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A comparison of processing techniques applied to time-frequency representation of acoustic signals intended for geoacoustic inversions

INTRODUCTION

Inverse problems concern the estimation of the parameters of a specific system using suitable mesurements of a measuraable quantityndirectly or indirectly associated with these parameters. In underwater acoustics, inversion techniques are used for estimating unknown parameters of an ocean environment. Typically these parameters conern the water column (sound speed profile) and/or the seabed (compressionaland shear velocities, densities, thickness of the sediment layers and attenuation). A propagation model is required to associate suitable physical or statistical "observables" required as input to the inverse prob-lem, which in turns are defined by some suitable transformation of the acoustic field which results in the appearance of the discrete characteristics of the acoustic signal required to define the observables. The starting point in the approach considered in this work is to use a single recording of the acoustic field due to a broad-band sound source, and perform a suitable time-frequency analysis of the recorded acoustic signal. The time-frequency representations show simultaneously the frequency and the time content of the signal and its energy distribution and may lead to suitable physical observables associated with the modal character of the acoustic field. The two most common time-frequency representations are the spectrogram and the scalogram [START_REF] Finn | Computational Ocean Acoustics. Modern Acoustics and Signal Processing[END_REF]. Spectrogram is obtained by taking the Short Time Fourier Transform (STFT) of the signal, while scalogram is obtained through the Continuous Walevet Transform (CWT). Due to its characteristics the second one can be proved more useful for analyzing realworld signals with complex time-frequency features.

In order to increase the resolution of the time-frequency distribution and to obtain a well separation between modes, several techniques have been proposed. Mode separation is required for many inversion procedures that exploit the modal content of the signal. In 2010 Bonnel [START_REF] Bonnel | Estimation of modal group velocities with a single receiver for geoacoustic inversion in shallow water[END_REF] proposed a signal processing method that involves time-frequency warping of the signal to improve the resolution of the time frequency distribution. This method has been applied in shallow water and in general provides a better separability of the modes than traditional spectrogram, facilitating the recognition of the modl dispersion in the environment under consideration. The second method reassigns the spectrogram and the scalogram and was first applied by Kodera, Gendrin, and de Villedary [START_REF] Kodera | A new method for the numerical analysis of time varying signals with small BT values[END_REF][START_REF] Kodera | Analysis of time-varying signals with small BT values[END_REF] and subsequently generalized by Auger and Flandrin [START_REF] Auger | Improving the readability of time-frequency and time-scale representations by the reassignment method[END_REF]. This method provides an improved identification of the modes due to the reallocation of the energy distribution in the time-frequency fomain [START_REF] Taroudakis | On the use of reassignment wavelet transform for mode identification[END_REF].

In the present work we perform both, the time-warping and the reassignment techniques in order to compare their efficiency in mode separation. We present here in brief the theoretical aspects of these two techniques and we apply them to both spectrogram and scalogram by means of a simulated and an actual acoustic signal. The simulated signal is generated by the MODE1 program developed at FO.R.T.H. provides the acoustic field in an oceanic waveguide given model parameters of the environment. In our simulated test case we have considered a Gaussian point source in a shallow water range-independent ocean environment. Finally, the considered actual signal is a denoised version of a raw measured signal due to a light-bulb implosion captured during the SW06 experiment [START_REF] Tang | Shallow Water' 06-A joint acoustic propagation/nonlinear internal wave physics experiment[END_REF].

DISPERSION NOTIONS

One of the main goals ofinversion techniques in acoustical oceanography is to exploit the information included in the ocean acoustic signals to determine the water column and/or the sea-bed geoacoustic parameters in which sound propagates. In such a scenario dispersion can play an important role as its character depends on the environment through which sound has propagated. According to the normal mode theory the complex acoustic field is represented at long ranges as a sum of terms each one corresponding to a single propagation mode.

p(r, z) = N m=1 Φ m (r)Ψ m (z), (1) 
where N is the number of propagating modes (normal modes). The acoustic energy carried out by the signal propagates in wave packets and each of them have specific dispersion properties. Mode dispersion is characteristic of a specific acoustic environment and for this reason an appropriate processing of the acoustic measurements can provide information about the propagation medium, be proven as an efficient tool for inversion problems. Recall that each mode has its own travel time associated with its group velocity. Group velocity represents the energy transport velocity of a particular mode in the waveguide and it is defined by

v g,m = ∂ω ∂k m ω0 , (2) 
where ω 0 is the central frequency of the signal bandwidth and k m is the wavenumber of the m-th mode.

The dispersion curves describe the relation of the angular frequency ω with the wavenumber of the mode m, k m and group velocity is the slope of the dispersion curves. This relation is non-linear and it is strictly connected to the fact that the sound channel is dispersive. The notion of group velocity has been associated with the arrival pattern of an underwater acoustic signal to identify the modal arrivals which have been used as the observables of an inverse problems exploiting the despersive characteristic of the sound channel for the estimation of the model parameters of the environment [START_REF] Taroudakis | Tomographic inversions in shallow water using modal travel time measurements[END_REF][START_REF] Bouchage | Fluctuations of the modal arrival times due to linear internal waves : Application to Inversion[END_REF]. Using modal arrivals the full dispersion characteristics of the environment are not exploited. For this reason spectrograms and scalograms representing a more detailed time-frequency analysis of the signal have been proposed for inversion purposed.

SPECTROGRAM AND SCALOGRAM

The spectrogram is generated by the Short Time Fourier Transform (STFT) of the signal s(t), with unit energy analysis window h(t) and given as follows:

STFT h (s; τ, ω) = ∞ -∞ s(t)h(t -τ )e -iωt dt (3)
and it is defined [START_REF] Finn | Computational Ocean Acoustics. Modern Acoustics and Signal Processing[END_REF] as the energy distribution associated with the STFT

SP h (s; τ, ω) = |STFT h (s; τ, ω)| 2 . ( 4 
)
Scalograms are generated by Continuous Wavelet Transform (CWT). The latter provides a flexible time-frequency window which changes its amplitude automatically according to the frequency components and for this reason is particularly useful for analyzing signals at different scales.

The CWT of the signal s(t) with scale parameter a ∈ R and time-location parameter τ ∈ R is

CWT ψ (s; τ, a) = 1 |a| 1/2 ∞ -∞ s(t)ψ t -τ a dt, (5) 
where ψ(t) is a continuous function in both the time domain and the frequency domain and it is the basic wavelet from which they are generated the translated and scaled windows. We remind that, in order that the definition of the CWT is valid, the basic wavelet ψ(t) must satisfy the admissibility condition

C ψ = ∞ -∞ |Ψ(ω)| 2 |ω| dω < ∞, (6) 
where Ψ(ω) is the Fourier Transform of ψ(t). Finally, the scalogram is defined as 

SC ψ (s; τ, α) = |CWT ψ (s; τ, α)| 2 . (7) 

TIME-WARPING METHOD

Time warping [START_REF] Bonnel | Estimation of modal group velocities with a single receiver for geoacoustic inversion in shallow water[END_REF][START_REF] Bonnel | Geoacoustic inversion in a dispersive waveguide using warping operators[END_REF] consists a non-uniform resampling of the time coordinate of original signal. Warped time t and signal frequency in the warped domain f are defined in [START_REF] Godin | Normal mode dispersion and time warping in the coastal ocean[END_REF].

t = t 2 -t 2 r , f = f (t) 1 - t r t 2 , ( 8 
)
where t r is a reference travel time and f (t) the instantaneous frequency of the signal arriving at the receiver at time t. For a range independent environment, like the one considered in this work, t r = r/c, where r is the horizontal distance between source and receiver and c is the sound speed in the water column. Here the signal is assumed to be emitted at t = 0.

The idea is to identify the modes in the warped spectrogram where they are well separated and then to perform the inverse time-warping (inverting eq. 8) to go back the original space. Examples of how spectrogram and scalogram appear after warping are shown in the figures associated with the applications that will be presented bellow.

REASSIGNMENT METHOD

The reassigned approach can be applied to both timefrequency representations(spectrogram and scalogram) ) [START_REF] Kodera | A new method for the numerical analysis of time varying signals with small BT values[END_REF][START_REF] Kodera | Analysis of time-varying signals with small BT values[END_REF]. It creates a modified version of these representations resulting in an increase of the signal energy components concentration so that the discrete energy pakets of the signal are better localized. The use of this method is justified by the fact that both scalogram and spectrogram are greatly influenced by the presence of cross-terms along the signal bandwidth and thist can lead to a disturbed visualization of the time frequency distribution. In particular, in this work we are interested in in the mode indentification so we search for a good separability between modes in the time frequency pattern.

We present here the basic elements of the reassigned method as they have been published in the relevant literture.

So far, we have defined spectrogram and scalogram as the squared modulus of a STFT and CWT, respectively, it has been shown in [START_REF] Auger | Improving the readability of time-frequency and time-scale representations by the reassignment method[END_REF] that these representations can be expressed as well as function of the Wigner-Ville Distribution (WVD) W (x; t, ω) of x(t)

W (x; t, ω) := ∞ -∞
x(t + t /2)x(t -t /2)e -iωt dt . [START_REF] Bouchage | Fluctuations of the modal arrival times due to linear internal waves : Application to Inversion[END_REF] In the next sub-sections we will give the expressions for the reassigned spectrogram and scalogram without going into details on their derivation as these can be found in the cited literature.

Reassigned spectrogram

Spectrogram as a function of WVD, and its reassigned version are defined by

SP h (s; t, ω) = ∞ -∞ ∞ 0 W (h; u, Ω)× × W (x; t -u, ω -Ω) dudΩ 2π . ( 10 
) RSP h (s; t , ω ) = ∞ -∞ ∞ 0 SP h (s; t, ω)× × δ(t -t(s; t, ω))δ(ω -ω(s; t, ω)) dtdω 2π (11) 
t(s; t, ω) = t - 1 SP h (s; t, ω) ∞ -∞ ∞ 0 u • W (s; u, Ω)× × W (x; t -u, ω -Ω) dudΩ 2π (12) ω(s; t, ω) = ω - 1 SP h (s; t, ω) ∞ -∞ ∞ 0 Ω • W (s; u, Ω)× × W (x; t -u, ω -Ω) dudΩ 2π , (13) 
where t and ω are the coordinates of the center of gravity of the energy concentration.

Reassigned scalogram

Analogously, the following are valid for the scalogram

SC ψ (s; t, a) = ∞ -∞ ∞ -∞ W (ψ; u/a, ω 0 -aω)× × W (s; t -u, ω) dudω 2π (14) RSC ψ (s; t , a ) = ∞ -∞ ∞ -∞ (a ) 2 SC ψ (s; t, a)× × δ(t -t(s; t, a))δ(a -â(s; t, a)) dt da a 2 , ( 15 
) t(s; t, a) = t - 1 SC ψ (s; t, a) ∞ -∞ ∞ -∞ u× × W (ψ; u/a, ω 0 -aω)W (s; t -u, ω) dudω 2π (16) ω(s; t, a) = ω - 1 SC ψ (s; t, a) ∞ -∞ ∞ -∞ ω× × W (ψ; u/a, ω 0 -aω)W (s; t -u, ω) dudω 2π , (17) 
where t and ω are the coordinates of the center of gravity of the energy concentration as in the case of the spectrogram.

Here ω 0 is the central frequency of the basic wavelet's spetrum and â(t, α) = ω 0 /ω(s; t, a).

APPLICATION TO A SIMULATED SIGNAL

A simulated signal s(t) is calculated using the normalmode program MODE1, developed at FO.R.T.H. It refers to the environment shown in Figure 1, with source depth z s = 10 m, receiver depth z r = 30 m and distance between source and receiver (Range) 20 km. All the other parameters are resumed in table 1. The signal is modelled in the frequency domain using a Gaussian pulse of central frequency f 0 = 150 Hz and a bandwidth ∆f = 50 Hz. The simulated arrival of the signal in the time domain is shown in Figure 2 and the results using all the techniques discussed above, are collected in Figure 5. The warped signal is indicated with ws(t). 

APPLICATION TO REAL SIGNAL

The techniques described in the previous sections are now applied to an actual signal, recorded in 2006 during the SW06 experiment carried out off the coast of New Jersey [START_REF] Tang | Shallow Water' 06-A joint acoustic propagation/nonlinear internal wave physics experiment[END_REF]. The acoustic signal was generated by the implosion of a glass light bulb, lowered into the water. The implosion occurred at a depth of approximately 22 m in a shallow water waveguide with almost range-independent characteristics. The water depth was 79.1 m and the receiver was placed 7 km away from the source. The environment of the SW06 experiment is shown in Figure 4. Table 2 presents both the known environmental parameters and the estimated parameters of the sea-bed obtained using [START_REF] Smaragdakis | Acoustic Signal Characterization using Hidden Markov Models With applications in Acoustical Oceanography[END_REF]. In order to obtain the theoretical dispersion curves for comparison with the dispersion characteristics obtained by the scalogram and spectrogram, these parameters have been used to create a simulated signal.

Recorded and simulated signal are compared in Figure 3. Note that the agreement of the recorded and simulated signals is not perfect. It is still adequate to justify the use of the sea-bed parameters as obtained by the inversion method presented in [START_REF] Smaragdakis | Acoustic Signal Characterization using Hidden Markov Models With applications in Acoustical Oceanography[END_REF]. Also, the agreement between the dispersion characteristics of the signal obtained by the scalogram and the spectrogram are in a good accordance with the dispersion curves obtained by the simulated signal. It is interesting to note that for this particular case the spectrogram using the warping operator gives a better representation with respect to scalogram obtained using the same operator. In contrary when the typical spectrogram or scalogram are computed the scalogram seems superior to the spectrogram. In all cases less uncertainty can be obtained after applying reassignment, as shown in Figure [START_REF] Taroudakis | On the use of reassignment wavelet transform for mode identification[END_REF].

CONCLUSIONS

In this work we presented a comparative study of methods concerning the identification of the modal structure of underwater acoustic signals in the time-frequency domain by means of the time-warping operator and the reassignment transform. Time-warping and reassignment are useful tools for improving the readability of time-frequency and time-scale representation of acoustic signals recorded in a shallow water environment. In order to compare the performance of both methods, we start from the comparison between the standard representations, spectrogram and scalogram, and then we apply both techniques separately and together to a simulated and a real signal. As we expected, since the scalogram is defined by means of the Wavelet transform, which represent the structures of the signal at different frequency scales, it generally performs better than the spectrogram. This is in particular true in the simulated signal. Although, in both cases scalogram does not reduce the uncertainty in mode identification, it offers a clearer separation between modes. An improved modal separation can be obtained by the time-warping method. As we can see in Figure 5 in the warped space, each mode is perfectly separated from the others. Furthermore, timewarping seems to work better for spectrograms than scalograms.

On the other hand, in order to improve the timefrequency resolution and to reduce the uncertainty, a reassignment technique is essential. In particular, it offers perfectly localized modes and gives very good results when it is applied to scalograms. As we can see in Figure 5 for the simulated signal and Figure 6 for the real signal, the agreement between scalograms and the analytical dispersion curves is almost perfect, while reassignment applied to spectrogram does not seem to offer significant advantages. These conclusions are valid for both standard and warped time-frequency representations. To summarize, time-warping techniques are useful tools when the modal structures of the signal are not well separated, while reassignment is an excellent tool to improve the timefrequency resolution of the signals. The use of the two techniques simultaneously can be proved useful when a better separation between modes by reducing the uncertainty in modal identification is required. 
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 5 Figures 5[(a),(c)] and 6[(a),(c)] show a comparison between spectrogram and scalogram for a simulated signal and the SW06 experiment recorded signal.
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 1 Figure 1: The environment for the simulated test case. The sound speed profile in water, sediment layer and substrate are c w , c sl , c s respectively.

Figure 2 :

 2 Figure 2: The signal for the simulated test case.

Figure 3 :Figure 4 :

 34 Figure 3: Comparison between recorded and simulated signals of the SW06 experiment.

Figure 6 :

 6 Figure 6: Time-frequency representations of the light-bulb implosion signal recorded during the SW06 experiment.

Table 1 :

 1 Environmental parameters for the simulated test case. The environment is shown in Figure2.

	Parameter	Value
	Range	20000 m
	cw(0)	1500 m/s
	cw(20)	1490 m/s
	cw(100)	1510 m/s
	Sediment thickness	20 m
	Sediment sound speed	1700 m/s
	Substrate sound speed	1800 m/s
	Sediment density	1500 kg/m 3
	Substrate density	1800 kg/m 3
	Sediment attenuation	0 nep/mkHz
	Substrate attenuation	0 nep/mkHz

Table 2 :

 2 Environment parameters used to create the simulated signal of the SW06 experiment.
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