analysis, MMSC, and CSC, are complementary, since tonal frequencies identified using MMSC can provide useful inputs for fine-tuning carrier frequency ranges in the CSC approach.




3.3.3. Individual Ship’s CSC Signature in Different Time Period


The CSC signatures of distant ships and our own tow ship due to cyclostationary cavitation noise from propeller rotation are shown in Figure 12, Figure 13, Figure 14 and Figure 15. They contain harmonic groups of frequencies that are characteristic of each ship. They are calculated as mean CSC distributions averaged across each ship’s bearing-time trajectory. The CSC signatures are averaged over two time frames, 46 s or a single data file file duration, and 26 min. over multiple data files. Table 1 shows the analysis carrier frequency ranges and time periods for different vessels to best reveal their propellers’ rotation characteristics.



From each CSC signature plot, the fundamental propeller shaft frequency is obtained as the first order harmonic. The blade-pass frequency is obtained as the harmonic with an abrupt magnitude increase in the harmonic series. The propeller blade number (or number of blades on the propeller) is given by the harmonic order of the blade-pass frequency or equivalently the ratio of the blade-pass frequency to the shaft frequency. Table 2 lists the derived CSC signature frequencies of distant vessels and our own tow ship, along with speed and range information from GPS data. The estimated propeller blade number for our own tow ship, RV KNORR, exactly matches that shown in pictures of its propeller [52].



For our own tow ship, CSC signatures of seafloor reflected arrivals (Figure 15c–d) have much higher SNR than that for the direct arrivals (Figure 15a–b), especially in the 46 s CSC signatures. Additionally, the relative magnitude difference between 5th and 4th harmonic is higher in the CSC signatures for seafloor reflected arrivals than direct arrivals, which can better reveal the blade-pass frequency. Besides the prominent harmonic group with fundamental frequency at 10.03 Hz, there are also other less prominent spikes that may come from tow ship’s other onboard rotating machinery besides the propeller.





3.4. General Energy Analysis of Ship-Radiated Underwater Sound via PSD


Here, we quantify the energetics of the received signals from distant ships and own tow ship by calculating the PSD averaged across broad bandwidths for beamformed signals. Each beamformed signal processing unit is again chosen to be 7.8 s with 50% overlap between adjacent data units, with PSD calculated using 1024 points window with 512 points overlap. The PSD is next averaged across several frequency bands and the power output across beams are stacked over multiple data files in our recording time interval. This image reveals the bearing-time trajectories of acoustically energetic sound sources.



The prominent mean-PSD distributions in bearing-time space of received signals from HF, MF and LF subapertures corresponding to averaging frequency ranges 1000–2000 Hz, 100–1000 Hz, and 1–500 Hz, respectively, are shown in Figure 16a–c. With the exception of M1, the bearing-time trajectories of all other distant ships and our own tow ship are clearly visible and can be followed. Previous acoustic analysis of vessel M1 indicates both its received tonal signal and cavitation noise are within 200–300 Hz. When the PSD averaging bandwidth for data from the LF subaperture is confined to 200–300 Hz instead, the output clearly shows the bearing-time trajectory of vessel M1, in addition to increasing the SNR for vessels M5 and M12. We find this 200–300 Hz frequency range to be ideal for analyzing ship radiated underwater sound energetics, since all of the vessels studied here can be detected with significantly high SNR in output mean PSD. Other sound sources are also present in this frequency range, but weaker, and are unlikely to be mechanized ships, since they do not generate tonal or cyclostationary propeller type signals.




3.5. Marine Mammal Vocalization Analysis via CSC


Here, we provide an analysis of marine mammal vocalizations from fin whales and humpback whales using the CSC-based method. We show that this approach is extremely useful for estimating the inter-pulse intervals in repetitive call types, such as fin 20 Hz pulses, and minke and humpback whale buzzes, as well as time intervals between pulse or buzz train sequences. Figure 17 shows an example of the maximum CSC distribution obtained from combining the results from analysis in the LF, MF, and HF subapertures. In addition to ship radiated underwater sound within fairly continuous bearing-time trajectories, there are also some other discrete bearing-time patterns present in the image. These discrete patterns are due to marine mammals vocalizations. For example, several different humpback whale vocalizations types are enclosed in the red box, while two different fin whale call types are enclosed in the green box.



Figure 18 and Figure 19 plot the beamformed spectrograms and corresponding CSC distributions for these various marine mammal call types. The CSC spectra show various peaks due to the repetitive nature of the marine mammal vocalizations. The inter-pulse-train and inter-pulse intervals are estimated as the inverse of the cyclic fundamental and first recurring peak frequencies, respectively, of two harmonic groups and provided in Table 3. The estimated inter-pulse or inter pulse-train intervals match well with those that are shown in the corresponding spectrogram.





4. Discussion


We have applied and demonstrated three approaches for ship radiated underwater sound analysis with a large aperture coherent hydrophone array, providing robust approaches for ship detection, bearing-time estimation, and acoustic signature characterization. The three methods each focus on a different aspect of ship sound; MMSC for narrowband tonal machinery sound, CSC for cyclostationary broadband cavitation noise amplitude-modulated by propeller rotation, and broadband energetics for general high-powered mechanized ship sound. The signatures of their radiated underwater sound have been quantified in terms of tonal frequency components, propeller rotation and shaft frequencies, and number of propeller blades, as well as mean radiated power over broad bandwiths for several different types of ocean vessels. The approaches are applied to beamformed data spanning   0 ∘   to   360 ∘   horizontal azimuths, enabling the simultaneous detection and characterization of multiple engine powered ships at a variety of bearing and ranges as far as 200 km from the coherent hydrophone array.



The three approaches are independent, but they can complement each other to enhance ship radiated underwater sound analysis. For instance, we found ship M1 that was very far away, on average 193 km from our coherent hydrophone array and travelling at low speeds, did not generate a clear bearing-time trajectory in the output from direct application of the CSC and PSD methods. We were able to enhance the results in these methods for ship M1 by using information from the MMSC approach that showed this ship had only one detectable narrowband tonal signal at the low frequency of 250 Hz. This knowledge was used to reduce and confine the frequency range for averaging in the other two methods, which are the cyclic frequency range in CSC and the PSD averaging bandwidth, to focus analysis to the low frequency 200–300 Hz range, making ship M1 detectable with improved SNR in these methods after the modification. A hybrid approach can be developed in the future, combining these three approaches that use information from one approach to automatically optimize the parameters in the other two approaches to ensure that ship detection and characterization in terms of narrowband tonal frequencies, propeller, and shaft cyclic frequencies, as well as broadband energetics is achievable directly, rather than via manual feedback.



From the study conducted here, we can summarize the usefulness and advantages, as well as some challenges, which are associated with the three approaches for ship radiated underwater sound analysis with a coherent hydrophone array. We find the MMSC approach is extremely efficient in detecting narrowband tonal signals even when a ship is very far away (approximately 200 km), so long as the tonal is sufficiently energetic within the small bandwidth compared to adjacent frequencies. Furthermore, MMSC detrends the data, enhancing the detection of low energy tonals that may be drowned in the noise in traditional power spectrum methods, as we have shown.



In the CSC approach implemented here, the peak cyclic frequency component is output at each point in beam-time space in order to generate the bearing-time trajectories for multiple ships without any prior information. Detailed propeller rotation signatures of multiple ships are then estimated by averaging CSC distributions along corresponding bearing-time trajectories for each ship. This approach is extremely useful, since no a priori information is needed for finding acoustic signature and can be applied to analyze multiple ships simultaneously. Previous publications [37,40] based on measurements with a single hydrophone or sparse array typically provide information for a single ship only that is acoustically dominant and in close proximity to the sensor. Prior information regarding ships’ signatures would be necessary for tracking two more ships in sparse sensor measurements since those approaches are directly dependent on knowledge of harmonic components for cross-correlation in direction of arrival estimation [37,40].



The energy-based method here can rapidly detect and provide bearing-time trajectories containing ships. However, it cannot provide detailed time-frequency characteristics of ship sound or propeller characterization, and it may need to be fine-tuned in order to prevent missed detection. The energy-based approach is easy to implement, which makes it useful for rapidly estimating ship bearing-time trajectories.



Finally, analysis of patterned marine mammal vocalizations using the CSC-based method are provided. The call rates and intervals for click sequences for several repetitive call types from humpback and fin whales have been provided. The derived CSC distribution reveal the periodicities in energy flow of the marine mammal vocalizations that can be used for classifying the call types.




5. Conclusions


Three approaches for ship long-range automatic detection, acoustic signature characterization, and bearing-time trajectory estimation have been developed and applied, each focusing on a different aspect of a ship’s radiated underwater sound received on a large-aperture densely-sampled coherent hydrophone array. Ship radiated underwater sound has been analyzed from multiple ships with significantly enhanced signal-to-noise ratios after beamforming, enabling detection and acoustic signature characterization for each ship, from long ranges and distributed over instantaneous continental-shelf scale regions. The three approaches, Mean Magnitude-Squared Coherence (MMSC), Cyclic Spectral Coherence (CSC), and broadband energetics, were applied to beamformed data from roughly two hours of acoustic recordings of the 160-element coherent hydrophone array that was deployed in the Norwegian Sea during an experiment in February 2014. Six GPS-verified ocean vessels have been automatically detected and their acoustic signatures characterized, located at a variety of bearings and ranges out to 200 km from the coherent hydrophone array, with speeds ranging from 0.5 knots to 13 knots. We have quantified the machinery tonal sound signature, propeller rotation signature, and ship broadband energetics for each of these six engine-powered ocean vessels that can be employed for automatic classification. We also demonstrate automatic detection, bearing-time estimation, and temporal characterization of repetitive marine mammal vocalizations in recorded coherent hydrophone array data using the CSC-based method.
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Appendix A. Individual Ship’s Tonal Sound Signature in Different Time Period


The tonal sound signature of remaining ships from MMSC analysis in Section 3.2.3 are provided here.
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Figure A1. Tonal sound signatures of vessel M5 in averaging time period (a,d) 46 s, (b,e) 13 min, and (c,f) 26 min. 
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Figure A2. Tonal sound signatures of vessel M6 in averaging time period (a,d) 46 s, (b,e) 13 min, and (c,f) 26 min. 
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Figure A3. Tonal sound signatures of vessel M9 in averaging time period (a,d) 46 s, (b,e) 13 min, and (c,f) 26 min. 
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Figure A4. Tonal sound signatures of vessel M12 in averaging time period (a,d) 46 s, (b,e) 13 min, and (c,f) 26 min. 
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Figure A5. Tonal sound signatures of own tow ship KNORR’s direct arrival signals within relative bearing   sin ( θ ) = 1   in forward endfire direction over averaging time period (a,d) 46 s, (b,e) 13 min, and (c,f) 26 min. 
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Figure A6. Tonal sound signatures of own tow ship KNORR’s seafloor-reflected signals averaged over relative bearing   sin ( θ ) =   0.5 to   sin ( θ ) =   0.7 in averaging time period (a,d) 46 s, (b, e) 13 min, and (c,f) 26 min. 
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Figure A7. Tonal sound signatures of own tow ship KNORR’s seafloor-reflected signals within relative bearing   sin ( θ ) = 0.68   over averaging time period (a,d) 46 s, (b,e) 13 min, and (c,f) 26 min. 






Figure A7. Tonal sound signatures of own tow ship KNORR’s seafloor-reflected signals within relative bearing   sin ( θ ) = 0.68   over averaging time period (a,d) 46 s, (b,e) 13 min, and (c,f) 26 min.
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Figure 1. Comparison of single hydrophone signal and beamformed signal in one data file received at 16:16:29 (GMT) on Feb26 in Nordic Seas 2014 Experiment. (a) Spectrogram of a single hydrophone signal. (b) Spectrogram of signal beamformed in   sin ( θ ) = 0.06   relative bearing direction using 64-element HF subaperture. 
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Figure 2. (a–c) Power spectral densities (PSD) distribution and (d–f) Mean Magnitude-Squared Coherence (MMSC) distribution in bearing-frequency space of beamformed signals in one data file received at around 16:16:29 (GMT) on Feb26 in Nordic Seas 2014 Experiment. (a,d) 1000–2000 Hz (HF subaperture); (b,e) 100–1000 Hz (MF subaperture); (c,f) 1–100 Hz (LF subapeture). 
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Figure 3. Comparison of power spectrum and MMSC-frequency distribution of signal beamformed at   sin ( θ )   = 0.68 relative bearing in one data file received at 16:16:29 (GMT) on Feb26 in Nordic Seas 2014 Experiment. Data from MF subaperture within 100–1000 Hz. Power spectrum of beamformed signal in (a) linear-scale and (b) log-scale, as well as (c) MMSC-frequency distribution of beamformed signal. 
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Figure 4. MMSC values from peak detection in corresponding bearing-time space for (a) 1–500 Hz (LF subaperture), (b) 100–1000 Hz (MF subaperture), (c) 1000–2000 Hz (HF subaperture), and (d) 1–2000 Hz (combined result from all three subapertures). 
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Figure 5. Positional information based on GPS from historical AIS database for five distant vessels. (a) Relative bearing from hydrophone array axis calculated from GPS data. (b) GPS bearing overlain on peak detector output MMSC values in corresponding bearing-time space. (c) Speed and (d) distances of vessels from coherent hydrophone array. 
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Figure 6. Power levels of MMSC detections in corresponding bearing-time space for (a) 1–500 Hz (LF subaperture), (b) 100–1000 Hz (MF subaperture), (c) 1000–2000 Hz (HF subaperture), and (d) 1–2000 Hz (combined result from all three subapertures). 
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Figure 7. Frequencies of MMSC detections in bearing-time space for (a) 1–500 Hz (LF subaperture), (b) 100–1000 Hz (MF subaperture), (c) 1000–2000 Hz (HF subaperture), and (d) 1–2000 Hz (combined result from all three subapertures.) 
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Figure 8. Tonal sound signature of vessel M1. (a)–(c) Mean power of MMSC detections as a function of frequency along M1’s bearing-time trajectories averaged over 46 s, 13 min and 26 min time intervals. (d)–(f) Mean values of MMSC detections as a function of frequency along M1’s bearing-time trajectories averaged over 46 s, 13 min, and 26 min time intervals. 
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Figure 9. Broadband cavitation noise recorded in 64-element HF subaperture and beamformed to   sin ( θ ) = 0.06   relative bearing in one data file received at 16:16:29 (GMT) on February 26 in Nordic Seas 2014 Experiment. Signal in (a) time domain, (b) power spectrum, and (c) spectrogram outputs are shown. (d) CSC distribution in   α − f   domain and (e) mean CSC distribution in  α  domain reveal propeller cyclostationary cavitation noise characteristics of a ship. 
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Figure 10. Peak CSC distribution of received broadband signals in bearing-time space. (a) 1–500 Hz (LF subaperture). (b) 500–1000 Hz (MF subaperture). (c) 1000–2000 Hz (HF subaperture). (d) 1–2000 Hz (Combined result from all three subapertures). 
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Figure 11. Peak Cyclic Spectral Coherence (CSC) distribution of received broadband signals in bearing-time space (200–300 Hz, LF subaperture). 
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Figure 12. CSC signatures of vessel M1 in averaging time period (a) 46 s and (b) 26 min. CSC signatures of vessel M5 in averaging time period (c) 46 s and (d) 26 min. 
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Figure 13. CSC signatures of vessel M6 in averaging time period (a) 46 s and (b) 26 min. CSC signatures of vessel M9 in averaging time period (c) 46 s and (d) 26 min. 
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Figure 14. CSC signatures of vessel M12 in averaging time period (a) 46 s and (b) 26 min. 
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Figure 15. CSC signatures of KNORR from direct arrival signals within relative bearing   sin ( θ ) = 1   in averaging time period (a) 46 s and (b) 26 min as well as from seafloor-reflected signals within relative bearing   sin ( θ ) = 0.68   in averaging time period (c) 46 s and (d) 26 min. 
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Figure 16. Peak PSD distribution of received broadband signals in bearing-time space. (a) 1000–2000 Hz (HF subaperture), (b) 100–1000 Hz (MF subaperture), (c) 1–500 Hz (LF subaperture), and (d) 200–300 Hz (LF subaperture). 
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Figure 17. Peak CSC distribution of signals (1–2000 Hz) in bearing-time space. Bearings of three Humpback whale call types are indicated by red boxes. Bearings of two Fin whale call types are indicated by green boxes. 
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Figure 18. Spectrograms and CSC distributions of Humpback whale calls. (a,b) Call type 1 (clicks mixed with downsweeps), (c,d) call type 2 (only downsweeps), and (e,f) call type 3 (only clicks). 
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Figure 19. Spectrograms and CSC distributions of Fin whale calls. (a,b) Call type 1 (sparse 20 Hz calls mixed with 130 Hz calls), (c,d) call type 2 (dense 20 Hz calls mixed with 130 Hz calls). 
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Table 1. Parameters for calculating CSC signature of different vessels.
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	Vessel
	fcarrier

Hz
	Time Period





	M1
	200–300
	t1



	M5
	1–2000
	t2



	M6
	1–2000
	t1



	M9
	1000–2000
	t1



	M12
	1–2000
	t2



	KNORR

(direct arrival)
	1000–2000
	t1



	KNORR

(seafloor reflected)
	1000–2000
	t1







t1 = 16:15:46~16:42:40 (GMT); t2 = 15:44:00~16:10:00 (GMT).
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Table 2. Propeller characteristics of distant ships and own tow ship.
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From GPS

	
From Acoustic Signals




	
Vessel No.

	
Vessel Type

	
Speed

(Knots)

	
Distance

(km)

	
fshaft

(Hz)

	
fblade-pass

(Hz)

	
Blade Number






	
M1

	
SAR

	
0.78 ± 0.16

	
192.4 ± 0.6

	
1.92

	
7.84

	
4




	
M5

	
F

	
3.7

	
83.38

	
2.06

	
6.17

	
3




	
M6

	
F

	
9.4 ± 0.2

	
13.2 ± 0.7

	
6.17

	
24.68

	
4




	
M9

	
F

	
4.6 ± 0.3

	
25.4 ± 1.9

	
3.34

	
13.62

	
4




	
M12

	
CG

	
12.3 ± 0.1

	
54.3 ± 1.8

	
1.41

	
7.06

	
5




	
KNORR

	
RV

	
4.5 ± 0.2

	
0.2-0.3

	
10.03

	
50.13

	
5








SAR (Search And Rescue), F (Fishing vessel), CG (Cargo), RV (Research Vessel).
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Table 3. Marine Mammal call characteristiscs.
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	Call Category
	Description
	Fundamental Cyclic Frequency

(Call Rate) (Hz)
	Call Interval

(sec)





	Humpback Type 1
	Clicks and lower frequency

Downsweeps combined
	0.1068

1.132
	9.36

0.88



	Humpback Type 2
	Higher frequency

Downsweeps only
	0.0427

0.2136
	23.41

4.68



	Humpback Type 3
	Clicks only
	0.095

1.263
	10.492

0.7918



	Fin Type 1
	Sparse 20 Hz calls mixed with 130 Hz calls
	0.064
	15.625



	Fin Type 2
	Dense 20 Hz calls mixed with 130 Hz calls
	0.064

0.2782
	15.625

3.59
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
o 7 w Power(d8)

Power L
) 6| 0%fG )
om
(l o | bigis m
o) Taming oo o Tamin
8o
il Lo
© 2omn] oo ) Zomin
oo
S0 o g © Ea—

Powmumay 061

3
Froquenay 0}





media/file4.png
Power (dB)

Power

20
(a) 46s
10 } -
0
8 ki) 13min -
4t i
0
10
5
0

500

1000
Frequency (Hz)

1500

0.1

0.05

3 0.04
= 0.02

0.08
0.04

MMSC
) | 46s]
) 13min
LL.I.l N . . & —
"~ 26min .
b, . .
500 1000 1500 2000

Frequency (Hz)





media/file52.png
N

Frequency (Hz)

Frequency (Hz)

'.'".'4 '
| | |I|Lm~!”“
| 'I""'W W | ',‘,“'u.l' '“ ':'.'

SpectrOQ ram

i) i ‘Mll‘
h*.w

i
h 1'
|||

.

JI l”lh

“nll, i
I

| ..'. |'a

J
|1I‘ |

Time (sec)

‘ll

”I M Wy x'f .

'A“,p '||

= L ——
= -ﬁ_:-_'
> 5_
= =—

|| 'M'

L |r‘| o
i uM'l’ bt

1’Hﬂf“|;||| | |
V *r
l'

power (dB)

power (dB)

CSC

CSC

(b) typé 1

(d) type 2
V /U

0.05 f

0.5 1 T
Cyclic Frequency (Hz)

2

2.5





media/file39.jpg
006 f(a) 46s] L ] 63|
goos goos

004 004

0% [ 26min g 26min

004

2 00s 9
8 8 oo

o0t Loy L andornd

ECCICE W @ w4

Cyclic Frequency (Hz)

Cyclic Frequency (Hz)





media/file18.png
o O O OO
o O O OO
W O < AN~

(zH) Aouanbai4
(gp) semod

2000 g
1500
1000

(gp) Jemod

o o o o o O OO
o o o o O O OO
(zH) Aousnba.4

(gp) Jemod

(@]
0

60
40

20

0.5

-0.5

Relative Bearing (sine)

Relative Bearing (sine)





media/file21.jpg
MMSC (1~500 Hz LF) MMSC (100-1000 Hz, MF)

),

e 1 Lo o]

0 1620 1640 1 1600 1620 1640
Time (GM






media/file44.png
CSC

CSC

0.048

0.04

0.032 |

0.045

0.04

0.035 |

(a)

20 40 60
Cyclic Frequency (Hz)

80

{(C)

(d)

ol

20 40 60
Cyclic Frequency (Hz)

80

100





media/file26.png
Relative Bearing (sine)

Relative Bearing (sine)

1 {'a‘)’ ﬂ.‘ :-.;'I'l'l:' i '” II'.. 1I:IM-I'- up.hl - ,

Power (1 ~500 Hz, LF)

iy Hr“. '
“‘\.,' .".lir’., il {.'H r".|, ﬂ,"; ,i"ﬂ,ﬂ‘. J"u,.f i r.l" "} ,'.'1"'
I'I| . {1k hl' L g

‘;fl '|Il I|I|I I
; UL
I'II|, Il-m"anl. ,.“"‘l'um',

IT" !l"'ll.l Uik lr"liy‘]# F'H"H'
' L o c
.I ﬁflﬂﬂl{whl'lﬂl'l.'ﬁ ."% Lb ILH'HII'

2Ll H
P "‘ Gt ﬂﬂw'
¢a ‘ II |II':.H;I.,
. N '

LMW o i ‘i"m Mﬁ«m
W?ﬂh fl'fw'f o H‘WW !mh W
"'m.“'.h.a ey Loali f i1 I.'.'h pet .-'.'“- ""ﬁ LU e ol “""MW"M”F"“

16:00 16:20 16:40 17:00 17:20
Time (GMT)

.'"'I .'f

Power (1 00~1000 Hz, MF)

1 .
' | ' F“I II.I* |q | ||'l|"f'll'|' Il'":l |
(Q;\H‘“ I.lll;ll lh ?H ") g Vv a

:5.' 118 !r rr| |'q'|"|' wi.-.,i’r' h',r'lu 'I"|H'i 'd'..,. 'u '."., ,. " "'l' , ,'.';J"
',J'J";'-',.‘-',.'I,‘* .0 '-I" '.-m L q' F ,."-' .'1 || .lf"-j'

W

" :
1.1 u.
IIl lulq'l

|r| -'|

".IH
'-I -.

'-l'.. oy
._|'1, L

oty f | :IIII
T 'I” .. "'f'l" '!'.H-'.-:'I'l.".l.'ji.\k,'.,'
L -~ i Illlrl n, T

' fn;pwmlwm_m 1.,:,\1%-'“}‘1? ;

I|F:I L

i ﬁfiﬂﬂi, oot w*w

*f.mw
| \%

i, T "“";ﬂi.i

ﬁ' ‘|, (il ..M.‘ f‘ﬁﬂmu

W‘K"m'ew 4&"'1‘“"" “"‘hr.un:,ﬁh T e

16:00 16:20 16.40 17:00 17:20
Time (GMT)






media/file7.jpg
Power (08)

Power oo musc

o = ) =
3 o2
I T T 8| TINEN  PR PR P |
Hoy O Tamn
1 Zoms
o o
Zomin] ool 26min
i ocos
500 1000 1500 2000 e 500 1000 1500 2000

Froquency (Hz) Frequency (Hz)






media/file28.png
Frequency (1~500 Hz, LF) 1 Frequency (100~1000 Hz, MF)

1 ] il r LIRS | i et o Rl et
(@HWW A T T M pTH ﬂ“‘*‘***""””"

wu‘n’, e a,-w.} an.m, wrf.H alhlgwf-ﬂhfwf‘:aw-ﬁ% rf ﬂﬁ:,wm i wwetrﬁt f“’#”‘ﬁ i i fu LA “}
[; 'I'I' I XL ATE

-'

Relative Bearing (sine)
frequency (Hz)

R :
'ﬂ I"I |' ¥
||"".".t.r.,. | ) L I *p’{' ol 10y
II Mu.ﬂ".ﬂ".qﬂ'\d:'ﬂﬂl M'* \'p,ﬁ, 4"'"""";[.”% 1,,M'll"‘ i +""i*-r|f'|'||.-r|.‘n'lh1‘\"“|f' 1 , it

ll L '| }‘-'-J‘F'\"\%‘l.ﬁiﬁﬂg'ﬂ.ﬂ‘ﬂw* ".-'“h?"l"m' ;}hﬁrr -r"”-" 1*}' Lol uf“w\ilf‘jﬁ “‘Eus
o II :II: I :I 'II: ¥ I!I | | : | Ill A p o *ﬁ %:’ W-‘!fl i|‘ 'I'. . . ' ‘. 'I. ; ': : n I
"I* g ']fh?r u"m, R R

|
||I|I

“;2“- .Illlﬁ;iﬂahi

" 1 X ¥
'.|.I f

frequency (Hz)

W ] LA K '"'*-'“".TM"H-"-I"'
WJ’& iM i f A;“ﬂymﬂuJ
i sl ol ] “"W% il %'Mwaw ﬁi**n’r“ﬂ*#ih.w, e
16:00 16.20 16.40 17:00 17:20 16:00 1620 16:40 17:00 17:20
Time (GMT) Time (GMT)

Relative Bearing (sine)






media/file10.png
20

—_ -
o U

Power (dB)
omaom

Power

(a) 46s|

(b) 13min |

Al b by I. . l..u. Lk . J baidis ._JLJ,..._.L Jon Ll ] l |

c) | | ~ 26min
500 1000 1500 2000

Frequency (Hz)

0.06

0.03

O
A 0.08

=
= 0.04

0.08

0.04 |

MMSC
(d) | 465
(e) 13min |
.ll.L..lll_- IJ..J. .J.... .l.‘lJ 1 lel
(f) | | ~ 26min -
it Jll. LJ N JJ w1 lllll
500 1000 1500 2000

Frequency (Hz)





media/file49.jpg
csc.
03

b) type 1
02

H

02

B

Bois

H

o1

Froquency (Hz)

00s|

oss f(d) type 2
04
035
03
Gozs
© 02|
o
o1
00s

Froquency (Hz)

o3 th) type 3
025

02

100
ES
®
w
250 I
a0
S
e
0
w
350

Boss

roquency (Hz)

o
00s

3 0 E)
Time (sec) Gyolo Frouence ().






media/file11.jpg
Power (dB).

3

Power mmsc
@ & o2f@
o
z il o 1 b
Lo
o L
g aon i omin
o0
& ,MIJ | | Al LL_
o = a0 E T

Froquency (Hz)

Froquency (Hz)





media/file6.png
Power (dB)
o O,

o u 5

—
o

o u 35

Power

500

1000
Frequency (Hz)

1500

0.1
0.05

o 0.08
=

0.04
=

0.06
0.03

MMSC
(d) | 46s!
R R TTT WOPRT T T Y PP AP IV P RO A TR
(e) " 13min .
e e e I e . 1. "
(f) | ' "~ 26min |
adiatll b o dodes becide sinnes bubmesten soclems coducin sieas l o o
500 1000 1500 2000

Frequency (Hz)





media/file36.png
<
o

Relative Bearing (sine)
o

o
o

f . (200~300 Hz), LF

¢ b i i Mg’“‘
il 1 i
”J t,\“ ! l

i
M"Hmn' { ' 'm A A
ghasd | | I ||'| l‘q‘ ‘ -'. '
| ! J'
i ! [
hlf !
i | |' 1' |

Il'i!m“ TP |

| ] |
|| i |
dil o U e B L 1 ‘......I.III

16:00 16:20 16:40 17:00 17:20
Time (GMT)

CSC






media/file15.jpg
£

H N

& S
o
s

5 ®

H n
w

Time (sec)





nav.xhtml


  remotesensing-12-03731


  
    		
      remotesensing-12-03731
    


  




  





media/file2.png
Power (dB)
CU S gG CPUg; ©

Power

(b) 13min
(c) | | ~ 26min .
I Lo “.JLJ h AIJ.I._.I
500 1000 1500 2000
Frequency(Hz)

0.4

0.2

O 0.08
= 0.04

0.04

MMSC
(d) | 46s
A .I.n A -I..II....J-.‘_;..L-I-I-- Rindl e e -y Lono ool
(e) 13min
. .h.ILJ.L i s il s —
(f) 26min
..llJl..hL _“L.LL L L
500 1000 1500 2000

Frequency(Hz)





media/file23.jpg
Relative Bearing (sine)

‘Speed (knots)

05

Rolative boaring from GPS

Relaive Searing (sine)

GPS boaring on detocted boaring
o)

el

3.

10

Distance (k)

g

g

|

600

20 1040
Time (GMT)

0

]

0 620 Tek0 1700 1720
Time (@MT)





media/file24.png
Relative Bearing (sine)

Speed (knots)

O
o

(@

o
o1

Relative bearing from GPS

—¥—— M1
—*— M5
—*— M6
M8
ok M12
—¥— KNORR

W

16:00 16:20 16:40 17:00 17:20
Time (GMT)

Relative Bearing (sine)

Distance (km)

'y

o
o

(@

o
o

200

—_—
(8)
(@

—_—
o
(@

(8)
(@

(@

GPS bearing on detected bearing

Distance

W

16:00 16:20 16:40 17:00 17:20
Time (GMT)

MMSC





media/file29.jpg
Ppower (dB)

10

Frequency (Hz)

Frequency (Hz)

Power o1 MmsC
(@) 46s] (d) 46s|
00s
00 T N W
b) 13min 9 07fe) 13min
2 o0s
PR O
o e e
(©) 26min 008Gy 26min
o
100 200 300 400 500 o 100 200 300 400 500





media/file1.jpg
Power (0B)

Power 0 mmsc
o ) @ =
o
Ik sl Ly
D e z T
) goos )
oo |py

5 £ g e

500 1000 1500 2000 4 500 1000 1500 2000

P L





media/file12.png
Power

(b) 13min |

46s

500

1000
Frequency (Hz)

1500

26min |

2000

0.2
0.1

0
O
3 0.08

=
= 0.04

0.08

0.04

(d)

Lo L bl

_(e) 13min |
:,._LILU. u.lu JLl..u.m " Jkl T PN lllll _,
() | 26min |
Jllml. Jll.“ L L J l M .

500 1000 1500 2000

Frequency (Hz)





media/file9.jpg
mMmsC

00 [y E=
0
o L Lbudobu di ol il
gonl® Torin
oot
2% PR [ Y
o i £
0ot
L TP O O M | gl PV VO O Y DY
Y oo
P (r8) i )





media/file42.png
26min

5 10 15 20
Cyclic Frequency (Hz)






media/file47.jpg
1, (1~2000Hz), combined

Humpback whale call
Fin whale call

Time (GMT)

01

008

007

006

005

o004

003

osc





media/file38.png
0.04 (C) 4pg
&
O 0.035 |
0 : : : : 0.03 —
0.055 26min | 0.04 Hd) 26mijn
B B
$30.045 A 0.0375
0.035 | | . 0.035 . . |
5 10 15 20 20 40 60 80 100

Cyclic Frequency (Hz) Cyclic Frequency (Hz)





media/file17.jpg





media/file30.png
Frequency (Hz)

(a) 465

T

(b) 13min

(c) 26min
O W

100 200 300 400 500

MMSC
(d) | | 465
| T L, |
(e) 13min 1
L J. JI.L : | :
(f) 26min 7
L \ A . JLL \ d.
100 200 300 400 500

Frequency (Hz)





media/file51.jpg
Time (sec)

pover ()

csc

(b) type 1
T) @ type2
L E—

Cyclc Frequency (Hz)





media/file35.jpg
s B
0
£
2
=3
£
s 0
53
@
°
Z
k]
@ 0.5

i

f (200~300 Hz), LF

AT

/
16:00

16:20 16:40 17:00
Time (GMT)

02

0.15

0.1

0.05

csc





media/file48.png
Relative Bearing (sine)

0.8

0.

(02}

0.

LN

0.2

O

-0.2

-0.4

-0.6

-0.8

f (1 ~2000Hz), combined

Time (GMT)

Humpback whale call il %i
Fin whale caII '
""I i 'rlilI l[ ’ i
“J , P W’ ﬂ ml B 0 ml J My ﬂM i
II'I|p|q | :I i '.i :'I'!!\:I“!j Wty .! ,F ."
|||“,f I||l||*ﬁ L ||| |l il T
H*I | i1 b '
bt T L AN
| r “‘ Tl
d ) | |.| |I|'
I , | | |
Elm ) ‘ ,M “
Bt 1) o II‘lil“""”i'"i‘lﬂﬂiu.u bt |
m R | 8y .|ll"' PR e g Ll flael ) | I | I
16:15 16:50 17:25

0.1

0.09

0.08

0.07

1 0.06

1 0.05

§ 0.04

0.03

CSC





media/file27.jpg
i
2

Relative Bearing (sine)

“ - .
1600 1620 1640 17.00 17 1600 1620 1640 17.00
“Time (GMT) Time (GMT)






media/file3.jpg
Power (dB)

2,

o

P

Frequency (Hz)

Power mmsc.
'@ =
oo
131 2 13r
N i
Lo
o
ﬁ Zomn| o m e
500 1000 1500 2000 °© 500 1000 1500 2000





media/file22.png
Relative Bearing (sine)

Relative Bearing (sine)

MMSC (1~500 Hz, LF)

i Fal
ot PSRRI Bl b Y]
“, f,- #‘f "'l'. ..',,'.."";"f.f_“n..‘*",i\.v.‘{"f,j Uramioo i A

y =|I“I ity
!

y I
mifi
f'l".m:mlﬂ
II
. . "'m” '
Y k I... h.'".' ;'

il '..'f'u .5.* !

.
|
! r.. .;".J'ﬁ.' Jh'sf““'
i

" | ol P .
p g g At o o it B gl g
.
i

16:00 16:20 16:40

Time (GMT)

17:00 17:20

)

MMSC (100~1000 Hz, MF)
Lyl T )
‘ oy TR
- ' III
ik f‘!.M 'ufn g iw mm mm“'ﬂﬁ‘h T
Iw,'n il i Mt‘n‘g J " .' 'i‘w-wr“
|

MMSC (1~2000 Hz, combined)

e : H| T rm-‘-' Al el
M T b :H*HJF'I'
TR ,-'

"'l”"’ u., 1faply? .'I'.I ]

P :l*quhwmfﬂ mwwpﬂnw%w# i

16:00 16:20 16:40

Time (GMT)

17:00 17:20






media/file19.jpg
x10°
(a))Power Spectrul

(©) MMSC

0
100 200 300 400 500 800 700 800 900 1000
Frequency (Hz)





media/file40.png
0.06
O !
c,)().05

O

CS

20 40 60 80 100
Cyclic Frequency (Hz)

0.06 f

O
c,)().05
O

0.04

0.044 ¢

0.04

46s]

26min

10 20 30 40
Cyclic Frequency (Hz)





media/file33.jpg
1, 0-500 M), 15

1, 1000-2000 v, HE

1 (500-1000 va), MF

e o VL .
s \ |
1 (1-2000 Ha),combined. ) .

- il B

= :w«twl.m»-pw;, -

oo g § i i

H i

e i ‘ aos.

I





media/file32.png
«10®  Signal in time domain Spectrogram

. 4000
a)
o
§ 0 3500
o
o
< 3000
-5 | - - - T
0 10 20 30 40 50 =
Time (sec) 2 2500
Power Spectrum Q
- - o
— D 2000
M 60 LL
°
o 50 1500
=
O
Q- 40
' ' 1000
1000 2000 3000 4000 10 20 30
Frequency (Hz) Time (sec
quency CSC (sec)
4000
T 0.04
. 3000 RN
2 0.03 &
=] 2000 . | | 0.02
o e T , e il
I 1000 R ™ 0.0
0.04
B
5 0.03 .
0.02

50 100 150 200
Cyclic Frequency (Hz)

40

power (dB)





media/file14.png
Power MMSC

5 (a) ' ' 6s| 0.06 -(d)
3t | m ‘ 0.03 |
0 : ‘ ‘ :| ‘ 0 Il | ||.| 'Hl| ||‘ - L |i|hl Lol b |||||| L
24 (b) 13min | 0 0.015 (e)
o 2F i < 0.01 | ‘ ‘ i
g : = 0.005 i
DC_) 0 . . : : 0 . . .
3 [(C) 26min | 0.015 I(F)
0.01
1.5F j 0.005 J“ J “ ]
0 0 ol N J.JLJI...J.. I PR PP T "

500 1000 1500 2000 500 1000 1500
Frequency (Hz) Frequency (Hz)





media/file41.jpg
a) 46s
b) 26min
5 10 15 20

Cyclic Frequency (Hz)





media/file37.jpg
0.1 [@ 6] 004 (@

& 9

Boos Boass

003

T Z6min 004 [@ 26min
S Boowrs
3 8

0035 005

5 10 15 20 20 40 e 8

Cyolic Frequency (Hz)

Cyolic Frequency (Hz)

100





media/file46.png
1000~2000 Hz (HF) 100~1000 Hz (MF)

'-'"- _-|Il|_ ||||| 1
"nl-.'

'\v'-".'".-." e .-n.wf"l'-’v.l"'l"\'!\""'-.r'-""-ﬂ-"h—"'"—'—
'II'.III |'|J|, 'l'l'fl o I}I'.-II'I l'lulfl. || '”'"‘I'."l I‘I'I'll'l"l' lflI‘l‘fl‘l.ﬂ"l,li‘l".l'

N
h"'\. " Hl.".H o
s .H. PR .
.:.'.' '..' V]
.'.-' "..,"'."‘.":"':H\-.I '.""" f'l.'\".:".:"'ﬂ ¥y

n, ;l.:. ll|I i ;:’lll.'fx '}"W'ulln,\" 1 ", |?' |_“

| 1 :AI l|'| i

e |I ! |'"
= e .ﬂ-’.' '
L ":| .|||'llll;||'l_ [T 'I.' il
u "’l 1 t
'Il.ll [T "l\-|_‘,v "

h . " o
I}\u' Wi '
! BT

Relative Bearing (sine)
Relative Bearing (sine)

1615 1650  17:25 16:15 16:50
1~500 Hz (LF) 200~300 Hz (LF)

. : ey
1
- |'| I"I i " |I|ﬁ""'| " lll.lll‘| : :'::'I'
' [ 1 ll l 1 l I"-II ! g
' ) A TR
=gl e
ll - ll J

sy 'm m

Vi
LA

Relative Bearing (sine)
Relative Bearing (sine)

iy,
My m
I..-v'-x-_.'l..lll e I —

16:15 1650 : 16:15 | 1:50
Time (GMT) Time (GMT)






media/file45.jpg
1000-2000 Hz (HF) 100-1000 Hz (WF)

ive Bearing (sine)
Relative Bearing (sine)

0 1725

1-500 Hz (LF)

ive Bearing (sine)
e Beating (sne)

Teis 1650 s 1650
Time (GMT) Time (GMT)






media/file16.png
2000

1500

1000

Frequency (Hz)

500

2000

1500

1000

Frequency (Hz)

500

Time (sec)

power (dB)

power (dB)





media/file20.png
Power

B)

Power (d

MMSC

15

o

90
75

60

0.5

%108

Frequency (Hz)

_(a) Power Spectru | | | | | _

:(b) PO\}verSpje'kctrum (IdB) = : : : : :

_(C) TYTERERNIEEEESEESSSS
00 200 300 400 500 600 700 800 _ 900 _ 1000





media/file50.png
Spectrogram 03 CSC

b) type 1

0.25 -

O
N 0.15 -
&)

power (dB)

0.1 -

Frequency (Hz)

0.05 f -

0.45 Hd) type 2 -
04} .
0.35 | '
0.3

? 0.25
© 02
0.15
0.1
0.05

Frequency (Hz)
power (dB)

0.3

0.25 F -

$0.15 | )

power (dB)

0.1 H -

0.05 -

O 1 1 1 1
0 1 2 3 4 5

Time (sec) Cyclic Frequency (Hz)






media/file5.jpg
MMSC.
% o

o

¢ aos 4

5 o
8o = -
i Zoos
Eo ' .

4 Tomn]  om —

1 0w

¢ e o530 e

Frequeney ()

o0
Frequency (Hz)

=3

oo





media/file31.jpg
10° _ Signal in time domain

(@)
H
H

“o 10 20 0 0
T
Powar Specirum

8%b)
3%
a0

1000 200 00
Froquency (H)

g5

Frequency (H2)

Cyili Fracueivy ()





media/file25.jpg
Power (1-500 Hz, LF) |2 (100-1000 Hz, MF)

i
| Ry

1620 1640 1700 17:20 1600 1620 1640 1700 1720

Time (GMT) Time (GMT)






media/file0.png





media/file8.png
&)}

Power (dB)
o N O R~O

Power MMSC

2) | | | 46s. 004 1) | ' 46s
I | IR B TR PR
(b) 13min - 9 001 (e) 13min
' 1 20005 | :
0
(c) | | ~ 26min | 0.01 IF) | | ~ 26min |
0.005
500 1000 1500 2000 0 500 1000 1500 2000

Frequency (Hz) Frequency (Hz)





media/file43.jpg
@

65|

©)

o),

26min

(@)

26min

0 4 6
Cyciic Frequency (Hz)

50

100

0 4 6 8 100
Cyclic Frequency (Hz)





media/file34.png
Relative Bearing (sine)

Relative Bearing (sine)

0.5

o
3

f, (1~500 Hz), LF

b
IR
b ST 0
.‘HI".‘.‘ f Iﬂ‘\i "i

ot

’|"u ) !“ “Ml \"1 \ I\ ‘*W :‘I& i

g il e
i " MI 14
VTR el il il
b | “‘Mm LT 8 ' |'
4 Al 0! ‘
Ul
| o
| |
|
1l Il
I | ‘
I o i l’.'!
|
) y yn 1 0w
16:15 16:50 17:25
f . (1000~2000 Hz), HF
T TR

| q I‘l‘\‘ 1407
1 l b A o
U’ ||,h f | | "l' .‘l
0 , i F"Hu[a I fAL l ‘ ] ]
1AL
‘1 I "‘\ l !
| ! N
05 ) Rt L8
\ iy
‘ “W
| iy ‘
W " i i *ﬂ""l\‘hwh,”
-1 L)}
16:15 16:50 17:25

Time (GMT)

—

0.18

0.16

0.14

0.12

8 0.06

§ 0.04

0.02

0.08

0.07

10.06

CsC
Relative Bearing (sine)

Relative Bearing (sine)

o
2]

0.5

-0.5

o
o

o

f . (500~1000 Hz), MF

0.14
il " \
%, ‘ e e
,|‘ I""n, . ul I T Hw-\"" Ll it Itk Al 012
II'HH“ s ‘I|||
, 0.1
| ¥ |
‘ i | |‘
‘\ 0.08
Llll
L il 4 0.06
iy
”th !
\ '“'“w 111 N 0.04
m‘\ Xt 1 Y il | :
16:15 16:50 17:25
f c (1~2000 Hz), combined
| ‘ . 0.1
e
\ by 0.09
‘Lv { h i ! || !
I% ‘:. !k I j Mlﬂ’, ]‘“\"‘M '“ H *"“WW'”“ 0.08
f '*l. |
i W AR Ll 0.07
¥ A ‘ M el
""““Puuu T i |‘ 1 0.06
Il
it 4 0.05
Mk i ki
% 0.04
i ! i'*W'llﬂllu.u..d, |
L " o L 0 o i) ‘ ; 0.03
16:15 16:50 17:25

Time(GMT)

CSC

CSC





