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ALLEGATO XX: SONDA IDROFONICA VETTORIALE 
ANNEX XX: VECTORIAL HYDROPHONIC PROBE
A new under water acoustical probe is presented here for the first time, capable of recording both the sound pressure and the three Cartesian components of the “particle velocity” in underwater environment.

The probe is actually built employing 4 standard hydrophones, located at the vertexes of a tetrahedron, having size carefully tailored to the frequency range of interest (and, hence, to the corresponding wavelength range), in which the computation of the Cartesian components of the sound field is required.

In this case it is important to measure the particle velocity in the frequency range between 100 Hz and 2000 Hz, taking into account the results of studies already performed at the University of Trieste on the topic of underwater noise effects on marine animals in High Adriatic sea.
Considering the relationship between sound speed, wavelength and frequency:
c =  · f and considering that the sound speed in water, c, is around 1500 m/s, it can be observed that the range of wavelengths of interest is between 15 – 0.75 m.  The side of the tetrahedron, hence, must be smaller than 1/5 or 1/6 of the smallest wavelength, and of consequence the tetrahedrical probe should have a side around 150 mm.
The following photo shows a first prototype of the tetrahedrical hydrophonic probe:
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The tetrahedrical probe inside the test pool
The mathematical theory allowing for the computation of the vectorial information, and in particular of the Cartesian components of the particle velocity, from the 4 pressure signals captured by the hydrophones, derives by an extension of the Ambisonics method: it is a method successfully employed for building tetrahedrical microphonic probes, working in air, and employed mostly for “surround” recordings. The first of these Ambisonics tetrahedrical microphones was the Soundfield ™ microphone, developed by the Englishmen Gerzon and Craven in 1974-1975.
The under water probe, indeed, differs from probes employed in air not only for the use of hydrophones inside of microphones, but also for different signal manipulation method, which is performed by means of a matrix of digital filters, of the FIR type (Finite Impulse Response). Their coefficients are computed by inversion of a matrix of impulse responses, measured in the test pool.

The approach to digital filtering provides an accuracy significantly better than what was possible with the analogue filters employed in the Soundfield microphone, and also corrects for differences among the 4 transducers, and any other anomaly if the probe, due for example to reflections or shielding caused by the mounting system.
The 4 signals coming from the hydrophones, named in jargon as “A-format”, other 4 processed signals are derived, named “B-format”, and identified by the 4 letters: W,X,Y,Z. The signal named W is the pressure signal (obtained averaging the 4 signals of the 4 hydrophones), and has a spatial response perfectly omnidirectonal. The signals named X, Y and Z are the Cartesian components of the particle velocity, scaled to the same amplitude as the pressure signal by multiplying by the acoustical impedance of water:

p = v · z  - in which the acoustical impedance z is given by the product of the density of water (approx. 1000 kg/m3) and the sound speed in water (approx. 1500 m/s). 
Knowing the exact value of impedance is hence very important for the operation of a vectorial underwater probe. The impedance is known exactly only by measuring temperature and salinity of water, and hence the probe is equipped with transducers for measuring these quantities. It is also equipped of a compass and of a bubble, for aligning correctly the Cartesian reference system of the probe with the terrestrial reference system (x axis toward East, Y axis toward North, and Z axis upwards)
The three signals X,Y, and Z correspond to signals which would be captured by virtual transducers exhibiting a “Figure of 8” directivity pattern, which means a cosine-weighted directivity, as shown in the following picture:
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Graphical display of the directivity of the probe: channels W, X, Y and Z

The B-format signals generated by the probe can be employed for different purposes:
1) 
Determination of the direction-of-arrival of sound, in Cartesian of polar coordinates, based on the fact that the particle velocity vector is aligned with the direction of propagation of sound. Taking into account the curvature of the sound path caused by variations of the impedance of water, it is also possible, with some approximation, to identify the instantaneous position of the noise source, and to trace its trajectory. The following figure shows how to determine the trajectory of a boat in polar coordinates:
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Geometrical analysis for identifying the direction of arrival of sound
2) 
Reproduction of a three-dimensional sound field inside a suitable listening environment, underwater or in air. The Ambisonics method allows for the recreation of a sound field embracing the listening area, by means of a “cloud” of loudspeakers located around it, and accurately replicating the spatial properties of the original sound field. This playback method can be employed inside a water pool, with the goal of stimulating behavioural reaction on marine species in captivity due to listening to natural or artificial sounds recorded in the sea.
This makes it possible to evaluate experimentally if the marine species exhibit different perception to sound coming from various directions, and to assess the corresponding behavioural effects. 
It is also possible to play the three-dimensional sound in air, making possible to perceive the direction of arrival of underwater soundscapes, within a listening room properly equipped of a number of loudspeakers, or by means of headphones. This is a completely new experience for human listeners, as the human hearing system is unable to localize the direction of arrival of the sound when underwater, as the large sound speed reduces so much the interaural delay, that all the sounds appear to originate inside the head of the listener. By means of an Ambisonics playback system, instead, an human can finally appreciate the spiatiality of the sound underwater, as it is perceived by marine species.
This possibility is particularly relevant to the goal of disseminating the results of this research, making it easy for everyone to understand the importance of assessing and recording underwater noise pollution, and exploiting the impact of anthropogenic noise on underwater animals, providing an experience of direct perception of such impact.
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Schema di una sala per la ripro duzione sonora tridimensionale con tecnologia Ambisonics
3) 
Computation of energetical parameters, such as Sound Intensity (W/m2, given by the product of sound pressure and particle velocity), the Sound Energy Density (J/m3, given by the sum of kinetic and potential energies, the first being proportional to the square of particle velocity, and the second being proportional to the square of sound pressure), the reactivity factor of the sound field. From these energetic parameters, other quantities can be derived related to the nature of surfaces which cause reflection of sound waves, such as, for example, the reflectivity coefficient or the sound absorption coefficient of the sea bed.
All these parameters can be obtained as function of frequency, by means of spectral analysis of the recorded waveforms.
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Example of spectral and temporal analysis of a boat pass-by

4) 
The probe provides signals continuously in time, and hence it is possible to analyze time slots of arbitrary length, for example during the pass-by of a boat along a known path. In this way the directivity of the emission from the sound source can be assessed, at various frequencies; from this information, a model of the sound emission can be constructed, to be employed for mapping the noise pollution caused by marine traffic in a wide area, making use of a modified version of the CITYMAP computer code.
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Tracing the trajectory of a boat tank to 4 vectorial probes,

and reconstruction of the noise pollution map employing the CITYMAP computer program
A first prototype of the hydrophonic vectorial probe has already been built, and tested in the sea at the Miramare Marine Protected Area at the end of July 2009. Its directivity curves have been measured at the test pool of WASS, in Livorno, in September 2009.
The patent application is currently pending. It is scheduled to start the production of a first series of vectorial probes in January 2010. Two types of probes are planned: the first type is equipped with long, water-resistant cables, of length suitable for being connected with a signal acquisition system located on-board of a service boat.
The second type of probe will be equipped with a small digital sound recorder, located inside a waterproof shell, which is submerged together with the probe and left on the sea bed for days. The recorder operates with an SD memory card of huge capacity, and can monitor boat passages for several days (or even weeks), thanks to its capability of recording the sound only when the level exceed a pre-determined minimum level
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The vectorial probe during the first test at the Miramare Protected Marine Area (Trieste)



