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Abstract

A set of algorithms for real-time detection and localization of vocalizing marine mammals has
been developed as part of the Marine Mammal Monitoring on Navy Ranges (M3R) program. These
algorithms work on a broad variety of vocalizations including sperm whale clicks. The detection
algorithm is a two stage process utilizing a binary thresholded FFT as the first stage. The second
stage examines the FFT output to determine whether a click is present in a given FFT window.
Detected clicks are split out of the data stream and sent to a data association algorithm called a scan-
ning sieve. Time differences of arrival (TDOAs) are calculated which are then fed into 2D and 3D
hyperbolic localization algorithms. Software written to implement the algorithms was used to pro-
cess a data set consisting of sperm whale vocalizations provided as part of the 2nd International

Workshop on Detection and Localization of Marine Mammals using Passive Acoustics. Real-time
detection and localization results from the data set are provided, along with a detailed description
of the algorithms.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Detection and localization of vocalizing marine mammals has been accomplished using
a variety of methods, including spectrogram analysis [1–6], matched filters [7] and neural
networks [2]. Some of the earliest work that applied detection and localization techniques
to study marine mammals, and in particular sperm whales, was conducted by Watkins and
Schevill [8–10]. Localization is typically done either via hyperbolic positioning methods
[11,12,24] or by using acoustic propagation models [13–15].

This paper presents a method for using wide-baseline acoustic arrays for passive marine
mammal tracking developed as part of the Marine Mammal Monitoring on Navy Ranges
(M3R) project. Spectrogram analysis is utilized for click detection, coupled with a pattern
matching algorithm for aligning click sequences among multiple hydrophones and deter-
mining time differences of arrivals (TDOAs). A hyperbolic positioning algorithm is then
used to compute the animal’s location. No attempts are made to automatically separate
marine mammal vocalizations from other noise sources.

Sperm whales produce broadband impulsive clicks with a well-defined click train, as
shown in Fig. 1. The clicks range in frequency from less than 100 Hz to at least 32 kHz
[5,20,16], and in duration from 2 to 24 ms [20]. A variety of click train structures have been
identified: regular or usual clicks, creaks, slow clicks and codas. It is thought that usual
clicks and creaks are used for echolocation, whereas codas and slow clicks may have a
communicative function [5,17–21].
Fig. 1. Sperm whale click train.



Fig. 2. Spectrogram of sperm whale click train. Amplitude ranges from green (lowest) to red (highest). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 2 shows a spectrogram of the data from Fig. 1. Clicks from a single sperm whale,
plus reverberation, are evident. These clicks are characteristic of usual clicks, which are
highly directional with typical inter-click intervals (ICIs) of 0.5–2 s [19]. They are broad-
band and extend from below 500 Hz to nearly the 24 kHz limit of the recording equipment
used to capture the data.

Two data sets of sperm whale vocalizations were made available as part of the Novem-
ber 2005 workshop on detection and localization of marine mammals using passive acous-
tics [22]. The data sets were recorded on two separate sets of hydrophones. The
hydrophones were bottom-mounted at a depth of about 2000 m, and spaced approxi-
mately two nautical miles apart. Required information such as the hydrophone locations
and sound velocity profile were included with the data set. The first set of hydrophones
contained data from multiple sperm whales, while the second set of hydrophones con-
tained data from a single sperm whale (see Fig. 3.)

The data were provided in file form with a sample rate of 48 kHz and a resolution of
16 bits.

2. Technique

Marine mammal click localization consists of detection, data association, and position
determination. Detection is broken into two stages. The first stage is an FFT based energy



Fig. 3. Data set hydrophone layout.
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detector that produces a binary frequency map as its output. The second stage determines
whether a click is present by examining the frequency map. Detected clicks are time-
aligned to produce a click pattern, or ‘‘click map’’, for each hydrophone. An association
algorithm correlates click maps between several hydrophones and a master in a pair-wise
fashion to produce time differences of arrivals (TDOAs). Finally, a hyperbolic positioning
algorithm is applied to determine animal location.

2.1. Detector

Detection consists of a frequency domain energy detector coupled with a click detector.
Each hydrophone is independently processed. The first stage is implemented using N-point
fast Fourier transforms (FFTs) with a rectangular window and variable overlap (typically
50%). For this analysis, an FFT size of 512 points was chosen. Each frequency bin of the
FFT output is compared to a time varying threshold, D(f, t). The threshold is set to be m

dB above the (time) average power within frequency bin f. For this data set, m was empir-
ically chosen as �23 dB above the noise, and the time averaging window was 21.3 ms. The
threshold (m) is typically chosen as low as possible to ride just over the noise. For each
hydrophone, the output of the detector, Qi(f, t), is a binary valued frequency map derived
from the FFT, which contains a 1 in each frequency bin that exceeded D(f, t) and a 0 every-
where else. Frequency maps are only produced when at least one bin is above threshold. If
no frequency bins are above threshold, no frequency map is produced. Consecutive fre-
quency maps are used to form a binary spectrogram that indicates, in real-time, the pres-
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ence of whale vocalizations and provides information on their frequency content. Fig. 4
shows the output of the detector for the click train from Fig. 1. The frequency map for
each time step is plotted along the vertical axis. Cascading multiple frequency maps forms
a binary spectrogram.

For each reported frequency map, clicks are detected by comparing the number of bins
set in the map with a threshold, typically 10. If the number of bins set exceeds this thresh-
old, it is determined that a click is present. Fig. 5 shows the binary spectrogram with
detected clicks highlighted in red.

A detected click is removed from the data stream and passed to the click association
algorithm.

2.2. Click association

Inter-click interval patterns have been found to be an effective means of both differen-
tiating between individual whales and associating patterns of detections among hydropho-
nes [23]. A series of clicks from a single animal is received on the surrounding
hydrophones. Different (spatially separated) hydrophones may pick up different portions
of the emitted click structure, but the inter-click interval will be nearly the same on all
hydrophones. We assume animals exhibit their own unique pattern of clicks, and can thus
be separated by cross-correlating a series of clicks across multiple hydrophones.

In the first step of the M3R click association algorithm the detected clicks are formed
into a ‘‘click map’’ or comb filter for each hydrophone as shown in Fig. 6 below.

The click map is 10 s wide divided into time slots derived from the FFT size, decimated
sample rate, and overlap. For this analysis, the data were downsampled to 24 kHz, result-
ing in a time slot of 10.7 ms (50% overlap * 512 FFT points/24,000 samples/s). The click
map for a hydrophone contains a ‘1’ in the time slot for each detected click with a ‘0’
everywhere else. Detected clicks may belong to one or more animals. Conceptually, the
next step is to cross correlate the click maps from several hydrophones with a master
Fig. 4. Binary-valued detector output for time series in Fig. 1, 512 point FFT, 50% overlap, sample
rate = 24 kHz, threshold m = �23 dB.



Fig. 5. Binary spectrogram shown in Fig. 4 with click detections indicated by red and rejected frequency maps
indicated in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 6. Click maps for first 10 s from hydrophones in data set 2 (see Fig. 3).
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hydrophone to align individual click patterns, and to find the TDOA between each hydro-
phone and the master. A click pattern unique to an individual will match the same pattern
time-delayed on a different hydrophone. The time delay is proportional to the difference in
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distance from the animal to the respective hydrophones. The M3R click association algo-
rithm uses the notion of a ‘‘scanning sieve’’ to match click maps between hydrophones.
Hydrophones are grouped into arrays which typically consist of five to seven hydropho-
nes. For this data set, arrays are defined with four slave hydrophones surrounding a center
master hydrophone. The click map on the master channel is used as a template by the
scanning sieve. The master template is compared against the click map for each hydro-
phone in the array. The scanning sieve starts on a click detection on the master template.
The selected slave click map is shifted across the master template one click at a time. The
resultant correlation value at each shift of the slave click map represents the number of
matches between the master template and the slave. The delay corresponding to the max-
imum correlation value between the master and a specified slave represents the difference
in time of arrival (TDOA) between the two sensors. The output of the scanning sieve pro-
cess are sets of TDOAs between the master and each hydrophone in the array. The master
template is then shifted to the next click and the entire process is repeated.

Fig. 7 shows TDOAs resulting from the scanning sieve plotted versus time for four
hydrophone pairs with hydrophone G[7] as the master. Each hydrophone pair is shown
in a different color. Both direct and indirect path are evident for each hydrophone pair.
Fig. 7. Preliminary output of the M3R click association algorithm, showing the estimated TDOAs between the
scanning sieve template, hydrophone G[7], and the four additional hydrophones for data set 2.



Fig. 8. Histogram of the TDOAs, with threshold lines for significant populations drawn.
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To de-noise the TDOAs, the TDOA data from each hydrophone pair (master, slave)
are histogrammed. Histograms are typically computed over a window of approximately
5 min. Significant TDOA groups are determined by thresholding the histograms. For this
data set, the threshold is set to a value three times the mean, which has been empirically
found to be effective on previous data sets. TDOA groups that pass threshold are sent to a
multilateration localization algorithm that calculates a 2D or 3D position. More than one
significant TDOA group may be present in the histogram. Each significant TDOA group is
associated with a single animal, a co-located group of animals, or a reverb from another
TDOA group. Histogramming the data from hydrophone pair G[7] and I[9], indicated in
green in Fig. 7, yields the plot shown in Fig. 8.

Two peaks are evident in the histogram, corresponding to the direct and indirect path.
The width of the direct and multipath clusters are proportional to the distance the animal
has moved over the time the histogram is computed.

2.3. Localization

Positions are computed from the output of the click association sieve using a hyperbolic
multilateration positioning algorithm developed by Vincent [24]. A representative sound
speed profile is required. TDOAs are required between at least three hydrophones and
the master in order to compute a 3D position. If less than four hydrophones are available,
a 2D position is computed by fixing the depth at 0. For marine mammal tracking pur-
poses, an arbitrarily shaped hydrophone array may be used. For the dense arrays consist-
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ing of many hydrophones typical of Navy ranges, the array is usually divided into hexagon
shaped hydrophone sub-arrays. These sub-arrays are independent and may be processed
in parallel. Multiple processing nodes may be used to allow the entire hydrophone field
to be processed in real-time.

3. Results

A replay tool was used to take the individual data files provided in the conference data
sets and replay them through the detection system as if the data was being acquired in real
time. To roughly match the 26.1 kHz sampling rate the system was originally tuned for,
the data were decimated by two before input to the detector. The detector was configured
to run a 512 point FFT with 50% overlap. This introduces a frequency folding into the
output of the FFT, but does not noticeably affect the detected click arrival times.

The data were run in a completely automated fashion for both data sets.
Data set 1 consisted of six hydrophones with the geometry shown in Fig. 3 (hydropho-

nes A–F). The data set contained multiple vocalizing animals. Four hydrophone arrays,
each consisting of five hydrophones, were used: [C] D E B F, [D] A C E F, [E] B C D
F, [F] A C D E, where the brackets indicate the master hydrophone in the given array.

Processing the raw acoustic data yielded 84 distinct positions within five nmi of the clos-
est array master, 20 of which were 3D, and the rest 2D. These positions are shown in Figs.
9 and 10.
Fig. 9. Data set 1 XY (automated).



Fig. 10. Data set 1 depth (automated).
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Data set 2 consisted of five hydrophones with the geometry shown in Fig. 3 (hydropho-
nes G–K). The data set contained a single vocalizing animal. Four hydrophone arrays
were used: [G] H I J K, [H] G I J K, [I] G H J K, [J] G H I K, consisting of the same five
hydrophone with different array masters. The brackets again indicate the master hydro-
phone in the given array.

Automated processing of the raw acoustic data yielded 374 distinct positions within five
nmi of the closest array master, of which 10 were 3D, and the rest 2D. A multipath track is
clearly visible in the results. The positions are shown in Figs. 11 and 12.

Localization results from automated processing of both data sets were extremely
poor, with a large number of 2D positions. Hand examination of the data indicated that
many more 3D localizations should have been possible, particularly with the single ani-
mal in data set 2. To determine the reason for the poor localization performance, a hand
analysis was conducted on the data from data set 2. The analysis indicated that when
certain hydrophones were included in solution, the positioning algorithm would not con-
verge. A section of data set 2, from 5 to 10 min, was chosen for further examination (see
Table 1).

Three distinct groups of clicks from this section were observed on all hydrophones. The
first clicks from groups one and three were arbitrarily chosen for comparison. The time of
arrival on each hydrophone and the time difference between the first and second arrivals of
the click were measured.

Based on a ray trace, the first arrival is assumed to be the direct path and the second
arrival a surface reflection. In this case, the time difference between the direct path and



Fig. 11. Data set 2 XY (automated).
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the surface reflection should be greatest on the hydrophone that is closest to the animal.
However the arrival time on hydrophone G (the hydrophone with the largest multipath
spread) is actually fourth out of five.

The data description from the conference web site indicates that hydrophones G and H
were recorded on a different recorder than hydrophones I, J, and K. Assuming that the
data cuts from the two recorders are out of sync would produce results in accordance with
the observations. In addition, hydrophones G and H are roughly consistent in arrival
times, as are I, J, and K.

In order to estimate an offset between the two recorders, a 2D track was computed on
the animal using hydrophones I, J, and K. Click posit 60 was chosen to estimate a time
offset as it was relatively isolated in time, and easy to identify on multiple hydrophones.
The click was identified on hydrophone G, and the time of arrival and multipath spread
were recorded. A ray trace was used to estimate the depth of the animal at 765 m, based
on the multipath spread and the horizontal distance from the 2D posit to hydrophone G.
Finally, the transit time of the animal click from the calculated position to hydrophone G
was calculated using the ray trace. Using the computed time of emission (TOE) from the
click posit, the calculated transit time, and the measured time of arrival of the click at the
hydrophone, an offset of 2.249501 s was estimated between the two recorders. An indepen-
dent estimate was then performed by playing back the synchronized recorders into a sound
analysis program and precisely measuring the time offset between the recorders, yielding
an offset of 2.3395 seconds, in good agreement with the estimated offset.



Fig. 12. Data set 2 depth (automated).

Table 1
Click arrival times

Hydrophone Group 1 Group 3

TOA (MM:SS) Delta-T (s) TOA (MM:SS) Delta-T (s)

J 00:20.029 0.342 03:49.523 0.327
K 00:20.958 0.262 03:50.265 0.265
I 00:21.062 0.250 03:50.274 0.270
G 00:21.212 0.744 03:50.528 0.784
H 00:23.521 0.243 03:52.827 0.251
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The data set was corrected by subtracting 2.249501 s from the click arrival times on
hydrophones G and H, and re-running the localization algorithms. The localization algo-
rithm converged and produced the track shown in Figs. 13 and 14.

4. Summary

M3R has developed spectrogram-based algorithms for the passive detection and local-
ization of marine mammals using widely spaced, bottom-mounted hydrophones character-
istic of Navy undersea tracking ranges. They are applicable to any fixed or portable range
with widely spaced sensors. These algorithms require repetitively vocalizing marine mam-
mals with sufficient source levels to be detected on multiple hydrophones.

The detection algorithm combines a frequency domain energy detector with a threshol-
ded click detector. The output of the energy detector is a binary frequency map derived



Fig. 13. 2D (fixed depth) and 3D tracks for data set 2. 2D track computed using hydrophones I, J, and K. 3D
track has line running through it and was computed using all five hydrophones.

Fig. 14. Depth track for data set 2.

R.P. Morrissey et al. / Applied Acoustics 67 (2006) 1091–1105 1103



1104 R.P. Morrissey et al. / Applied Acoustics 67 (2006) 1091–1105
from the FFT. The presence of a click is determined by comparing the number of bins set
in a single FFT window against a threshold. Detected click arrival times are passed to an
association algorithm. The click associator cross-correlates patterns of click detections to
determine time differences of arrivals (TDOAs). Positions are then determined using
hyperbolic multilateration.

The algorithms were applied to two sperm whale (Physeter macrocephalus) datasets
provided as part of a workshop on the detection and localization of marine mammals
using passive acoustics, held in Monaco November 16–18, 2005. The first dataset consisted
of multiple sperm whales vocalizing simultaneously. The second dataset was comprised of
a single sperm whale with reverberation. Results from the application of the algorithms to
both datasets were presented. The algorithms produced a combination of 2D and 3D posi-
tions for both datasets. A timing error in the second data set was discovered. This error
was quantified and a corrected track produced.

Application of the software to the second conference data set produced a track on a
single sperm whale after correcting for timing bias on two of the five hydrophones.
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