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SPARSITY-DRIVEN SEPARATION OF RAILWAY ROLLING NOISE WITH A MICROPHONE ARRAY

In this paper we propose the use of sparse reconstruction methods to characterize the pass-by noise of rail-bound transportation vehicles. European trains are homologated with the TSI-NOISE legislation, which specifies the quantification of the vehicle noise alone; that is, irrespective of the track on which the vehicle is running. However, some tracks contribute significantly to the pass-by noise in mid-frequencies, leading to geographically dependent noise emissions of the same vehicle. To remove this dependency from the homologation, the track and vehicle contributions must be separated. This paper proposes the use of sparse reconstruction methods to distinguish between vehicle and rail noise. The approach is based on measurements with a microphone array near the track, and the use of dictionaries of plane waves and moving equivalent sources, to model the track and the vehicle contributions respectively. It is shown that the separated spectra agree well with the reference results predicted with the TWINS software.

INTRODUCTION

Rolling noise is the dominant source of noise for trains running below 300 km/h. This source originates in the contact between the rails and the train's wheels. Their interaction causes waves to propagate freely on the track, as well as modal vibrations on the wheels, which then radiate sound [START_REF] Thompson | Sound Radiation from Wheels and Track[END_REF]. In the frequency range between 500 Hz and 1600 Hz, the rail contribution often masks the wheel contribution. Thus, since the wheel noise is the source that needs to be quantified according to the TSI-NOISE legislation [START_REF][END_REF], the need to separate rail and wheel contributions arises. Several papers have attempted to separate and quantify these contributions with microphone arrays [START_REF] Kitagawa | Comparison of wheel/rail noise radiation on Japanese railways using the TWINS model and microphone array measurements[END_REF][START_REF] Kitagawa | The horizontal directivity of noise radiated by a rail and implications for the use of microphone arrays[END_REF][START_REF] Faure | Characterisation of the acoustic field radiated by a rail with a microphone array: The SWEAM method[END_REF][START_REF] Zea | Wavenumberdomain separation of rail contribution to pass-by noise[END_REF]. In this study we explore the use of sparse reconstruction methods, which have shown great potential in sound source localization [START_REF] Xenaki | Compressive beamforming[END_REF][START_REF] Xenaki | Grid-free compressive beamforming[END_REF] and holography [START_REF] Chardon | Near-field acoustic holography using sparse regularization and compressive sampling principles[END_REF][START_REF] Fernandez-Grande | A sparse equivalent source method for near-field acoustic holography[END_REF]. Sparse reconstruction methods are particularly convenient for modelling problems where few sound waves are present-in the present case, those radiated by the track and the vehicle. In this study, we propose a model that promotes sparse dictionary representations of the rail and wheel contributions to the pass-by into plane waves and moving equivalent sources.

METHOD

Consider a train running with speed V , and the pressure data measured at M microphone positions, distributed uniformly parallel to the track at array positions x 1 , ..., x M . At fixed frequency ω and time t, the pressure field due to rolling noise p(ω, t) ∈ C M is defined as the sum of the rail sound pressure p (r) , the wheel sound pressure p (w) , and modelling errors e: that is, p = p (r) + p (w) + e. The rail sound pressure is approximated in a dictionary of plane waves as p (r) = Ψα, and the wheel sound pressure is approximated in a dictionary of moving sources as p (w) = Φβ. The plane wave dictionary matrix Ψ ∈ C M ×Npw has entries of the form ψ nm = e j(ωt-knxm) , with j = √ -1, k n is the wavenumber of the n-th plane wave in units of rad/m, and x m is the position of the m-th microphone in units of m. And the dictionary matrix of moving sources Φ ∈ C M ×Nms has entries φ nm of the form [START_REF] Morse | Theoretical Acoustics[END_REF] 

e jωτnm 4π|1 -M cos θ nm | 2 jω r nm + V (cos θ nm -M ) r 2 nm ( 1 
)
where M = V /c is the Mach number, c is the sound speed, θ nm and r nm are respectively the angle formed and the distance between the n-th source and the m-th microphone at a given time t, and the emission time τ nm is the solution to the to the quadratic expression c(t -τ nm ) = r nm [START_REF] Morse | Theoretical Acoustics[END_REF].

The rail and wheel contributions to the sound pressure level (SPL) are then separated in three main steps, executed in MATLAB 2019b. First, the plane wave coefficients α are found via orthogonal matching pursuit (OMP) [START_REF] Becker | CoSaMP and OMP for sparse recovery[END_REF], which amounts to solving the optimization problem

min α 1 2 p -Ψα 2 2 subject to α 0 ≤ Q (2)
for a given integer Q < M , and the p -norm defined as

• p = ( | • | p ) 1/p
. This results in the approximation of the rail sound pressure p (r) , which is then used to calculate the rail SPL per 1/3 octave band at the center of the microphone array. Second, the residual ρ between the array pressure and the estimated rail pressure is computed. Third, the moving source coefficients β are found via the least absolute shrinkage and selection operator (LASSO) [START_REF] Van Den | SPGL1: A solver for large-scale sparse reconstruction[END_REF][START_REF] Van Den | Probing the pareto frontier for basis pursuit solutions[END_REF], which amounts to solving the optimization problem

min β 1 2 ρ -Φβ 2 2 subject to β 1 ≤ δ, (3) 
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with regularization parameter δ > 0 that can be found e.g. via the Pareto curve [START_REF] Van Den | Probing the pareto frontier for basis pursuit solutions[END_REF]. This results in the approximation of the wheel sound pressure p (w) , which is then used to calculate the wheel SPL per 1/3 octave band at the center of the microphone array.

RESULTS

The proposed approach is tested with experimental data, taken from the measurement campaign during the H2020 Roll2Rail project, 2016. More details about the campaign can be found in [START_REF] Zea | Wavenumberdomain separation of rail contribution to pass-by noise[END_REF]. A 42-channel microphone array is used, with 8 cm spacing, and 6.4 kHz sampling rate. The sparsity constraint in Eq. ( 2) is Q = 12, and the number of plane wave and moving source dictionary atoms are respectively N pw = 50 and N ms = 100.

The curves in Fig. 1 show the separated SPL spectra for a train running at 160 km/h. The spectra are compared with the spectra obtained with the wave signature extraction (WSE) method, and reference results obtained with TWINS (see [START_REF] Zea | Wavenumberdomain separation of rail contribution to pass-by noise[END_REF]). The figures demonstrate that the results obtained with the proposed approach are much closer to the reference predictions than the WSE method. 

Figure 1 .

 1 Figure 1. (a) Rail and (b) wheel SPL spectra obtained with TWINS (reference), WSE method, and sparse reconstruction. The wheel SPL obtained with WSE is the energetic difference between the total pass-by and the rail SPL obtained with WSE.
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