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SUMMARY 
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the hydrophones in an array must be accurately determined. Cross-correlation of two audio 
signals provide the relative time shift, where the accuracy is primarily limited by the 
sampling frequency. 
 
A procedure was developed to accurately detect the direction and range to a sound source 
using audio and position data from the hydrophones. A preliminary experiment was 
performed in air using microphones to test the performance of the developed sound source 
detection system in two dimensions. The results from the initial experiment were 
unsuccessful due to the smaller baseline between the microphones. It was found that larger 
baselines provide more accurate results. 
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different environments and different geometrical arrangements to identify its limitations. 
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Summary

The possibility of a hydro-acoustic tracking system was investigated by developing a the-
oretical model using the underlying principles of sound propagation through water. The
effectiveness of the tracking system depends on its ability to determine the direction and
range to a sound source using multiple arrays of sound detectors (hydrophones). In three
dimensional space it was found that at least four hydrophones are needed to determine
the direction vector to a sound source. To determine the range to a sound source at least
two physically separated arrays of at least four hydrophones are needed.

To obtain an accurate direction vector to the sound source the relative time delay
between the hydrophones in an array must be accurately determined. Cross-correlation of
two audio signals provide the relative time shift, where the accuracy is primarily limited
by the sampling frequency.

A procedure was developed to accurately detect the direction and range to a sound
source using audio and position data from the hydrophones. A preliminary experiment
was performed in air using microphones to test the performance of the developed sound
source detection system in two dimension. The results from the initial experiment was
unsuccessful due to the smaller baseline between the microphones. It was found that
larger baselines provide more accurate results.

More testing should be conducted to quantify the performance of the developed sound
source detection method. This method should be tested against different sound sources,
different environments and different geometrical arrangements to identify its limitations.
Finally, the hydrophone arrays will be integrated into ocean gliders and tested at sea.
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1 Introduction

In a liquid medium (i.e. water), where communications through radio waves fall short,
sound waves provide a possible mechanism to transfer information. The ability to detect
the direction and range to discreet sound sources has applications from guiding underwater
vehicles to surveillance activities. Sound can also be used to study marine life.

Figure 1: Image of an ocean glider.

As sound propagates through a medium it is subjected to various forms of absorption,
scattering and reflection which makes it rather a poor carrier of information in compar-
ison with the electromagnetic waves in air. However, in a dense medium such as water
electromagnetic waves fail to penetrate deep enough to be able to carry information to
larger distances. Therefore, sound is believed to be the only practical way to propagate
signals to greater distances at sea (Jensen 1994). Furthermore, a good understanding of
the acoustic environment (i.e. the ocean) helps us overcome the difficulties imposed by
the scattering and absorption properties of sound in water.

One other property that differs sound waves from electromagnetic waves is the speed
of propagation. The velocity of electromagnetic waves is a constant1, in contrary the
sound speed changes depending on the properties of the medium. The sound speed in
water is affected by the water temperature, salinity and pressure (Etter 2003). As a result
sound does not always take the most direct path from the sound source to the detector.
Depending on how far the sound source is (or its intensity) it may be audible only through
specific sound channels.

As a result of low transmission losses in underwater sound channels small explosive
sound sources are even heard half way across the globe (Jensen 1994). In such case where
the sound is propagated through a specific sound channel rather than the direct route it
may seem to the detector as if the sound is coming from a different direction. Therefore,

1The speed of light is not constant in all mediums. However, within one medium it hardly changes.



it is important to have an idea of the existing sound channels as a result of the gradients
in temperature, salinity and pressure.

The purpose of this report is to present a theoretical model, which allows the deter-
mination of the direction and the range to a discrete sound source as observed by two or
more ocean gliders containing multiple detectors (hydrophones), and to report on the tests
conducted to validate the theory.

2 Materials and Methods

In one dimension, at least two omnidirectional hydrophones are needed to determine the
direction of a sound source. In this case the direction is easily obtained by determining
which hydrophone received the signal first. In two dimensions at least three hydrophones,
not arranged in a line, are needed to determine the direction of a sound source.

Figure 2 shows the ambiguity in direction caused by using only three hydrophones to
determine source direction in three dimensional space (3D). To eliminate this ambiguity
at least four hydrophones, not in a plane, are required.

Figure 2: The direction of a sound source is ambiguous if only three hydrophones are used
in three dimensional space (can be above or below the plane of the hydrophones).

The position of the sound source can be obtained by triangulating two directional
vectors to the sound source. In order to calculate the source position two sets of information
are needed: The positions of the hydrophones and the time delay between signal arrival
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times at each hydrophone. The positions of the hydrophones can be obtained if the glider
position and the orientation are known.

The time delay between the hydrophones can be easily determined using the audio
data of the hydrophones. The audio data of the hydrophones are stored in 96 kHz 24-bit
PCM format. A method of cross-correlation is used to identify the time delay between the
hydrophones. The cross-correlation coefficient, defined in Equation 1, characterizes the
similarity between two signals, x(n) and y(n).

Rxy(m) = lim
N→∞

1

N

N−1
∑

n=0

x(n)y(n+m) −∞ < m < ∞ (1)

A plot of the cross-correlation coefficients of two audio signals are shown in Figure 3.
The time delay between the plots in Figure 3 is the relative shift at which the correlation
coefficient is a maximum (i.e. when the two functions nearly overlap with each other).

3 Determining the direction of a sound source in the

same plane as the hydrophones of a glider

A special case of finding the sound source direction occurs when the sound source is
restricted to the plane formed by three hydrophones. This problem can be easily solved
if three assumptions are made. The first assumption is that the sound source is far away
in comparison to the baseline formed by the hydrophones. Secondly, the speed of sound
in water is assumed to be a constant. The third assumption is that the sound takes the
most direct path to the hydrophones. Sound is subjected to refraction, absorption and
reflection as it travels through the water. The second and the third assumption might not
necessarily be true. However, to correct for such effects a greater understanding of the
ocean environment is needed.

Figures 4 and 5 show the geometrical setting for the calculation of source direction (θ)
given the glider heading (β), the time delay between HP1 and HP2 (∆t12) and the time
delay between HP1 and HP3 (∆t13). The angle α can be easily calculated using the right
angled triangle in Figure 5 as shown in Equation 2.

α = sin−1

( |∆t12| × c

w

)

(2)

The sign of ∆t13 helps determine whether the sound source is located ahead of the
glider or behind the glider. Using this information along with the heading of the glider,
the direction of the sound source (θ) can be determined as shown in Equation 3.

θ =















180 ◦ + α + β ∆t13 ≥ 0 and ∆t12 ≤ 0
180 ◦ − α + β ∆t13 ≥ 0 and ∆t12 > 0
360 ◦ − α + β ∆t13 < 0 and ∆t12 ≤ 0

α + β ∆t13 < 0 and ∆t12 > 0









(3)

3



Figure 3: The cross-correlation sequence of two audio plots. The relative shift at which
the correlation coefficient is a maximum is the time delay between the two hydrophones.
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Figure 4: Top view of a glider with three hydrophones.

Figure 5: Geometrical parameters for determining the location of the sound source.
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4 Determining the position of a sound source in 3D

space

To determine the position of a sound source in 3D space at least two gliders each with four
hydrophones are needed. The position is determined by first obtaining a direction vector
to the sound source from each glider, and then by using the method of triangulation. In
order to find the position of a sound source a coordinate system(s) has to be defined.
Figure 6 shows three reference frames defined using one of the gliders.

To obtain a direction vector to the sound source, first select a glider and determine
the hydrophone which received the signal first. Assume the time it took for the sound to
reach the first hydrophone is one second. Then the time it took for the signal to reach the
other two hydrophones can be calculated using their relative time differences. For each
hydrophone there is a spherical shell, centered at the position of the hydrophone, where
the sound source could be possibly located. The radius of such a sphere can be calculated
using the constant sound speed and the time it took for the signal to reach the hydrophone.
Once such a sphere is determined for each hydrophone of a glider the solution simplifies
down to finding the intersection point of the spheres (Equations 4,5,6,7).

Figure 6: Coordinate frames for calculating the position of a sound source in 3D.
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(x− x1)
2 + (y − y1)

2 + (z − z1)
2 = r2

1
(4)

(x− x2)
2 + (y − y2)

2 + (z − z2)
2 = r2

2
(5)

(x− x3)
2 + (y − y3)

2 + (z − z3)
2 = r2

3
(6)

(x− x4)
2 + (y − y4)

2 + (z − z4)
2 = r2

4
(7)

The mathematical solution of finding the intersection point of the four spheres is ex-
plained in greater detail in appendix A. Assume the calculated intersection point (i.e. di-

rection vector) in Frame 1 is R⃗1. The same procedure as described above can be followed

with the second glider to obtain another direction vector (R⃗2). However, the positions of
the hydrophones of the second glider must be transformed into Frame 1 before finding the
direction vector.

Rx(γ) =





1 0 0
0 cos(γ) −sin(γ)
0 sin(γ) cos(γ)





Ry(β) =





cos(β) 0 sin(β)
0 1 0

−sin(β) 0 cos(β)





Rz(α) =





cos(α) −sin(α) 0
sin(α) cos(α) 0

0 0 1





R = Rx(γ)Ry(β)Rz(α) (8)

γ = γ1 − γ2

β = β1 − β2

α = α1 − α2

Each of the rotation matrices, Rx(γ), Ry(β) and Rz(α) corresponds to the rotations
in yaw, pitch and roll between the two gliders respectively. The full rotation between
the two gliders is accounted for by the rotation matrix R as shown in Equation 8. The
transformation of the hydrophone coordinates to Frame 1 (p⃗ → p⃗′) is done by multiplying
with a rotation matrix and applying a linear transformation (s⃗) as shown in Equation 9.
s⃗ is the position vector of the second glider in Frame 1.

p⃗′ = R× p⃗+ s⃗ (9)

Two lines (rays) can be defined using the two direction vectors and the positions of
the gliders. The position of the sound source can be calculated by finding the intersection
between these two lines. However, due to measurement uncertainties the two lines may be
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skewed and may not necessarily intersect. In such case the two points in each line where
the shortest distance between them occur must be calculated. This provides a region in
3D for the possible location of the sound source. The mathematical details of finding the
shortest distance between two lines is explained in Appendix B.

Finally, after obtaining the source position in Frame 1 it can be easily transformed to
the global frame.

5 Experiments

Several experiments were performed to test the theory presented in the previous section.
The experiments were performed in air using microphones instead of hydrophones in water.
The physics of sound travel in air and water is similar and therefore the above theory is
valid in both cases. It is more convenient to perform simple experiments in air than in
water.

The experimental setup is shown in Figure 7. The objective of the experiment is to
correctly determine the direction of the sound source using the audio data from the two
built-in microphones of the sound recorder.

The experiment was carried out in a closed room. A telephone is used as a sound source,
which has three speakers. A Marantz Professional PMD661 stereo sound recorder was
used for this experiment. The separation between the microphones is seven centimetres.
The sampling frequency of the audio is 96 kHz, which amounts to a time resolution of
0.000010416 s. Using a sound speed in air of 340.29ms−1 the minimum separation between
the microphones required to resolve a sound source is 3.5 mm. The angular resolution at
96 kHz sample frequency and a 0.07 m baseline is ∼ 3 ◦.

Table 1 lists the results of the experiment. Multiple audio samples were taken with
the same settings to test consistency of the results. The time delay between the two audio
signals, ∆t, is obtained by cross correlation of the two signals. The angle α is defined as
in Figure 7 and is calculated by a software implementation of the method described in the
previous section.

The results do not quite agree with the measured values of α. Also the results vary by
as much as 20 ◦ in some occasions. The main cause of this is the low angular resolution
inflicted by the smaller baseline. Figure 8 shows how rapidly the direction angle changes
as a function of ∆t for different baselines. The plot rises less steeply for longer baselines,
which gives a higher angular resolution.

A computer simulation was carried out to estimate the error in calculated source po-
sition arising from measurement errors of the orientation of the gliders. Two gliders with
four hydrophones each were used for the simulation as shown in Figure 9. The simulation
attempts to calculate the position of a sound source (position already known) using the
position of the gliders, the orientation of the gliders and the signal arrival time at each
hydrophone. An error value was added to the yaw, pitch and the roll of each glider and
the difference between the calculated source position and the actual source position was

8



Figure 7: The experimental setup with a sound source and two microphones. The objective
of the experiment is to find the angle α.

Figure 8: The calculated direction angle as a function of ∆t for baselines of 0.07 m, 0.1 m
and 0.15 m, showing low angular resolution for shorter baselines.
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Figure 9: Error in source position as a function of error in the measured yaw, pitch and
roll angles of the gliders. The geometrical arrangement of the sound source and the gliders
are shown in sub plot.
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Table 1: Comparison of measured direction angle to the calculated direction angle of a
sound source in two dimensional space.

Trial # Measured α ( ◦) Recorder Level ∆ t (s) Calculated α ( ◦)
1 0 5 0.000031 8.7
2 0 5 0.000031 8.7
3 0 5 0.000031 8.7
4 0 8 0.000031 8.7
5 41.5 5 0.000094 27.1
6 41.5 5 0.000052 14.7
7 41.5 8 0.000052 14.7
8 41.5 8 0.000063 17.7
9 90 5 0.000125 37.4
10 90 5 0.000125 37.4
11 90 8 0.000104 30.4
12 −44.4 5 −0.000198 −74.2
13 −44.4 5 −0.000177 −59.4
14 −44.4 8 −0.000167 −54.1

obtained.
A plot of the source position error as a function of the error in the measured yaw, pitch

and roll angles is shown in Figure 9. It should be noted that these results are specific to the
geometrical arrangement used for the simulation. other arrangements of the gliders and
the sound source was found to give different error estimates. Figure 10 shows a different
arrangement of the gliders providing larger error estimates than in Figure 10 for the same
position of the sound source. Thus certain arrangements of the hydrophone arrays provide
better detection accuracy for certain regions.

This model must be tested with baselines similar to the ones that will be used on the
gliders before evaluating its suitability for the proposed tracking system. However, at the
time of writing of this report the equipment necessary to do such an experiment was not
available.

11



Figure 10: Error in source position as a function of error in the measured yaw, pitch and
roll angles of the gliders. The geometrical arrangement of the sound source and the gliders
are shown in sub plot.
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6 Conclusion

A concept and theory was developed to investigate the possibility of an underwater acoustic
tracking system. It was found that at least four hydrophones not arranged in a plane are
needed to determine the direction to a sound source in 3D space. The possible location of
a sound source can be calculated by the method of triangulation using at least two sets of
four hydrophones.

The time delay between the signal arrival times at each hydrophone can be obtained
by cross-correlation of the audio data from each hydrophone. A simple experiment was
performed in air to test the performance of the sound source detection method. The smaller
baseline used for this initial experiment failed to provide accurate values for the direction
of the sound source. Longer baselines provide more accurate results. Certain arrangements
of the hydrophone arrays provide better detection accuracy for certain regions.

7 Future Work

More testing should be done to verify the performance of the sound source detection
method preferably with longer baselines, different sound sources and different geometrical
arrangements of the sound source and the sound detectors. Once it has been proven to work
in air it must be tested in water using hydrophones, which will be used on the gliders.
The hydrophones and the necessary electronic components should then be attached to
the gliders and tested to see if the baselines are adequate for correctly determining the
source direction. Finally multiple gliders with hydrophones should be tested in an ocean
environment to see their effectiveness in detecting and tracking discrete sound sources.
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A Finding the intersection point of four spheres

Suppose the equations of the four spheres are given as in Equations 10, 11, 12 and 13.
Subtract Equation 10 from Equations 11 and 12 to obtain equations 14 and 15 respectively.
Equations 14 and 15 are the planes of intersections between the first three spheres.

(x− x1)
2 + (y − y1)

2 + (z − z1)
2 = r2

1
(10)

(x− x2)
2 + (y − y2)

2 + (z − z2)
2 = r2

2
(11)

(x− x3)
2 + (y − y3)

2 + (z − z3)
2 = r2

3
(12)

(x− x4)
2 + (y − y4)

2 + (z − z4)
2 = r2

4
(13)

ax+ by + cz = d (14)

ex+ fy + gz = h (15)

a = 2(x1 − x2)

b = 2(y1 − y2)

c = 2(z1 − z2)

d = r2
2
− r2

1
− x2

2
+ x2

1
− y2

2
+ y2

1
− z2

2
+ z2

1

e = 2(x1 − x3)

f = 2(y1 − y3)

g = 2(z1 − z3)

h = r2
3
− r2

1
− x2

3
+ x2

1
− y2

3
+ y2

1
− z2

3
+ z2

1

Then find the parametric equations of the line of intersection between these two planes.
n⃗1 and n⃗2 are normal vectors to the two planes.

n⃗1 =





a

b

c



 n⃗2 =





e

f

g





M =
[

n⃗1 n⃗2

]T
T =

[

d

h

]

The position vector (x⃗0) of the line is given by a particular solution to the equation

Mx0 = T . The direction vector, l⃗ is given by the cross product of the vectors n⃗1 and n⃗2.

x⃗0 =





k

m

q



 l⃗ =





l

n

r
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The parametric equations of the line given by Equations 16, 17 and 18 are then substituted
into Equation 10, which gives a quadratic equation of one variable (Equation 19).

x = k + lt (16)

y = m+ nt (17)

z = q + rt (18)

At2 +Bt+ C = 0 (19)

Equation 19 is solved to find the two roots which are then substituted back into Equa-
tions 16, 17 and 18 to find the two possible positions for the sound source. To determine
the correct position for the sound source substitute the position coordinates into Equation
13 (Equation of the fourth sphere) and pick the point that lies on the sphere. It is possible
that neither of the two roots lie exactly on the sphere due to measurement errors. In such
case choose the position which is closest to the surface of the fourth sphere.

r⃗′ =





r1
r2
r3





B Finding the shortest distance between two skewed

lines

Define the two lines, L1 and L2 as in Equation 20 and 21 with the position vectors s⃗1 and
s⃗2 and the direction vectors r⃗1 and r⃗2.

L1 = s⃗1 + r⃗1t (20)

L2 = s⃗2 + r⃗2t (21)

Now take the normalized cross product (d⃗l) of the direction vectors of the two lines.

Extend the lines L1 and L2 along d⃗l to form two planes, P1 and P2 respectively.

d⃗l = r⃗1 × r⃗2 (22)

P1 = s⃗1 + r⃗1u+ d⃗lv (23)

P2 = s⃗2 + r⃗2u+ d⃗2v (24)

(u, v ∈ R)
Calculate the intersection points between P1 and L2 (I1) and between P2 and L1 (I2).

These two points are the points of the two lines which gives the shortest distance between
them. Finally, take the center position between the two intersection points and take it
as the location of the sound source. The intersection points give the uncertainty of the
position.
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C Software Implementation - Matlab code

C.1 Triangulation of a sound source using two arrays of four

hydrophones each

function [spos] = Tri3D v6( Glider1, Glider2, t1, t2, t3, t4, t5, t6, t7, t8 )
% TRI3D V6 This function calculates the position of a sound source using two
% arrays of four hydrophones each.
% Glider1, Glider2: 1X7 arrays containing [x;y;z;yaw;pitch;roll;depth]
% t1..t4: signal arrival times at Glider1 hydrophones
% t5..t8: signal arrival times at Glider2 hydrophones

gpos1 = Glider1(1:3);
yaw1 = -1*Glider1(4)*pi/180.0;
pitch1 = -1*Glider1(5)*pi/180.0;
roll1 = -1*Glider1(6)*pi/180.0;
depth1 = Glider1(7);

gpos2 = Glider2(1:3);
yaw2 = -1*Glider2(4)*pi/180.0;
pitch2 = -1*Glider2(5)*pi/180.0;
roll2 = -1*Glider2(6)*pi/180.0;
depth2 = Glider2(7);

% Assumed positions of the Glider1 hydrophones in the Glider1 frame

p1 = [0; -1; 0];
p2 = [0; 1; 0];
p3 = [0; 0; -1];
p4 = [-1; 0; 0];

% The position vectors of hydrophones in Glider2 must be transformed to
% the frame of the first glider.

Rx1 = [1, 0, 0;
0, cos(roll1), -1*sin(roll1);
0, sin(roll1), cos(roll1)];

Ry1 = [cos(pitch1), 0, sin(pitch1);
0, 1, 0;
-1*sin(pitch1), 0, cos(pitch1)];
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Rz1 = [cos(yaw1), -1*sin(yaw1), 0;
sin(yaw1), cos(yaw1), 0;
0, 0, 1];

R1 = Rx1*Ry1*Rz1;

Rx2 = [1, 0, 0;
0, cos(roll2), -1*sin(roll2);
0, sin(roll2), cos(roll2)];

Ry2 = [cos(pitch2), 0, sin(pitch2);
0, 1, 0;
-1*sin(pitch2), 0, cos(pitch2)];

Rz2 = [cos(yaw2), -1*sin(yaw2), 0;
sin(yaw2), cos(yaw2), 0;
0, 0, 1];

R2 = Rx2*Ry2*Rz2;

tp5 = R2’*p1;
tp6 = R2’*p2;
tp7 = R2’*p3;
tp8 = R2’*p4;

tp5 = R1*tp5;
tp6 = R1*tp6;
tp7 = R1*tp7;
tp8 = R1*tp8;

ltv = gpos2-gpos1; % in global frame
ltv = R1*ltv; % in body frame of Glider 1

% position coordinates of Glider2 hydrophones in Glider1 frame

p5 = tp5 + ltv;
p6 = tp6 + ltv;
p7 = tp7 + ltv;
p8 = tp8 + ltv;

% get the direction vectors for each of the gliders.
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[g1dir vec] = getDirvec v2(p1, p2, p3, p4, t1, t2, t3, t4);
[g2dir vec] = getDirvec v2(p5, p6, p7, p8, t5, t6, t7, t8);

s1 = [0;0;0];
s2 = ltv;

% get the two possible source locations from getPos.m

spos = getPos(s1, s2, g1dir vec, g2dir vec-ltv, depth1, R1);

% print the results:

disp(’possible source location:’)
disp(strcat(’X = ’, num2str(spos(1)), ’ (’, num2str(spos(4)), ’)’))
disp(strcat(’Y = ’, num2str(spos(2)), ’ (’, num2str(spos(5)), ’)’))
disp(strcat(’Z = ’, num2str(spos(3)), ’ (’, num2str(spos(6)), ’)’))

end

function [ dir vec ] = getDirvec v2( p1, p2, p3, p4, t1, t2, t3, t4)
%getDirvec v2 Calculates the direction vector to a sound source from a glider
% p1..p4: The position coordinates of the hydrophones in the form [x;y;z]
% t1..t4: The signal arrival time at each respective hydrophone

% Initial setting of variables
Temp = 4.43;
Salt = 31.76;
%sound speed = 1449.2 + 4.6*Temp - 0.055*Temp^2 + 0.00029*Temp^3 + (1.34-0.01*Temp)*(Salt-
35) + 0.016*depth;
sound speed = 1520.0;
epsilon = 1.0;

% Determining which HP received the signal first
t ary = [t1 t2 t3 t4];
[min t, FHP] = min(t ary);
FHP = FHP(1);

T1 = t1;
T2 = t2;
T3 = t3;
T4 = t4;
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if (FHP == 1)
T2 = 1.0 + T2-T1;
T3 = 1.0 + T3-T1;
T4 = 1.0 + T4-T1;
T1 = 1.0;

end
if (FHP == 2)

T1 = 1.0 + T1-T2;
T3 = 1.0 + T3-T2;
T4 = 1.0 + T4-T2;
T2 = 1.0;

end
if (FHP == 3)

T2 = 1.0 + T2-T3;
T1 = 1.0 + T1-T3;
T4 = 1.0 + T4-T3;
T3 = 1.0;

end
if (FHP == 4)

T1 = 1.0 + T1-T4;
T2 = 1.0 + T2-T4;
T3 = 1.0 + T3-T4;
T4 = 1.0;

end

% Calculating radius of the sphere around each HP
r1 = T1*sound speed;
r2 = T2*sound speed;
r3 = T3*sound speed;
r4 = T4*sound speed;

% Planes of intersection between three spheres
a = 2*( p1(1)-p2(1) );
b = 2*( p1(2)-p2(2) );
c = 2*( p1(3)-p2(3) );
d = r2^2-r1^2-p2(1)^2+p1(1)^2-p2(2)^2+p1(2)^2-p2(3)^2+p1(3)^2;

e = 2*( p1(1)-p3(1) );
f = 2*( p1(2)-p3(2) );
g = 2*( p1(3)-p3(3) );
h = r3^2-r1^2-p3(1)^2+p1(1)^2-p3(2)^2+p1(2)^2-p3(3)^2+p1(3)^2;
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% line of intersection between the two planes
n1 = [a; b; c;];
n2 = [e; f; g;];
M = [n1 n2]’;
T = [d; h];

pos vec = M\T;
dir vec = [(b*g-c*f); (c*e-a*g); (a*f-b*e)];

k = pos vec(1);
l = dir vec(1);
m = pos vec(2);
n = dir vec(2);
q = pos vec(3);
r = dir vec(3);

% calculating the two points of intersection
A = l^2+n^2+r^2;
B = 2*k*l-2*l*p1(1)+2*m*n-2*n*p1(2)+2*q*r-2*r*p1(3);
C = k^2-2*k*p1(1)+p1(1)^2+m^2-2*m*p1(2)+p1(2)^2+q^2-2*q*p1(3)+p1(3)^2-r1^2;

rt1 = real((-B+sqrt(B^2-4*A*C))/(2*A));
rt2 = real((-B-sqrt(B^2-4*A*C))/(2*A));

X1 = k+l*rt1;
Y1 = m+n*rt1;
Z1 = q+r*rt1;

X2 = k+l*rt2;
Y2 = m+n*rt2;
Z2 = q+r*rt2;

sol 1 = (X1 - p4(1))^2 + (Y1 - p4(2))^2 + (Z1 - p4(3))^2;
sol 2 = (X2 - p4(1))^2 + (Y2 - p4(2))^2 + (Z2 - p4(3))^2;

src x = -99999;
src y = -99999;
src z = -99999;

if ( sol 1 >= r4^2-epsilon && sol 1 <= r4^2+epsilon )
src x = real(X1);
src y = real(Y1);
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src z = real(Z1);
elseif ( sol 2 >= r4^2-epsilon && sol 2 <= r4^2+epsilon )

src x = real(X2);
src y = real(Y2);
src z = real(Z2);

else
error(’Could not find source position :(’)

end

dir vec = [src x; src y; src z];

end

function [ src loc ] = getPos( posvec1, posvec2, dirvec1, dirvec2, depth1, R)
% GETPOS This function triangulates two given direction vectors and finds
% the position of the sound source
% posvec1, posvec2: The position vectors of the two gliders
% dirvec1, dirvec2: The direction vectors from each respective glider
% depth1: The depth of Glider1 (The main glider)
% R: The rotation matrix associated with the orientation of Glider1.

% calculating the intersection between the direction vectors

dl = cross(dirvec1, dirvec2);
s1 = posvec1;
s2 = posvec2;

% intersection between line 1 and plane 2

M = [-1*dirvec1, dirvec2, dl];
N = [s1-s2];

param1 = inv(M)*N;
spos1 = s1 + dirvec1*param1(1);

% intersection between line 2 and plane 1

M = [-1*dirvec2, dirvec1, dl];
N = [s2-s1];

param2 = inv(M)*N;
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spos2 = s2 + dirvec2*param2(1);

% transforming to global frame

spos1 = [0;0;depth1] + R’*spos1;
spos2 = [0;0;depth1] + R’*spos2;

% computing source location

src x = (spos1(1)+spos2(1))/2;
src y = (spos1(2)+spos2(2))/2;
src z = (spos1(3)+spos2(3))/2;

err x = abs((spos1(1)-spos2(1))/2);
err y = abs((spos1(2)-spos2(2))/2);
err z = abs((spos1(3)-spos2(3))/2);

src loc = [src x, src y, src z, err x, err y, err z];

end

C.2 Estimating error in position of sound source as a result of

errors in measured yaw, pitch and roll angles

function [] = Tri3dtest()
% TRI3DTEST Estimates the error in sound position due to errors in measured
% values of yaw, pitch and roll angles

pos = {};
pyaw = {};
for err = 0:0.1:2

Glider1 = [0;0;100;0+err;0-err;0+err;100];
Glider2 = [0;250;100;0-err;0+err;0-err;100];
spos = Tri3D v6(Glider1, Glider2, 1.000000216,1.000000216,1.000000216,1.000657895,

1.013328976,1.013542519,1.013435753,1.014084718);
cpos = sqrt((spos(1)-1520)^2 + (spos(2)-0)^2 + (spos(3)-100)^2);
pos{end+1} = cpos;
pyaw{end+1} = err;

end

plot(cell2mat(pyaw), cell2mat(pos));
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D Concept Drawings

Figure 11: A glider with three hydrophones. Two hydrophones are fixed to the payload
module.
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Figure 12: A glider with three hydrophones. Two hydrophones are fixed to the wings.
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Figure 13: Glider wing design with embedded hydrophone cable.
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Figure 14: Hydrophone mount and safety cap.
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E Photos of glider, payload bay, hydrophones and

other electronics

Figure 15: An ocean glider that will be used to deploy the hydrophones.

Figure 16: A payload bay where all the electronic equipment used for sound source detec-
tion will be mounted.
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Figure 17: Marantz Professional PMD661
sound recorder used to record audio data
from the hydrophones.

Figure 18: B&K 2634 charge amplifier used
to amplify the audio signal from the hy-
drophones.

Figure 19: B&K Type 8103 hydrophone
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