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Introduction: Parameter mismatch poses a challenge to source localization in cases involving environments with seabed uncertainties. By including environmental parameters in the search space, focalization can be used to estimate the location of the source using environmental information that is limited a priori. Methods: To reduce the number of parameters, a simplified seabed model is proposed here for such focalization. Only two geoacoustic parameters—the amplitude F and phase cF of reflection—are used to describe the seabed. Focalization is generally tested using genetic algorithms for the colored noise case (COLNOISE) benchmark problem. Results: The proposed simplified model can obtain the location of the source more easily than a layered model. Due to its advantage in terms of parameter sensitivity and inter-coupling, the simplified model can ensure the robustness of the results of inversion. The proposed method was tested on a broadband signal in the Asian Seas International Acoustics Experiment (ASIAEX2001), where both the location and the geoacoustic parameters were easily inverted. Discussion: The simplified model provides a sufficiently high acoustic resolution for focalization, and its reduction of the geoacoustic parameters helpes solve the problem of inversion.
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1 INTRODUCTION
Matched field processing (MFP) is a well-known technology for solving inversion problems by comparing acoustic data with solutions to wave equations [1]. Depending on the unknown quantity, MFP can be divided into source localization [2], tomography [3], and geoacoustic inversion [4, 5]. Owing to the temporal and spatial variations in environmental parameters in the ocean and difficulties of marine measurement, there is a mismatch between the ocean and its environmental model, which is a challenge for MFP. To overcome the mismatch and accurately estimate the location of the source with limited a priori environmental information, focalization has generally been used [6]. By including the environment in the parameter search space, focalization circumvents stringent requirements pertaining to accurate knowledge of the environment.
Because focalization involves more unknown parameters than traditional localization, it leads to a more complex optimization problem. In practical application, it becomes necessary to use a dimension reduction algorithm to parameterize the environment. The dimension reduction problem was solved by means of feature extraction [7–9]. A typical example is the empirical orthogonal function (EOF) [10, 11]. Using principal component extraction, the sound speed profile can be described by three to five parameters. However, environmental parameterization is often more complicated in case of the seabed. As the direct measurement of the bottom is difficult and expensive, it is more challenging to obtain parameters of the seabed than the sound speed profile. Actual structure of the bottom of the sea is generally too complex to mathematically represent. Therefore, it is usually described by an effect-equivalent description. The most common method in this vein involves describing a certain number of bottom layers using the sound speed, density, and attenuation. When the half-space model is used, the seabed is represented by three parameters. The number of geoacoustic parameters increases rapidly with the number of layers in the seabed, where this complicates focalization owing to sensitivity- and coupling-related problems. Qu and Hu proposed a single-parameter seabed model and designed a relevant method of geoacoustic inversion [12, 13]. As this single-parameter seabed model can calculate only an incoherent sound field, it is inapplicable to MFP. Shang developed a method called the rapid bottom characteristic using two parameters, P and Q, to analyze acoustic problems in shallow water [14, 15]. They were able to describe different types of regions of propagation, Green’s function, and the waveguide invariant [16–18]. Similarly, reflection loss was introduced by Harrison to explain reverberation [19]. The simplified seabed model with one or two parameters has been applied to geoacoustic inversion in several previous studies, but whether it can be used as an effective acoustic lens for source focalization remains to be studied.
This paper proposes a simplified seabed model with two parameters for the reflection of sound from the bottom, and examines focalization by using a small number of geoacoustic parameters. Section 2 discusses general aspects of the simplified geoacoustic model. In Section 3, focalization based on the simplified model is tested on the colored noise case (COLNOISE) benchmark problem. Compared with the layered model, some characteristics of the simplified model are discussed by using the objective function and marginal probability density. The linear relation between a new geoacoustic parameter and acoustic quantities is presented to help solve the inversion problem. In Section 4, the broadband focalization of data from the Asian Seas International Acoustics Experiment (ASISEX) in the East China Sea is analyzed, and the result shows that the search for the focalization parameter converges to the correct location of the source and the geoacoustic parameters. The conclusions and directions for future work are summarized in Section 5.
2 SIMPLIFIED GEOACOUSTIC MODEL FOR FOCALIZATION
When sound interacts with the seabed, the result of acoustic reflection can be summarized in terms of amplitude and phase change. To simplify the geoacoustic model, the natural choice is to describe the seabed based on the amplitude and phase parameters of reflection. Past studies in the area have used parameters that are similar in physical significance, where some of them can be converted into one another under certain conditions. For compatibility with past work, this paper uses Jones’s mathematical expression F for the amplitude of reflection. The bottom loss BL can be expressed as [20]
[image: image]
Based on a large amount of historical data and theoretical derivation, it is well known that BL for a high-speed seabed whose sound speed is higher than the sound speed of sea water is always proportional to the grazing angle φ for a small value of the latter. Considering long-distance propagation, a large grazing angle yields is a large value of BL and a large number of reflections from the seabed. The resulting acoustic energy is almost completely consumed by reflection from the seabed. On the contrary, the value of BL for a small grazing angle is smaller, and there are fewer reflections off the seabed. The acoustic energy for a small grazing angle is still effective at long distances and becomes the dominant component in the far field. Therefore, the slope of the bottom loss F (dB/rad) can be used to describe the change in amplitude in the far field.
For representative phase calculations, which are necessary for MFP, the phase parameter must be given at the same time as the amplitude parameter. Based on the half-space model, the phase change θ can be calculated as
[image: image]
where n is the ratio of the sound speed in water to that on the seabed, and m is the ratio of the density of the seabed to that of water. For a small grazing angle,
[image: image]
Let [image: image], then
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By substituting (4) into (2), the expression for the phase change θ in the limit of a small grazing angle is
[image: image]
Hence, the phase change increases approximately linearly with the grazing angle. The reflection phase varies from -π to 0 while the grazing angle increases from zero to the critical angle φc. We define a parameter of the reflection phase [image: image]. The phase change is then given by
[image: image]
where the critical angle of total reflection, [image: image], [image: image] is the sound speed of sea water near the bottom, and [image: image] is the equivalent speed on the seabed. Compared with the layered model, [image: image] is not the sound speed at a specific depth. [image: image] is an effect-equivalent description of sound speed in reflection phase change. Based on Eq. 1–6, the amplitude parameter F and phase parameter [image: image] can be used to describe the acoustic properties of the seabed. The coherent sound field for MFP and other applications can then be calculated. This simplified model, which can calculate the coherent sound field using few parameters, is applicable to the sound field beyond the short range where acoustic energy is dominated by interactions with the seabed at a small grazing angle. To verify the validity of the approximation in the simplified model, a section test has been carried out on a multi-layer seabed.
3 TESTING ON BENCHMARK PROBLEM OF MATCHED FIELD PROCESSING
3.1 COLNOISE benchmark problem
To get a sense of the relative merits of different schemes, the Naval Research Laboratory has provided a set of simulated data for MFP testing called the benchmark problem [21, 22]. According to the research objectives of this paper, the COLNOISE case was selected for a focalization test. The test environment is shown in Figure 1. The COLNOISE case is a range-independent waveguide with a depth of 100 m. The 250 Hz source depth sd is 66 m at a range r = 9.1 km. A vertical line array (VLA) of 20 hydrophones spanning the water column receives the signal, which is affected by color noise with a signal-to-noise ratio (SNR) of 40 dB. The color noise is design to describe the construction of a cross spectral density for noise due to breaking waves. The sound speed on the surface of the ocean is [image: image] m/s and that at the bottom is [image: image] m/s, the density of the seabed is [image: image] g/cm3, and the attenuation coefficient is [image: image] dB/λ. To study the performance of the simplified model in terms of focalization, the geoacoustic and localization parameters were inverted, and the sound speed profile in seawater was set to a known value.
[image: Figure 1]FIGURE 1 | Schematic of environment for the COLNOISE case.
3.2 Focalization based on genetic algorithms
A classic method of inversion based on the genetic algorithm has been used to test the geoacoustic model, as shown in Figure 2. The initial population was randomly generated according to the search space, and the copy field was calculated by the normal mode program KRAKENC (https://oalib-acoustics.org) to match with signals of the vertical array. An objective function was used to determine an individual’s fitness, and offspring replaced part of the population to approach the fittest population. Following this, a posteriori probability estimation was carried out on samples of the optimization process to obtain the complete results. The process is as shown below.
[image: Figure 2]FIGURE 2 | Flowchart of focalization.
The first step of focalization is environmental parameterization, which helps set the search space for the geoacoustic and location-related parameters. In focalization according to the simplified model, four parameters were used: the source depth sd, range r, amplitude F, and phase [image: image]. In focalization using the layered model, seven parameters were used: the source depth sd, range r, sound speed on the surface of the seabed [image: image], base speed of sound [image: image], depth of the sediment layer d, density of the seabed ρ, and attenuation coefficient α. Bounds of the parameters for these two environments are given in Table. 1. To investigate whether the geoacoustic model can guarantee accurate results of location without prior information, the parameters of the two environments were set with a wide search interval that could cover different types of seabeds.
TABLE 1 | Environmental parameters for two types of environments considered.
[image: Table 1]The genetic algorithm, which is based on an analogy with biological evolution, was used to find the global optimum without performing an exhaustive search [23]. According the results of environmental parameterization, an initial population was randomly generated. Then, based on the individual’s fitness of matching, the population moved to the fittest model vector through evolutionary steps consisting of selection, crossover, and mutation. Parameters of the optimization were set as follows: the population size was 100, reproduction rate was 0.5, crossover rate was 0.8 and mutation rate was 0.08. To collect samples to estimate the a posteriori probability distributions, 20 independent runs were executed in parallel.
To suppress ambiguous solutions, a high-resolution objective function is necessary for focalization. The Bartlett processor was used to match the “measured” sound field and the copy field. The objective function ψ(m) is
[image: image]
where Q is the “measured” pressure, P is the replica pressure, m is the vector in the search space, i is the number of hydrophones, and N is the total number of hydrophones. The fitness of each individual is evaluated by the objective function and the final result of the evolution approaches the optimum value of zero for a perfect match.
The complete solution to the focalization problem should involve a measure of uncertainty for the model parameters. The obtained samples of the search space can be used to estimate the a posteriori probabilities. Gerstoft offered a semi-empirical method based on the sampling procedure of the genetic algorithm. The probability σ of the k-th vector mk is given by [24].
[image: image]
where Nobs is the number of observed model vectors, and T is temperature, which is equal to the average value of objective function of the 50 best samples. The marginal probability distribution of the l-th parameter obtaining a particular value κ can be calculated by:
[image: image]
where δ is the Dirac function. Based on the marginal probability distribution of σ(ml), the robustness of the results can be analyzed. As theoretical solutions in the normal mode are efficient and appropriate for inversion problems, forward solutions of the acoustic equation were calculated by the normal mode model KRAKENC. By describing reflection off the seabed, parameters of the simplified model can also be entered into the KRAKENC programs to calculate the sound field.
3.3 Analysis of results
In the benchmark problem test, all parallel runs converged to the same optimal vector. The depth of the source sd was 66 m, range r was 9.1 km, amplitude F was 1.9 dB/rad, and phase parameter [image: image] was 1628 m/s. The results of the location parameter show that the simplified model performs focalization as a layered model if a large number of configurations of the receive array were used.
The most appealing characteristics of the simplified model when applied to focalization are intuitively illustrated in Figure 3. The process of evolution of the first 200 generations for the two environments is shown in the figure, and values of the objective function for all parameters of the randomly selected runs of focalization are given. Even though the evolution in different runs has random characteristics, a sense of how well each parameter has been estimated can be obtained from the scatter plot of the objective function for the two environments. The optimal value of the layered model (0.003) is significantly lower than that of the simplified model (0.963). This shows that more parameters can better describe the details of the seabed. However, the simplified model provides a sufficiently high acoustic resolution for focalization. In the parallel runs, almost all the inversion based on the simplified model converged to the global optimum earlier than that based on the layered model. At the same time, the optimal value of the geoacoustic parameters was obtained in the first 200 generations, whereas the geoacoustic parameters of the layered model could not be determined in the first few hundred generations. Because the two environments have the same conditions except for the geoacoustic model, it can be inferred that the simplified model can reduce the complexity of the inversion optimization.
[image: Figure 3]FIGURE 3 | Values of the cost function obtained using optimization inversion. The dash lines represent the optimal values. Red represents the layered model. Blue represents the simplified model.
The scatter plots that appear as an arch (e.g., [image: image], F; [image: image], and location-related parameters) that indicate that the parameters had been well estimated. Plots that appear nearly flat at the base (e.g., d, [image: image] and α) had been estimated less well. Parameter sensitivity is an important factor. Some geoacoustic parameters of the layered model—for example, density ρ—could not significantly affect the sound field. In the optimization, the insensitive parameters will make focalization over parameterize with meaningless values of some vector m. Another important factor is the correlation between the geoacoustic parameters. The limitation of the layered model in terms of correlation and sensitivity has been exhaustively studied [25]. A well-know example is the correlation between d and [image: image] that is related through the reflection properties. For the layered model assumption, the combinations of d and [image: image] with different values can provide almost the same bottom reflection effect. These combinations will obtain similar values of the objective function and appear as local optimums in the focalization. The uncertainty in these correlated parameters generates errors in the estimation of all other parameters. The advantages of the simplified model have been analyzed through the ambiguous surface, as shown in Figure 4. There are clear changes in the objective function in the search space, which means that the two parameters of the simplified model are relatively sensitive and contained useful information on the sound field. No local optimum occurs on the ambiguous surface, the influence of F and [image: image] on the sound field is independent, and the correlation between the parameters of the simplified model was weak. In the ambiguous surface of the two geoacoustic parameters of the simplified model, as shown in Figure 4, the geoacoustic parameters are well estimated without any local optimum. The values of the cost function of the simplified model are shown in Figure 5. When another parameter in the simplified is the optimal value, the objective function increases monotonically with distance from the optimal value. By virtue of this monotonic characteristic, the optimization of the focalization is more efficient in the simplified model than the layered model.
[image: image]
where I0 is the intensity at the source, H is the depth of water, λ is wavelength, and βl is the attenuation of the l-th normal mode, and can be expressed as
[image: image]
where V is the reflection coefficient and Sl the span of the l-th normal mode. The grazing angle of the l-th normal mode is
[image: image]
[image: Figure 4]FIGURE 4 | Ambiguous surface for geoacoustic parameters of the simplified model. The pentagram represents the optimal value.
[image: Figure 5]FIGURE 5 | Values of the cost function for the geoacoustic parameter of the simplified model. The vertical lines represent the optimal value. Note also that the linear property of F is also an advantage for inversion. The change in F is linearly related to changes in the other quantities, which are derived from the measured pressure. Based on normal mode theory, the intensity I is given by.
The span of the l-th normal mode is
[image: image]
It is easy to find the relation between parameters of the amplitude V and F as
[image: image]
Combining the equations above, the intensity I over a range r can be rewritten as a function of F:
[image: image]
In application, the part in the parentheses is significantly smaller than one. Replacing the summation with the quadrature, the intensity is given by
[image: image]
The number of effective modes is N = 2H/λ. By including the Gaussian error function [image: image], intensity can be expressed as
[image: image]
For the far field, assuming [image: image], the simple linear relation between F and I can be expressed as
[image: image]
In addition to the intensity of sound, there is a linear relationship for the time domain quantity. The number of interactions of sound with the seabed in the l-th normal mode can be calculated by
[image: image]
The loss in intensity is
[image: image]
Based on the geometry of the reflection off the seabed, the time delay τ after direct arrival can be calculated by
[image: image]
where cw is the mean sound speed in seawater. The loss in intensity can then be rewritten as
[image: image]
Based on 18 and 22, F can be directly calculated from two acoustic measurement. The computationally fast linear relation ensures a change in the arch of the objective function that helps avoid the local optimum, which in turn helps reduce the complexity of numerical optimization [12, 13].
The complete solution of the inversion problem involves providing the estimated probability for a measure of the uncertainty of the result of inversion. The marginal probability density of the simplified model environment is shown in Figure 6. All parameters peak within the given bound, indicating that they are sensitive and well estimated. As all parameters converge to the global optimal value with the highest probability, the results of focalization are highly reliable.
[image: Figure 6]FIGURE 6 | Normalized marginal probability density for the simplified model environment. The vertical lines represent the optimal values.
The results of tests on the benchmark problem show that the simplified model is feasible and effective for focalization. As an environmental lens, it has sufficiently high acoustic resolution to focus on the correct positional parameters. With a decrease in the number of parameters to be solved, the amount of calculation needed for optimization is reduced. This also reduces the number of known conditions required, which simplifies marine measurement in applications. The relatively sensitive parameters and the lack of coupling between them are conducive to inversion.
4 BROADBAND FOCALIZATION BASED ON EXPERIMENTAL DATA
The Asia Sea International Acoustic Experiment 2001 (ASIAEX2001) was conducted in the East China Sea. Owing to the good quality of data and thorough investigation of the environment, these data have been widely used to test various inversion problems. They were used to test the simplified model proposed here.
Two ships were used in the propagation experiment. The receiving ship anchored and hung a 32-elements vertical array for receiving signals, where the upper 16 elements were 2 m apart and the lower 16 were 4 m apart, and they covered a range of depth from 4.6 to 90.5 m. The launching ship moved away from the receiving ship in a straight line, throwing 38 g TNT wideband sources (WBS) at a fixed depth of 50 m. The depth of water can be roughly considered range independent at a depth of 105 m. Figure 7 shows the sound speed profile measured by the CTD in the experiment. In the MFP, the sound speed profile was used as known condition.
[image: Figure 7]FIGURE 7 | Sound speed profile.
Focalization has been carried out using the same method as in the previous section, by using 35 frequency points in the 99–201 Hz frequency band. Two WBS at 10.2 km were selected for testing, and the results are shown in Table 2. The focalization of two sources yielded reliable location-related parameters, which verified the feasibility of the simplified model for broadband focalization. In the linear geoacoustic inversion [12], F is the single parameter to model the seabed. Due to reducing the number of parameters to one, F can be obtained using a least-squares fitting to transmission loss of different ranges. The critical angle is deduced from the variation of transmission loss, and then the equivalent speed cF can be calculated. In different inversion schemes, the inversion results of geoacoustic parameters of the simplified model are similar.
TABLE 2 | Inversion result.
[image: Table 2]Note that the hierarchy of the parameters is the foundation of focalization. Because the sound field tended to be more sensitive to variation in the location-related parameters. In the benchmark problem, even if the layered model did not yield the correct value, the inversion still yielded the correct location-related parameters. However, the localization of the source is still influenced by the geoacoustic parameters. As shown in the focalization of the layered environment, the uncertainty in the geoacoustic parameters has a negative impact on the efficiency and accuracy of localization. Although obtaining the geoacoustic parameters is not the primary goal of focalization, it is important for it. Correct geoacoustic inversion not only improves our understanding of the ocean waveguide, but also helps obtain the location-related parameters more efficiently and accurately. A comparison between the measured transmission loss (TL) and the predicted TL based on the inverted geoacoustic parameters is shown in Figure 8. Even if errors have originated from the source depth, the TLs are in good agreement with each other. In the focalization, the simplified model also obtains accurate acoustic characteristics of the seabed while the complexity of inversion is reduced by reducing the number of parameters.
[image: Figure 8]FIGURE 8 | The predicted and the measured TL. The source depth is 50 m and the receiver depth is 60.5 m.
5 CONCLUSION
In this paper, a simplified model of the seabed that uses only two parameters has been applied for focalization. As the complexity of inversion increases with the number of parameters, it is valuable to reduce the dimensionality of the inversion problem.
Based on the genetic algorithm, focalization was tested on a benchmark problem using the simplified model and a layered model. In the COLNOISE case, the simplified model with only two parameters satisfied the requirements of MFP and obtained accurate results in terms of location. An analysis of the objective function led the amplitude F and phase cF to be more sensitive than some parameters of the layered model, and no clear coupling was noted between the parameters. This accelerated the convergence to the optimal solution and ensured the robustness of the results. In addition, some characteristic quantities of the sound field that can be used for matching in MFP are related linearly to F. These linear relations, manifests as an arched curve for changes to the objective function, render the optimization simple and reliable. When used on experimental data from ASIAEX on the East China Sea, the simplified model was found to be suitable for broadband focalization, and both the location-related and the geoacoustic parameters were obtained quickly and accurately.
In order to provide constraints to the dimensionality of inversion problem, the simplified model presents a very compact expression of the acoustic properties of seabed. It can accelerate the convergence to the optimal solution and ensure the robustness of the results. However, it also has limitations. For example, it can be used only in the far field. As the reduction in the number of parameters reduces the acoustic resolution, applications of the proposed model to low-SNR environments or single-hydrophone inversion need to be explored in future research.
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