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1 Introduction
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It is well known [START_REF] Arthur H Benade | Fundamentals of musical acoustics[END_REF] that anatomy contributes to the 27 task of auditory source localization, as its effects on an 28 acoustic signal, described by the head-related transfer 29 function (HRTF) [START_REF] Wenzel | Localization using nonindividualized head-related transfer functions[END_REF][START_REF] Hu | A local representation of the head-related transfer function[END_REF], can be seen as a spectral fil-30 ter and depend on the location of the signal's source.

Human auditory source localization mostly relies on 32 differences in the phase and amplitude of signals per-33 ceived by the two ears, as well as "spectral cues", or frequency-dependent effects associated with the shape 35 of the pinnae and, possibly, other features of the body 36 ([34]).
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Building on the work of Catheline et al. [7], we ex-plore here the specific role of elastic waves mediated in a skull-shaped object mimicking bone-conducted sound. While this study does not address the issue of whether and how bone conducted sound is employed by the human auditory (ears/brain) system, our goal is to determine whether these reverberated signals contain specific information about the reconstruction of the position of an auditory source, especially in the near-field. This could be relevant to current efforts in the study of bone conduction sound [START_REF] Jack J Wazen | Results of the bone-anchored hearing aid in unilateral hearing loss[END_REF][START_REF] Bruce N Walker | Evaluation of bone-conduction headsets for use in multitalker communication environments[END_REF][START_REF] Stenfelt | Implantable Bone Conduction Hearing Aids[END_REF][START_REF] Littler | Hearing by bone conduction and the use of bone-conduction hearing aids[END_REF][START_REF] Stenfelt | Boneconducted sound: physiological and clinical aspects[END_REF]. Using the principle of acoustic time reversal [START_REF] Fink | Time-reversed acoustics[END_REF][START_REF] Fink | Time-reversal acoustics in complex environments[END_REF], we convert the signal recorded by two receivers into the spatial coordinates of a source in the horizontal and sagittal plane, and evaluate the resolution with which the source position is thus reconstructed. Catheline et al. [7] showed via a time reversal experiment with a dry skull that in-skull elastic wave propagation provides information about spatial positioning of a sound source. They found that their time reversal algorithm, using elastic waves alone, received at two or only one recording transducer mimicking the ear, successfully reconstructed the source position(s), for single as well as multiple sources. The spatial resolution of this method was found to decrease with increasing distance between the skull and the sound source. This is in good agreement with the far-field diffraction law, which provides a relationship between the spatial resolution and the distance separating the antenna (skull) from the source. Our objective is to expand the early work of Catheline et al. [7] and Ing et al. [START_REF] Ing | In solid localization of finger impacts using acoustic time-reversal process[END_REF] to [START_REF] Arthur H Benade | Fundamentals of musical acoustics[END_REF] analyze the resolution of the same algorithm for a skull-shaped antenna specifically in the near-field, i.e., the sound source is placed closer than one wavelength to the skull, and (2) to evaluate the directionality of the algorithm, i.e. evaluate changes in resolution with respect to angular position of the sound source.

In this study, we conduct a suite of experiments on a simple setup, equivalent to the setup used in Catheline et al. [7], consisting of two recording transducers glued to a replica human skull. Sound is generated by a small speaker deployed at a variety of distances and azimuths. Our results show in particular that, in the near-field, the resolution with which we reconstruct the source position changes as a function of azimuth with respect to the skull and is clearly influenced by complex features of the skull such as the orbital cavities. Furthermore we achieve superresolution throughout all angles for sources very close to the skull.

Similarly minded experiment have been conducted

in recent years e.g. in the context of optics, where imaging with evanescent waves allows to surpass the classical diffraction limit; the super-resolution of nearfield microscopes is piloted by their probe size [START_REF] Dieter W Pohl | Optical stethoscopy: Image recording with resolution λ/20[END_REF][START_REF] Lewis | Development of a 500 å spatial resolution light microscope: I. light is efficiently transmitted through λ/16 diameter apertures[END_REF].

In this context, a source [START_REF] Hell | Breaking the diffraction resolution limit by stimulated emission: stimulated-emission-depletion fluorescence microscopy[END_REF][START_REF] Robert M Dickson | On/off blinking and switching behaviour of single molecules of green fluorescent protein[END_REF]4] or scatterers [START_REF] Errico | Ultrafast ultrasound localization microscopy for deep superresolution vascular imaging[END_REF] smaller than a wavelength, placed within the medium can be detected in the far-field with super-resolution as well. Time reversal experiments can also surpass the diffraction limit when resonators are placed near a source [START_REF] Lerosey | Focusing beyond the diffraction limit with far-field time reversal[END_REF][START_REF] Rupin | Super-resolution experiments on lamb waves using a single emitter[END_REF] or when an acoustic sink is used [9]. To a lesser degree, near-field details can sometimes be extracted from the far-field using sophisticated algorithms such as inverse filter [8] or MU-SIC [START_REF] Simonetti | Localization of pointlike scatterers in solids with subwavelength resolution[END_REF]. Experiments with metamaterials, superlenses and hyper-lenses [START_REF] Brian | Negative refraction makes a perfect lens[END_REF] demonstrate moderate sub-diffraction imaging down to a quarter of the optical wavelength. All these techniques use different terminology but they all require some near-field measurements.

Because very few studies in psychoacoustics have explored human sound localization performances for nearby sources [START_REF] Parseihian | Reaching nearby sources: comparison between real and virtual sound and visual targets[END_REF], we are unable to determine whether the resolution achieved by our algorithm reproduces the performance of human listeners using bone conducted sound. While we do find that elastic waves contain sufficient information to successfully reconstruct source positions in the near-field, we cannot yet establish whether a similar capability is achieved by the human auditory system.

Methods

The experimental setup is based on the previously conducted experiment of Catheline et al. 
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A sketch of the experimental setup in the horizontal 150 plane is shown in Figure 1.

151

We checked that the sensors solely measure the vi-152 bration of the skull and are unresponsive to airborne 153 sound. This ensures that the time reversal algorithm 154 will utilize only elastic waves. Additionally, the in-155 fluence of the foam platform used to place the loud-156 speaker at certain distances has been tested to have 157 no influence on sound emission of the loudspeaker.
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The first part of the experiment consists of recording the signals at the sensors for each speaker position. The speaker emits a chirp signal c(t) with a duration of 1 s and a linear frequency distribution between 0 Hz and 6 kHz. The function in time for such a chirp of duration T , minimum frequency f 0 and maximum frequency f 1 reads

c(t) = sin Φ 0 + 2π f 0 t + k 2 t 2 , (1) 
with the initial phase Φ 0 at time t = 0 and the chirpy-159

ness k = f1-f0
T (in our case k = 6000Hz/s), also 160 known as the rate of frequency range across the chirp.
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For each distance D the source positions in the hori-162 zontal plane are defined by the azimuth ϕ.

The recorded signal s at one of the sensors' location r, writes

s(ϕ 0 , r, t) = c(t) * G(ϕ 0 , r, t), (2) 
where * denotes convolution, ϕ 0 is the source position Following Fink [START_REF] Fink | Acoustic Time-Reversal Mirrors[END_REF], the received signal s(ϕ 0 , r, -t) is time-reversed, i.e flipped with respect to time. It must then be backward propagated to any possible location ϕ i . This is equivalent to convolving s(ϕ 0 , r, -t) with the Green's function G(ϕ i , r, t). Since we do not have access to G(ϕ i , r, t), but we do have a library of recordings of s(ϕ i , r, t) for all possible values of ϕ i , we implement

T i (ϕ 0 , r, t) = s(ϕ 0 , r, -t) * s(ϕ i , r, t) = = c(-t) * G(ϕ 0 , r, -t) * c(t) * G(ϕ i , r, t). (3) 
The term G(ϕ 0 , r, t) * G(ϕ i , r, -t) is the transfer function of such a time reversal algorithm and, in terms 187 of signal analysis, represents a matched filter [START_REF] Fink | Acoustic Time-Reversal Mirrors[END_REF].
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This convolution coincides with the cross-correlation of G(ϕ 0 , r, t) and G(ϕ i , r, t) ( [START_REF] Draeger | One-channel time-reversal in chaotic cavities: Theoretical limits[END_REF][START_REF] Derode | Recovering the green's function from field-field correlations in an open scattering medium (l)[END_REF]). For each source position ϕ 0 , the signal processing procedure consists of implementing Equation 3, i.e. analytically crosscorrelating the signals, and of finding the maximum value, with respect to time, of the time-reversed wave field T i for each ϕ i . The resulting function F (ϕ i ) is dubbed "spatial focusing function" (shortly, focusing function), as this procedure is equivalent to evaluating whether (and with what resolution) the timereversed and backward-propagated wave field is able to reconstruct the original source position ϕ 0 . The focusing function is next normalized with respect to its maximum; It is then reasonable to assume that, the closer F (ϕ i ) is to 1 (i.e., identical Green's functions) for a given value of ϕ i , the closer ϕ i is to the original source ϕ 0 . This method can be interpreted as a pattern recognition system, that identifies, from an acoustic reference library, the Green's function corresponding to the actual position of the source, and so determines the position of the source.

The invariance under time reversal is lost if the propagation medium has frequency-dependent attenuation. This introduces a first-order time derivative in the governing propagation equation. However, the theorem of spatial reciprocity is still valid, i.e. there is a loss of amplitude in the time-reversed vs. forward propagating wave field, but this does not affect source-localization resolution (does not affect the location of the focus of the time-reversed wave field) provided that signal-to-noise ratio of recorded data is sufficiently high. We have accordingly chosen to carry out our experiments at frequencies that are well caught by our receiving system.

We take both sensors into account by computing the mean of the focusing functions of the two signals.

In order to investigate the role of different frequency contents, the originally measured signals are successively filtered with varying low-pass filters with maximum frequency f max . Following e.g. [START_REF] Ing | In solid localization of finger impacts using acoustic time-reversal process[END_REF]5,[START_REF] Tsogka | Time reversal through a solid-liquid interface and superresolution[END_REF], we estimate the spatial resolution of our time reversal algorithm by analyzing the -3 dB width ∆p of F (ϕ i ) for each given source position (angle ϕ and distance D between the source position and the skull) and various smallest wavelengths λ min = c/f max (with c = speed of sound in air).

We compare our resolution estimates against the apparent aperture A of our skull-shaped antenna, as defined by Catheline et al. [7], through the far-field diffraction law

A = D • λ min 2∆p . (4) 
While resolution as defined here is known to follow the diffraction-law in the far-field [7], that is not the case in the near-field, where Equation 4 is only used here for the sake of comparison. diameters of the skull, close to 10 and 15 cm, in the horizontal and sagittal planes, respectively.

The measurement points in the near-field (at distances smaller than one wavelength) lie on the same linear fit (i.e. same apparent aperture) as the points for measurements in the far-field although Equation 4does not hold true in the near-field. In the near-field, i.e. for sources closer than one minimum wavelength away from the skull, source positions can still be resolved with the same angular resolution which results in super-resolution in space, i.e. -3 dB widths below 0.5 λ min (see Figure 4). While one could infer that the diffraction limit also holds true in the near-field, our results are purely empirical; any values below the previously formulated diffraction limit are not represented in Equation 4. We speculate that they can be ascribed to the near-field contribution of evanescent waves.

Our far-field data is in agreement with Equation 4 and the previous findings of Catheline et al. [7]. In addition, we are able to achieve the same angular resolution as stated in the far-field diffraction law in the near-field (sound sources at below-wavelength distances) leading to super-resolution.

Directional variation in resolution

We furthermore investigate the directional variation of resolution of the time reversal analysis in the horizontal plane. The angular variations in resolution of our time reversal scheme in the near-field are visualized in Figure 5 showing the values of A (top) and ∆p (bottom) with respect to the source azimuth ϕ for different source distances (5 cm, 12 cm and 20 cm and 100 cm). All data is filtered to have a maximum frequency of 3 kHz. The reason for an offset of around 2 -3 • to the center (ϕ = 0 • ) is due to a limited accuracy in the manual placement of the center position and the center of the rotation axis.

In the far-field, the apparent aperture does not vary with azimuth (see 100 cm data in Figure 5) and is ponentially over roughly one wavelength [START_REF] De | Focusing prop-445 erties of near-field time reversal[END_REF] and can 338 be created at a boundary between two media through certain incident angles of a propagating wave [START_REF] Fink | Time reversal of ultrasonic fields. i. basic principles[END_REF]. Usually, their effect is not measured in the far field and the far-field diffraction law (Equation 4) does not account for such effects, limiting the resolution of time reversal. However, if near-field components of the wavefield are measured and incorporated in the time-reversal algorithm, subwavelength information, that is carried by evanescent waves, is incorporated in the time-reversal process, leading to super resolution [START_REF] Lerosey | Focusing beyond the diffraction limit with far-field time reversal[END_REF].

All these results are also approximately achieved via a one-sided evaluation of the signals, i.e. when only one receiver is used.

In summary, our data shows large variations in resolution in the near-field, depending on the position of the source relative to the geometric complexities of the skull.

Conclusion

In this study we measured elastic wave signals in a replica of a human skull due to an incident airborne sound emitted by a source at various distances and orientation with respect to the skull. Our goal was to investigate the physical limits of a sound-localization algorithm that uses full waveform information and the information contained in elastic waves propagating in the skull bone. While we do not at all claim to directly reproduce the sound localization "algorithm" that exists in the human ear-brain system, our quantification of these limits may be considered as a point of comparison in near-field psychoacoustics experiments.

We showed that the resolution of a time reversal scheme using a skull-shaped antenna with one or two receivers is consistent with the diffraction law in the far-field. The apparent apertures in the horizontal and sagittal planes are roughly consistent with the horizontal and vertical extent of the skull. Interestingly, the apparent aperture in the near-field is markedly increased (more than 3 times its value in the far-field) in the horizontal plane and at specific angles. In that case we can achieve super-resolution that may be associated to the non-negligible contribution of evanescent waves in the near-field.

Our results suggest that anatomical details of the skull give rise to complex features of the radiated sound field in the near-field, enabling sub-wavelength focusing and directional changes in resolution. We clearly find the influence of small anatomical geometric complexities such as the orbital cavities to positively influence resolution using elastic waves. We believe that it will be useful, in future studies, to explore the performance of our algorithms in other frequency ranges and for other biological models (e.g., echolocating species such as dolphins or bats).

As noted by Parseihian et al. [START_REF] Parseihian | Reaching nearby sources: comparison between real and virtual sound and visual targets[END_REF], very few studies in psychoacoustics have explored human sound lo-It appears to us that further experimental work is 396 needed to more robustly evaluate how well humans 397 localize nearby sources and if our findings can be re-398 lated to psychoacoustic studies in the near-field.

Figure 1 :

 1 Figure1: Sketch of the experimental setup in the horizontal plane: A loudspeaker is connected to a source generator (PC) and emits a chirp signal at each angle ϕ ranging from -50 • to 50 • along a half circle at various distances to the skull. The resulting vibration of the skull is recorded through two passive sensors glued to the hypothetical ear locations. They are connected to the signal acquisition system, consisting of a sound card connected to a PC.
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 2 Figure 2: a) Exemplary waveform of a recorded signal at one of the sensors. b) Frequency spectrum of the same signal.
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 134 Figure3: Normalized focusing functions along the curvilinear abscissa for sources in front of the center of the skull (ϕ = 0 • ) and at different distances to the skull. The distance of the measurement points to the skull decreases from 40 cm, down to 20 cm, 12 cm and 5 cm (different curves). There is a clear trend of increasing resolution (decreasing -3 dB width of the curves) with decreasing distance.

Figure 4 :

 4 Figure 4: -3 dB width values of the focusing functions for sources at different distances to the skull (x-axis) and maximum frequencies f max of the signal. The slope of each linear fit, which corresponds to the apparent aperture A in Equation 4, is approximately 10 cm for all curves.

Figure 5 :

 5 Figure 5: Angular variations of resolution for different source distances. Top: Variation in apparent aperture for different source distances. Maxima are at -20 • and 15• whereas the values decrease for source positions close to the center and further away from the center. Bottom: Variation in -3 db widths for different source distances. Super-resolution is accomplished throughout all angles at a distance of 5 cm and for certain angles at a distance of 12 cm. Highest resolution (smallest -3 dB width) is accomplished for source positions directly in front of the orbital cavities. This effect is (relatively) enhanced the closer the source to the skull.
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 3 dB widths are smaller than half a wavelength 328 (super-resolution) throughout all azimuths at a dis-329 tance between source and skull of 5 cm, down to 330 λ min /15 (i.e. for ϕ =-20 • and 15 • ). This shows that 331 the skull-shaped antenna enables sub-wavelength fo-332 cusing of near-field sources and, furthermore, anatom-333 ical details of the skull may give rise to differences in 334 resolution at certain positions due to the presence of 335 evanescent waves. They can be described as a non-336 propagative spatial fluctuation field that decreases ex-337