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Abstract

One dataset made available for the 2nd international workshop on detection and localization of
marine mammals using passive acoustics featured a single sperm whale recorded for 25 min on five
widely spaced, bottom-mounted hydrophones in the Tongue of the Ocean. In this paper, we track
the whale using a model-based method that relies on the difference in arrival times along direct
and surface-reflected propagation paths. Four receivers are required to estimate positions in
three-dimensions. Details of the method are presented, and tracks are estimated using an isospeed
and a depth-dependent sound speed profile (SSP). Depth estimates for the isospeed SSP are about
50-100 m shallower than for the depth-dependent SSP, and horizontal positions are similar. Perfor-
mance estimates indicate that the depth-dependent SSP results are more accurate, with estimated
depths of 650-760 m and average vertical and horizontal swim speeds (not accounting for current)
of 0.30 m/s and 2.40 m/s, respectively.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Recordings of sperm whale vocalizations in the Tongue of the Ocean were made avail-
able to participants of the 2nd international workshop on detection and localization of
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marine mammals using passive acoustics. The datasets are from March 23 to 30, 2002 and
were prepared by the naval undersea warfare center (NUWC). In the March 23 dataset, a
single sperm whale is clearly heard on all five bottom-mounted hydrophones for the full
25 min of recordings.

As they are the predominant vocalization present in the recordings, this work concen-
trates on the so-called regular (or usual) clicks emitted by sperm whales during deep
dives [1]. Regular clicks have inter-click intervals (ICIs) of 0.5-2 s [2,3], duration of about
10-20 ms [2], and energy from below 100 Hz to above 20 kHz [4,5]. Due to these char-
acteristics, as well as the deep-water environment and bottom-mounted hydrophones
used for the recordings, direct and surface-reflected arrivals can be easily identified. Spe-
cifically, reflected arrivals come shortly after their associated direct arrivals and they have
lower amplitude, less power at high frequencies, and slightly longer duration. Moreover,
the effect of source-receiver spacing on the time delay between corresponding direct and
surface-reflected rays (DRTD) is clearly audible; DRTDs decrease with increasing
source/receiver separation. For a moving sperm whale DRTDs vary between receivers
as well as with time on a single receiver. Cato [6] and Aubauer et al. [7] explain this effect
for an isospeed SSP.

Motivated by this dataset, we developed and implemented a tracking method that relies
entirely on DRTDs. DRTDs have previously been exploited for localization [6-10], but
they have typically been used with isospeed SSPs to establish range, and not (to our
knowledge) to estimate a three-dimensional track using widely spaced receivers, as is done
here. A ray-tracing model that accounts for the depth-dependent sound-speed SSP (SSP)
gives different, and presumably more accurate, estimates than an isospeed SSP. We also
give approximate error maps for depth and x—y coordinates of location. Unfortunately,
no visual or tagging data are available to verify the estimated track of the sperm whale.
Nevertheless, the estimated track is consistent with other observations of sperm whale
behavior, which lends confidence to our predictions.

2. Methods

Before giving the details of the method, we first provide a general overview, noting that
at least four receivers are required for the localizations. Signals are sub-divided into short
time intervals, and a list of candidate source depths is created. Each time interval and
depth is processed separately. At each receiver, the DRTD is established by a click detec-
tion scheme. These measured DRTDs are compared to modeled DRTDs to estimate the
horizontal separation of source and receiver. This separation defines (the radius of) a circle
centered at the receiver. If the search has been conducted at the correct source depth, the
arrival times have been accurately determined, and the environment has been perfectly
modeled, all receiver circles intersect at a single point, which is the position of the source.
In most cases, however, the circles do not intersect at a single point, and a point of best
agreement must be determined. This is accomplished by creating a likelihood surface (a
probabilistic indicator of source location sometimes referred to as an ambiguity surface)
for each receiver; the surfaces are assigned value 1 along the circles (highest probability)
and decay according to a Gaussian weighting away from the circle, both inward and out-
ward. Likelihood surfaces for each receiver are averaged to create a total likelihood sur-
face at the current search depth. This process is repeated for all candidate source
depths, and the point with maximum likelihood is declared the overall estimated source
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position at that time. Only positions at times that give sufficiently large likelihood are
retained.

2.1. Preliminaries

The signal at each receiver is sub-divided into short time intervals, typically several tens
of seconds long, which can overlap. Two factors are considered when choosing interval
lengths. First, longer intervals contain more clicks, which helps to reduce errors in esti-
mated DRTDs. For intervals that are too long, however, movement of the whale may
result in significant variation of the DRTDs within the interval. Through trial and error,
20 s intervals (which typically contained between 10 and 25 clicks) were chosen as a good
compromise for the workshop dataset. A 15s overlap was used since it gave good time
resolution for the track while keeping run-times reasonably low.

Next, a look-up table of predicted DRTDs as a function of range for all receivers and
candidate source depths is created. Hydrophone positions (Table 1) were provided by
NUWC. All phones were 17 ft off the bottom except K, which was 18 ft off the bottom.
In this work, the Gaussian beam acoustic propagation model BELLHOP [11] was used
to model the environment and create this table. The range list varied from 5m to
10 km in 5 m increments. Since the hydrophones were all within 7.5 km of one another,
this allowed for searches several kilometers beyond the boundary of the receiver array.
Candidate depths covered the entire water column at 10 m resolution. Two sound speed
profiles (SSP) were used. One was an isospeed SSP with a sound-speed of 1510 m/s; the
other was a depth-dependent SSP, the average historical SSP from the Tongue of the
Ocean for March, taken from the Generalized Digital Environment Model [12] (Fig. 1).
Fig. 2 shows modeled DRTDs as a function of horizontal separation for one hydrophone
and three candidate source depths.

2.2. Detecting and classifying arrivals to establish DRTDs

As mentioned in the introduction, the characteristics of the source and the environment
make it easy to identify direct and surface-reflected arrivals in the time series. Short-dura-
tion calls result in no overlap between associated direct and surface-reflected arrivals, and
their broadband nature can be used to reduce noise (see next paragraph). The ICI is usu-
ally long enough so that a reflected arrival precedes the direct arrival from the next click.
The deep-water environment reduces complications from multiple arrivals, and bottom-
mounted hydrophones mean that bottom reflections arrive immediately after direct sig-
nals, so they are not confused with surface reflections. Refer to Fig. 3 for a waveform
of a typical sequence of direct and reflected arrivals. Direct arrivals are high amplitude

Table 1

Hydrophone positions provided by NUWC

Hydrophone x-Position (m) y-Position (m) Depth (m)
G 10658.04 —14953.63 1530.55

H 12788.99 —11897.12 1556.14

1 14318.86 —16189.18 1553.58

J 8672.59 —18064.35 1361.93

K 12007.50 —19238.87 1522.54
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Fig. 1. Historical SSPs for the region. The SSP for March, which is when the data were collected, is shown in bold
and was used to model DRTDs.
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Fig. 2. Modeled DRTDs for hydrophone H as a function of horizontal separation for source depths of: (a)
890 m; (b) 670 m, and (c) 400 m. Solid lines are for the depth-dependent SSP for March; dashed lines are for an
isospeed SSP of 1510 m/s.

and quite evenly spaced, with reflected arrivals between them. In some cases the direct and
reflected arrivals are not so clear (see Fig. 4(a)).

To improve the detection process for such difficult cases, a spectrogram method was
employed. The spectrogram method exploits the broadband nature of the sperm whale
clicks. First, a complex spectrogram is created from the hydrophone signal, which has a
sampling frequency of 48 kHz, via a short-time Fourier transform. A high-pass filter is
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Fig. 3. Waveform at hydrophone J for the data segment beginning at 170 s. Direct arrivals have large relative
amplitude. Surface reflections come between the direct arrivals and have smaller relative amplitude.
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Fig. 4. (a) Waveform at hydrophone K for the data segment beginning at 170 s. Noise completely covers the

reflected arrivals. (b) After applying the spectrogram method, noise is significantly reduced and reflected arrivals
are clearly identifiable.

applied to the time series of each frequency channel in the spectrogram. Since sperm whale
clicks are less than 25 ms in duration, the filter cutoff is set at 40 Hz. Filtering is done in the
frequency domain using half of a Hanning window to roll-off with an 80 Hz transition
bandwidth. This reduces slowly varying sounds, such as tonal noise from equipment or
boats. After filtering, magnitudes are taken of the filtered spectrogram points, and each
frequency channel is divided by the mean of the entire channel; this de-emphasizes the
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lower frequencies that have more background noise. Finally, the frequency channels are
summed to give a time signal with lower background noise and coarser time resolution
than the original signal. The time resolution of the channel sum depends on the duration
and overlap of the windows used in the discrete FFT transforms. Fig. 5 shows the spec-
trogram and the processed spectrogram for the signal in Fig. 4(a) using 512-point Hanning
windows with 256-point overlap. The channel sum (hereinafter referred to as the filtered
signal) is shown in Fig. 4(b).

Peaks in the filtered signal are classified as direct arrivals if they have amplitude greater
than some threshold percent of the mean of the three largest amplitudes in the current time
interval. For the results presented here, a 50% threshold was used. This was chosen by trial
and error via visual inspection of signals and detected arrivals in numerous cases. Too high
of a threshold caused many direct arrivals to be missed; too low a threshold caused some
reflected arrivals to be incorrectly classified as direct arrivals.

The peak with maximum amplitude arriving between two classified direct arrivals was
classified as the surface-reflected arrival corresponding to the direct arrival preceding it.
Since direct arrivals were not always entirely impulsive (i.e., they had non-zero duration),
and since the bottom-reflected arrival could sometimes be seen immediately following the
direct arrival, care was taken not to look for the surface reflection too soon after the direct
arrival; arrivals within 100 ms of the direct arrival were not included in the search for
surface reflections. Further, since the surface-reflected arrivals were expected to have

frequency (Hz)

Fig. 5. Spectrogram of the signal from Fig. 4(a) created using 512-point Hanning windows with 256-point
overlap. (a) Original spectrogram; and (b) after high-pass filtering and dividing each frequency channel by its
mean. Note in (b) that the tonals have been removed, and the low frequencies (with significant background noise)
have been de-emphasized.
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amplitudes between about 10% and 75% of the amplitude of the corresponding direct arri-
val, pairs that did not meet these expectations were discarded. Having classified direct and
surface-reflected arrivals pairs, DRTDs were computed from their relative arrival times.
The median of all resulting times was declared the representative DRTD for the current
time window and receiver. A median was taken instead of a mean, since misclassifications
can result in large outliers that significantly affect the mean.

In some cases, DRTDs could not be established on all receivers. This occurred at times
when the whale was silent, as well as for various cases when the detection scheme failed.
This included cases with very poor signal-to-noise ratios and those in which a surface-
reflected signal arrived immediately before, at the same time as, or after the subsequent
direct arrival (due to short ICIs). Time intervals in which a DRTD could not be estab-
lished on at least four hydrophones were discarded.

2.3. Creating likelihood surfaces

The following steps are repeated for all candidate source depths. The horizontal sepa-
ration with modeled DRTD closest to the measured DRTD is found for each receiver. To
create a likelihood surface, a grid is created that covers the horizontal plane of interest.
For the workshop dataset, the grid range used was 7000 m to 16000 m N-S and
—21000 m to —10000 m E-W, with 10 m resolution in both directions. For each receiver,
the likelihood value is a function of each grid point’s radial distance from the perimeter of
a circle centered at the receiver with radius given by the horizontal separation correspond-
ing to that receiver. A Gaussian weighting function, with standard deviation 500 m, was
found to work well for the current dataset. Likelihood surfaces for all receivers on which
DRTD could be established are averaged to give the total likelihood surface (with value
between 0 and 1) at the current candidate source depth. Fig. 6 shows the likelihood surface
at three different depths. When the candidate source depth is too shallow or too deep, the
receiver circles do not intersect closely, resulting in lower maxima. The positions and val-
ues of the maxima are stored.
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Fig. 6. Likelihood surfaces for the first 20 s of data at depths of (a) 400 m (b) 670 m and (c) 890 m. Triangles
indicate receiver locations and are labeled in (a). White crosses mark position estimates, with surface values (a)
0.401 (b) 0.997 and (c) 0.729. The estimated source position, chosen from (b), is (10010 m, —15020 m, 670 m).
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After this process has been completed for all candidate source depths, the point with the
maximum likelihood value is chosen as the estimated source position. Smaller maximum
likelihood values indicate greater uncertainty in the source position. Times with likelihood
below a preset level are discarded as having too much error. For the workshop data, a
threshold of 0.850 was used.

3. Results

The process was automated by a collection of MATLAB codes. No effort was made to
optimize the code for efficiency. Modeling of the environment (calculation of predicted
DRTDs) took less than a minute and was done once for each SSP. After this, run times
were about three times real-time on a 2.8 MHz Pentium IV; 5 min of data took about
17 min to process. Using coarser time and/or space resolution can reduce run times. Also,
a more intelligent search can increase the efficiency of the algorithm (e.g., the swim speed
of the whale is limited so it is not necessary to search the entire water column if the posi-
tion of the whale is established for previous time intervals).

Results are shown in Fig. 7 as estimated position (x-, y-, and depth) versus time. In
these results, 13% of all time intervals were eliminated because DRTDs could not be estab-
lished on four or more receivers. Of the remaining time intervals, 24% were eliminated in
the isospeed SSP case and 20% were eliminated in the depth-dependent SSP case because
maximum likelihood values were less than 0.850. The mean of the maximum likelihood
values for the remaining points is 0.920 for the isospeed SSP and 0.998 for the depth-
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Fig. 7. Estimated track (not smoothed) of the sperm whale with the isospeed SSP (dots) and the depth-dependent
SSP (crosses). Times with performance values less than 0.850, and those for which DRTDs could be established
on only three (or fewer) receivers, have been eliminated.
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Fig. 8. Estimated two-dimensional track (not smoothed) of the sperm whale with the depth-dependent SSP.

Triangles indicate receiver positions.

dependent SSP, suggesting that the depth-dependent SSP results are more accurate. The x-
and y- tracks for the isospeed SSP and the depth-dependent SSP are quite similar. The
depth tracks are also similar, with the depth-dependent SSP track between 650 m and
760 m and about 100 m deeper than the isospeed track. This difference reiterates [7,8,13]
the importance of incorporating the effects of a depth-dependent SSP into methods for
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Fig. 9. Smoothed three-dimensional track (solid line) estimated using the depth-dependent SSP. Projections onto

the three planes are shown with dashed lines.



1196 E.-M. Nosal, L. Neil Frazer | Applied Acoustics 67 (2006) 1187-1201

tracking marine mammals over long ranges using passive acoustics. In Fig. 8, the track
from the depth-dependent SSP is plotted in the x—y plane with the hydrophone positions.
Fig. 9 shows the smoothed track from the depth-dependent SSP in three-dimensions. A
five-point moving average filter was used along each direction to accomplish the
smoothing.

The average swim speed was estimated from the smoothed track by calculating the
velocity for each time step and taking the mean over all times. The vertical swim speed
was 0.30 m/s and the horizontal swim speed was 2.40 m/s. It is not known what the current
was in the area at the time, so the horizontal swim speed relative to the current cannot be
estimated.

4. Error estimates

To estimate the error in source position associated with the method presented here,
error maps of the array for x- y- and z-directions were created under the assumptions that
sources of error are independent, error in one direction is independent of error in the other
directions, and errors are normally distributed. As in time-difference of arrival methods
[14], there are three main input variables (hence sources of error) associated with the
DRTD method: sound speed SSP, measured DRTD, and receiver position. Since no mea-
surement of receiver position error was available, we deal only with errors due to SSP and
DRTD.

First, consider errors in the x- and y-directions. For receiver i and position
P = (xp,¥,,2,), depth is fixed to find o, the standard deviation in range for receiver i
(see Fig. 2). This is a combination of the error due to the SSP, o, ,.;, and the error due
to DRTD, 64,4, Letting ¢, be the modeled DRTD between receiver i and p for a refer-
ence SSP, we approximate oy ,; as the difference between the minimum and maximum
ranges corresponding to f,; over all possible SSPs, and 04,4,-; as one fourth of the differ-
ence between the ranges corresponding to ¢; + 204.¢q for the reference SSP, where o4,1q 18
the estimated standard deviation of DRTD measurements. To the circle passing through
P, centered on receiver i, we attach a Gaussian PDF with standard deviation

I ) 2
O-r,i - O-ssp,m' + O-drtd,rj'

To estimate error in the x-direction from the combined PDFs at all receivers, each PDF
is approximated as locally linear. In other words, the PDF for each receiver is approxi-
mated by a ridge whose axis is the line tangent to the corresponding circle at p. Let 0,
denote the angle from the x-axis to the ith hydrophone, then the combined PDF at point

(X, ¥p,2p) 18t

2 2 2 )
x —x,)" cos™(0; X —x cos=(0;
o) [T exp [_( )" cos >] e [_ o)’ 5 ot >] | 0
Normalization is automatic as:
Y]
1 (x—x,)"| . : cos?(0,)
p(x) = \/2_—11:6)( €Xp l_zig% ;In which 0, = Z T}%’l . (2)

Similarly for error in the y-direction, the combined PDF at point (x,,y,z,) is:
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-1/2
1 C=y)] o sin’(0))
= — N h h - .
() Vamo, exp [ 272 | in which o, E,- 2, (3)

Error in the z-direction is handled in a similar manner. For receiver i and position
D= (x,, Vs z,), range is fixed to find the standard deviations in depth for receiver i: osp 4,
Oartd.di» AN G = (/0% 47 + Oiuaq, (see Fig. 10). The combined PDF at point (x,, v, 2) is
simply:

5 -1/2
plz) = \/2_%02 exp [— %} ;in which ¢, = (Z a(ﬁ) . (4)

Based on the width of the processed clicks (about 10 ms), the standard deviation of the
DRTD measurements, 64,9, Was set to 5 ms. Fig. 11(a)—(c) shows location error maps (at
700 m depth) obtained using the SSPs from all 12 months (see Fig. 1) as the collection of
possible SSPs. Error maps for different depths are similar. For the horizontal directions,
error from DRTD measurement only is about double the error from SSP only. In the ver-
tical direction, DRTD measurement errors are similar to SSP errors. Fig. 11(d)—(e) shows
error maps obtained when the isospeed SSP is added to the collection of possible SSPs. In
this case, errors associated with SSP only are an order of magnitude greater than errors
associated with DRTD only. In Fig. 12, the errors associated with the actual tracks are
plotted, with the errors calculated for (a) the depth-dependent case using the monthly SSPs
and (b) the isospeed case using the isospeed SSP in addition to the monthly SSPs. In all
instances, error in the vertical direction is less than error in the horizontal directions; this
is expected because DRTD changes more rapidly with depth (Fig. 10) than with range
(Fig. 2).
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Fig. 10. Modeled DRTDs for hydrophone H as a function of depth for source ranges of: (a) 500 m; (b) 2500 m,

and (c) 7500 m. Solid lines are for the depth-dependent SSP for March; dashed lines are for an isospeed SSP of
1510 m/s.
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5. Discussion

Although it cannot be confirmed by tags or sightings, the estimated track is consistent
with what is expected for a sperm whale. In particular, sperm whale dives are typically
many hundreds of meters deep [4,15-17] with reports of dives in excess of 1000 m
[10,18]. Dives may last up to 90 min [2], but are more commonly between about 25 and
50 min [4,16,20,21]. Also, the estimated swim speeds agree with those observed in previous
studies [4,16,18,19]. Our error estimates suggest that the track using the depth-dependent
SSP is correct to about 100 m in horizontal position and 20 m in depth.

An important advantage of the DRTD method over arrival time difference methods
commonly used for marine mammal localization is that it is much less sensitive to syn-
chronization errors in timing between receivers. This is because DRTD measurements are
estimated for individual hydrophones, rather than between pairs of hydrophones.
Although a comprehensive study of synchronization error was not performed, it is worth
noting that a 2.34 s offset between two of the five hydrophones that was (unknown and)
present in the original version of the distributed dataset did not significantly affect our
predicted track.

Several problems are associated with the DRTD method. First, for near-surface
sources, direct and surface-reflected clicks are difficult to distinguish. Shadow zones pres-
ent another problem for near-surface sources, although this effect would likely occur on
only one receiver, and can be overcome for sufficiently large (>5 receiver) arrays. Further-
more, surface roughness associated with gravity waves may have a significant effect on
reflected arrival times [9,22], and hence on estimated DRTDs. Uncertainty in receiver loca-
tion is also a problem, as it is with all localization techniques. Methods to locate the receiv-
ers more accurately [23], or to include variable receiver position in the modeling are useful
for this [24]. Our detection scheme is for a single animal, but improved schemes that can
distinguish calls of individuals [25] might extend its applicability to multiple whales.
Finally, it would be prudent to compare and combine the DRTD method with other local-
ization techniques to give more accurate track estimates.

The reader is advised that some of the methods presented here were done with a some-
what “quick and dirty” mentality. This approach was taken because we wanted to test the
feasibility of using DRTDs for three-dimensional localization without getting tangled in
detail, and there is certainly much room for improvement. For example, the method would
benefit from a more sophisticated (and objective) detection and classification scheme [5].
Also, likelihood surfaces should incorporate errors in measurement and modeling instead
of using the (empirical and somewhat arbitrary) standard deviation of 500 m. Rather than
searching over candidate depths, likelihood volumes could be created in three-dimensions.
Further, the receiver log likelihoods (rather than the likelihoods themselves) should be
averaged to create overall likelihood surfaces. Among other possible improvements, these
things would reduce errors and allow for more accurate error estimates.

6. Conclusions

Recordings of a single sperm whale on five bottom-mounted hydrophones in a deep-
water environment were used to track the animal in three-dimensions for 25 min. A
model-based method based on the arrival time difference between direct and surface-
reflected clicks was used in the tracking and described in detail. All five hydrophones were
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used and at least four hydrophones are needed to apply the method. A depth-dependent
SSP led to better performance estimates than an isospeed SSP. Run times were about three
times longer than real-time, but can be reduced to real-time by decreasing resolution or by
using a faster machine. Although we did not have data to verify the track visually or other-
wise, it is consistent with sperm whale behavior. Estimated horizontal positions were sim-
ilar for both SSPs, but depth for the isospeed SSP was about 50-100 m shallower than for
the depth-dependent SSP. The estimated depth of the whale varied between 650 m and
760 m for the depth-dependent SSP. The average vertical and horizontal swim speeds were
0.30 m/s and 2.40 m/s, respectively.
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