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1 INTRODUCTION

Hydroacoustic researchers use a number of passive acoustic techniques to determine cetacean
localisation [1,2,3,4] at sea. These localisation techniques use a variety of hydrophone array-
configurations. However, the array-configuration has a direct effect on location accuracy and must
be considered carefully before deployment [5,6]. The following attributes of the array need to be
considered: number of receivers; array-geometry and overall aperture. We compare ranges
computed from three hydrophone array-configurations by a MATLAB based array-simulator.

2 METHOD AND MATERIALS

2.1 Hyperbolic Localisation

This paper is based on the use of the hyperbolic localisation technique [7] with an assumption of
constant sound speed. This technique relies on the measurement of the time difference of arrival
(TDOA) between two separate hydrophones as a sound wave arrives from a point source located in
3D space. The location of the source can be assumed to lie on a geometric hyperboloid surface.
For multi-element arrays each pair of hydrophone elements will generate a hyperboloid surface and
at the intersection of these surfaces the source will be located.

2.2 Simulator

Performing experiments at sea in order to evaluate array performance even for a small array of
hydrophone elements is a complex and costly business. In order to assess the localisation
performance of typical hydrophone array-configurations a full 3D simulation environment was
developed using MATLAB Version 7.0 (Mathworks, Inc). The user is able to set the receiver position
in the Cartesian plane (x, y, z) for between 2 and 6 elements in size via a graphical user interface.
Straight line geometry is then used to compute the TDOA parameters from a known source location
by assuming a constant sound speed. These parameters are entered into the simulator to compute
a location. The difference between the known location and its computed location is then used as a
metric to compare different array-configurations.

2.2.1 Simulation Settings

The minimum distance separation L of any two elements has been set to 7.5m. This distance
represents the half a wavelength [8] for the minimum frequency of vocalisation of a sperm whale,
100Hz [9]. The notation used in this paper is that a long aperture-array is defined as an array having
a distance separation equivalent to 8L. A short aperture-array is defined as have length of 2L.

The Simulator was exercised by twenty selected source vocalising positions Sy (Svx, Svy, Svz)

around the receiver array. To achieve this, the origin receiver r; (0, 0, ry,) is chosen as the reference
point. Then, for the horizontal-source range an imaginary circle of radius R, (L) and origin r; is
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created and used as the input variable on the simulator. The simulator computes all the Sy locations
and repeats the same cycle for different R;, values, keeping always the same S, depth-position
(Fig. 1). For depth-source ranges, the same procedure is repeated for different S, depth-positions,
keeping always the same R, value so that all scenarios are covered for the chosen array-
configuration.

y axis (m)
°

y axis (m)
°

L=7.5m

x axis (m) X axis (m)

Figure 1. Scenario of twenty selected Sy locations lying on a circle of radius Ry, and origin ry

2.2.2 Localisation Error

The localisation error x; is defined as the absolute difference between the known Sy, position and the
computed source location using the hyperbolic geometric algorithm. A primary localisation error
results from the imprecision of the intersections of the hyperboloid surfaces for different Sy
locations. Graphs of the mean and variance localisation error show the accuracy at each axis (x, v,
z) for a given source range. Formally, the unbiased estimator of the mean and variance are
represented by the equations (1) and (2) respectively.

_ n 1 <& _
x=%Z(xl-) (1) 0" =l -xf @)

For each source range chosen there is a population of twenty different Sy positions around the
receiver-array. When n=20 is the number of locations computed from sweeping the radii described
in the last section. x; is the calculated Sy location error and x bar and o° are the mean and variance
of such error. The square root of variance is of course standard deviation, and by invoking the
central limit theorem it could be argued that it gives a measured of error of location although the
computational errors from the hyperbolic solution are almost certainly not normal. The metric used
for array comparison is set to be the average size of Sperm whale of about 15m [10] i.e. +7.5m.

3 RESULTS

3.1 Array-Configurations

The intersection of the hyperboloid surfaces determines the 3D source location [11]. Four receivers
are sufficient to give an unambiguous range and bearing. With such information it is also possible to
determine depth information. Four receivers offer a variety of different geometries [12]. For this
exercise all the elements lie in the same horizontal plane, at a depth of 2L.

Three array-configurations are considered shown below in Figure 2. One of the simplest array-

configurations with four receivers is the square geometry. Among its main features are two pairs of
receivers {(ry, r2), (ry, r3)} with the same distance separation L and one pair (ry, rs) with different
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dimensions as it is shown in Figure 1a. The Y-shape array-configuration with four receivers is
arranged so that each arm {(r4, r2), (r1, r3), (r1, r4)} is the same length (Fig. 2b). The third array-
configuration with five receivers has a circular geometry (Fig. 2c) such that each pair {(r4, r2), (r1, r3)}
& {(r4, r4), (r1, rs)} has the same length.

L
r1 r2
. r3
i L
L E r1 r2
5 L L
r3 r4 r4

Figure 2.  Array-Configurations, from left to right: Square, Y-shape, Circular

Each of these array-configurations was simulated to analyze the accuracy of both a short and a
long aperture-array. The Sy position is varied in both planes, the horizontal (x-y axes) and the
vertical (z-axis) as indicated above. The simulation specifications are shown in Tables 1-3 and the
results in the following consecutive figures. The localisation error on each axis is highlighted. The
plots in Figures 3, 5, and 7 show the mean and variance localisation error versus horizontal-source
range. The plots in Figures 4, 6, and 8 show the mean and variance localisation error versus depth-
source range. The horizontal lines at 7.5m define the maximum allowable tolerance, i.e. errors =<
7.5m are considered accurate.

3.1.1 Square-Array (4-elements)

Table 1 shows a matrix of apertures and source ranges in units of L. Four simulations were set to
analyse the array localisation accuracy for both a short (2L) and a long (8L) aperture-array. Figure 3
shows that the short aperture-array can give accurate locations of Sy position up to the equivalent
horizontal-source range of 20L (150m). After this point the array-configuration becomes inaccurate
with a higher variance. On the other hand the long aperture-array reaches its accuracy limit at the
equivalent horizontal range of 40L (300m) with respect the receiver origin. The use of a long
aperture-array represents an accuracy improvement of double the distance. Figure 4 shows that the
short-aperture array is accurate for short depth ranges of 16L (120m) then it exceeds the tolerance
limit. With a long-aperture array, the accuracy of depth-source range improves to 22L (165m). A
major cause of the inaccuracy of this configuration is due to the ambiguity caused by the end fire
and broadside source-receiver positions. Also as the source goes deeper the curvature of the
hyperboloid surface is reduced to almost a flat surface. Hence the depth error is always greater
than the horizontal error. The asymmetry in localisation error between X and Y axes occurred as a
function of the horizontal intersection of the hyperboloids for the twenty Sy positions varied in both
planes.

Square-Array 1a 1b 1c 1d
Aperture-array Short Long Short Long
Horizontal-Source Range | 16L-24L | 16L-42L | 20L 20L
Depth-Source Range 8L 8L 8L-24L | 8L-24L
Table 1. Specifications for the group of Simulations No.1
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3.1.2 Y-shape-Array (4-elements)

This particular array-configuration is seen to be more accurate than the square for larger horizontal
and depth ranges. Also the element-pair ambiguities are reduced compared to the square-array.
Hence there is a noticeable improvement in accuracy in terms of the horizontal capabilities shown in
Figure 5. The short-aperture array reaches the accuracy limit at the equivalent range of 34L (255m)
and keeps a low variance error. The long aperture-array keeps below the tolerance limit up to the
equivalent range of 56L (420m). The depth capabilities are shown in Figure 6. The short-aperture is
able to give accurate locations within a depth range of 8-38L (60 to 285m). On the other hand the
use of a long-aperture array allows us to have accurate readings for up to 40L (300m). This also
represents a significant improvement in depth accuracy when compared to the square-array which
reaches only one half of this depth. The hyperboloid intersection in the z-axis becomes inaccurate

at greater depths.
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Figure 5. Mean (a) and Variance (b) horizontal error of a Y-shape-Array (simulations 2a & 2b)
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Figure 6.

3.1.3 Circular-Array (5-elements)

Of the three array-configurations, this is the most accurate for the twenty different source positions
chosen. Figure 7 shows the improvement achieved through the use of an extra receiver to create a
circular geometry. The accurate horizontal range reached for the short aperture-array is 90L
(675m). The long aperture-array generates noticeable improvements on the localisation accuracy. It
is able to reach a horizontal range of 254L (1.9km). The variance error is the lowest of the three
array-configurations showed. Finally in the category of depth range in Figure 8, the short-aperture
proves to be accurate for only depths of up to 26L (195m). The long-aperture is only accurate for

depths up to 34L (255m).

Circular-Array 3a 3b 3c 3d
Aperture-array Short Long Short Long
Horizontal-Source Range | 16L-92L | 16L-272L | 20L 20L
Depth-Source Range 8L 8L 8L-38L | 8L-38L

Table 3. Specifications for Simulation No.3
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3.2 Array Comparison

Table 4 and Figures 9 and 10 summarize the maximum horizontal-range and depth-range of the

three array-configurations using a short and a long aperture-array.

From the three array-configurations investigated, the circular-array proves to give the largest
horizontal range for both short and long aperture-arrays. For short apertures the circular-array has
4.5 times more horizontal range than the square-array and 2.6 times more than the Y-shape-array.
For long apertures the circular-array has 6 times more horizontal range than the square-array and
4.5 times more than the Y-shape-array. However, the Y-shape-array has better depth range than

the circular-array (Table 4).

Source Location Aperture Square Y-shape Circular

X y X y X y
Horizontal Range 2L 20L 20L 34L 34L 90L 90L
8L 40L 42L 56L 56L 272L 254L
Depth Range 2L 16L 38L 26L
8L 221 40L 34L

Table 4. Summary of the maximum ranges reached for each array-configuration
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Figure 10. Comparison of the three Array-Configurations on a depth-source range

In both short and long apertures the Y-array gives the deepest range. For short apertures the y-
shape-array has 2.4 times more depth range than the square-array and 1.5 times more than the
circular-array. For long apertures the Y-shape-array has 1.8 times more depth range than the
square-array and 1.2 times more than the circular-array. It is also from both categories (horizontal-
range and depth-range) the array-configuration with less range variation when the aperture-array
changes. Finally, the square array produces the shortest horizontal and depth range for a short or
long aperture-array.

4 DISCUSSION AND CONCLUSIONS

Although theoretically more receivers will improve the localisation accuracy, the other most
important factor is the array-geometry. For instance, the four receivers distributed in Y-shape-array
gave better ranges than the four receivers in the square-array for both long and short aperture-
arrays. Furthermore, when an extra receiver was added to create a circular-array, the horizontal-
source localisation had a noticeable improvement.

The clearest result these simulations have is range improves with longer apertures. For instance,
the square-array improved twice its range; the Y-shape 1.65 times; and the circular 2.82 times; an
average ratio of more than the double. However if we measure the ratio of range to size of aperture
for each array-configuration; we found that such a ratio decreases for longer apertures due to the
hyperbolic localisation error caused by the small angle between the hyperbolic surfaces. Therefore,
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lengthening the aperture-array may be one solution to enable location of a more distant source.
However, this implies a more complicated deployment with inaccurate locations when the source is
at broadside to a pair of array elements.

In terms of depth the Y-shape-array is preferred, however, its operational depth ranges (285-300m)
are still relatively short compared to typical Sperm whale depth profiles of 800m average [13,14].
The lack of depth-source location accuracy is due mainly to the nature of the hyperboloid geometric
surface. However, we found that increasing the aperture-array length would aid in depth location.

So in summary, a square-array is not a recommendable configuration for deployment. A Y-shape-
array represents a simple geometry that provides accurate source locations for long and deep
ranges. A circular-array appears to offer greater range capability without the need to have an
excessive aperture.
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