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Introduction
avy mid-frequency sonar has
been associated with several mass
strandings of marine mammals (e.g.,
Cox et al., 2006; England, 2001;
Southall et al., 2005). As a conse-
quence, both the scientific community
and the wider public are questioning
the impact of active sonar emissions
on marine mammals. Determining
the effects of anthropogenic noise on
marine mammals requires the ability
to monitor the animals in their native
environments. This in turn requires the
ability to reliably detect and localize
and, in many cases, count the animals.
Passive acoustics has become a pop-
ular modality for studying marine
mammals and fish in open ocean en-
vironments. Passive acoustic monitor-
ing (PAM) methods employ a variety
of sensors including single hydro-
phones hand-deployed from the sur-
face (Perkins, 1987; Watkins, n.d.),
deployed autonomous recording de-
vices (Clark, 2012; Lammers et al.,
2008; Wiggins & Hildebrand, 2007),
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towed arrays (Pavan et al., 2010), and
sea gliders (Klink et al., 2012). Many
PAM systems record data for post-
processing, while others employ
in situ processing to detect, classify,
and/or localize marine mammals.
Other methods for studying
marine mammals and fish are largely
visual. They include ship and aerial
line-transect surveys, capture experi-
ments (fish), captive animals, and
dive experiments. PAM offers the po-
tential for larger areas of coverage and
longer-term observations than visual

methods. It also allows for subsurface
“observation” and is unaffected by
darkness and typically less affected by
weather. PAM also has its drawbacks.
The animal subjects under study
must vocalize, and there can be uncer-
tainty about what one is listening to
without corresponding visual observa-
tions or tagging of individuals with
data recording tags.

Navy undersea ranges consist of
large fields of widely spaced, broad-
band hydrophones. Since 1999, these

range hydrophones have been used as
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sensors of opportunity to record and
monitor vocalizations from marine
mammals. The M3R (Marine Mam-
mal Monitoring on Navy Ranges)
system is a collection of real-time de-
tection, analysis, and display tools
that have been developed over time
to automatically process multiple
acoustic data streams specifically from
undersea ranges. Working with teams
of vessel-based researchers, vocali-
zations detected by M3R have been
definitively associated with specific
species through visual observation
and tagging of individual animals.
The catalog of M3R detection, locali-
zation, and classification data when
viewed over time paints a picture of
vocal activity across large (1,200-
2,000+ km?) open ocean areas. These
data are actively used by a number of
researchers to infer other informa-
tion from response to active sonar
(McCarthy et al., 2011) to animal
abundance (Marques et al., 2009;
Moretti et al., 2010) to population
health (Moretti, 2011).

Methods
M3R processing consists of the fol-

lowing functional blocks: data acquisi-
tion, call detection, data association,
position determination, real-time dis-
play, and postprocessing analysis.
All of these functional blocks are fully
automated. The system is imple-
mented using a cluster of commodity
computers that are connected via two
1-Gbit networks and one 100-Mbit
network. The two 1-Gbit networks
are private to the cluster and are not
available to any wider networks.
These networks are dedicated to the
transport of data among the processing
nodes in the cluster. The 100-Mbit
network is public, and access to it can
be granted to other local area or wide
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FIGURE 1

Block diagram of the architecture of the M3R system.
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FIGURE 2

Layout of the bottom-mounted range hydrophones at AUTEC. Ninety-three wide-band hydro-
phones are spaced approximately 4 km apart covering an area of approximately 1,000 km? in
the Tongue of the Ocean, Bahamas.




area networks. Data for display are
made available on the 100-Mbit net-
work. The various functional blocks
operate in parallel and are each imple-
mented individually on subsets of clus-
ter nodes (Figure 1).

Description of Sensor Fields
and Data Acquisition

The M3R system is currently in-
stalled at three of the U.S. Navy’s
major undersea ranges, the Atlantic
Undersea Test and Evaluation Center
(AUTEC), off Andros Island, Bahamas;
the Southern California Offshore
RangE complex (SCORE), off
San Clemente Island, California; and
the Pacific Missile Range Facility
(PMREF), off Kauai, Hawaii. These
undersea ranges each contain fields of
between 93 and 219 wide-bandwidth
hydrophones. At both AUTEC and
SCORE, the hydrophones are spaced
approximately 4 km apart and are lo-
cated in deep water with sensor depths
averaging approximately 1,600—1,800 m
(Figure 2). At PMRF, hydrophone
spacing varies from approximately 1
to 7 km, depending on water depth,
which varies from less than 80 m to
more than 4,700 m. The hydrophones’
beam patterns are nearly hemispherical
toward the surface, and the acoustic
output from each hydrophone is indi-
vidually available to M3R on shore.
The bandwidth of most range hydro-
phones is 50 Hz to 50 kHz, buta subset
of the sensors at all three sites is high-
pass filtered at 8 kHz by the in-water
electronics. Additionally, 18 of the
deep-water hydrophones at PMRF
have an upper frequency cutoff of
20 kHz. All hydrophone data are digi-
tized synchronously with a master time
code at a sampling frequency of 96 kHz
and 16-bit resolution. Time-tagged,
digitized raw data are then multicast
over one of the private Gbit networks

for processing. The aggregate raw data rate across an entire range is substantial.
The 93 hydrophones at AUTEC generate approximately 1 GB of raw data per min-
ute, while the 178 hydrophones at SCORE generate just over 2 GB per minute and
the 219 hydrophones at PMRF produce more than 2.5 GB per minute.

Call Detection

The first challenge in call detection was characterization of the signals of inter-
est. Early audio-band (F = 48 kHz) recording of hydrophones at AUTEC indi-
cated that the broadband clicks from sperm whales were regularly present (Ward
etal., 2000). Those recordings also contained narrow-band, frequency swept sig-
nals (i.e., whistles) and other broadband clicks. These whistles and clicks were pre-
sumed to be from dolphins. Based on these data, the M3R detector was initially
designed to simply characterize marine mammal vocalizations as either clicks
(broadband events) or whistles (narrow-band event). This was done using spec-
trogram analysis based on a frequency-domain energy detector (Morrissey et al.,
2006). Over time, more information on the vocalizations produced by different
species has become available as has the ability to process wider bandwidths. M3R
continues to use spectrogram analysis as its core detection algorithm because of the
flexibility and generality it offers in detecting many types of vocalizations.

The core M3R system processes hydrophone data in two ways, full bandwidth
processing and low-frequency (LF) processing. In full bandwidth processing, a
spectrogram X/ f;7) of the time series data from each of the hydrophones (i = 1 to
the number of range hydrophones) is formed using 2,048-point fast Fourier trans-
forms (FFTs) with a rectangular window and 50% overlap. With F, = 96 kHz, this
results in a frequency resolution of 46.875 Hz and a time step of 10.67 ms. Each
time-frequency bin of X;(f;7) is compared to a time-varying threshold D/ /7).
The threshold is set to be a multiplicative factor 4 above an exponential average

of the power N f,n) within frequency bin £

Ni(f,m) = (1 = OX,(f o) + aNi(fon — 1)

where 0 < o < 1 and

Di(f? ”) = kM(fv ”)

The output of the FFT detector for each hydrophone is a binary valued detection
spectrogram Q( f;72), which contains a 1 in each time-frequency bin that exceeds
D{fn) and a 0 everywhere else (Figure 3). The parameter o has been empirically
chosen to provide an averaging time constant of 0.2 s. Threshold factor # has also
been empirically set. The current setting has a measured false alarm rate of approx-
imately 20 false alarms per second (Ward et al., 2008) and a theoretical probability
offalse alarm, P, = 0.214 (Ward etal., 2011). When viewed on a detection spectro-
gram (Figures 3 and 14), these false alarms from the FFT detector appear as speckle.

The time-frequency resolution of the full-band processing is matched to the
detection of sperm whale clicks, which are approximately 10-ms long (Mehl et al.,
2003; Ward, 2002), and to delphinid whistles, which sweep over several kHz (Au,
1993). It is less well matched to the detection of impulsive dolphin clicks and
short-duration beaked whale clicks. However, there are practical data bandwidth
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FIGURE 3

Full bandwidth detection spectrogram showing clicks characteristic of Blainville’s beaked whale
(Mesaoplodon densirostris) in the band above 24 kHz over clicks characteristic of a (distant) sperm
whale (Physeter macrocephalus) in the 1-to 20-kHz region. The speckle is caused by false alarms

from the FFT detector.
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and processing speed limitations that
prevent increasing either the time
or frequency resolution of the full-
band FFT processing. Also, M3R is
intended to be a general system. The
full-band resolutions of 46.875 Hz
and 10.67 ms, while admittedly sub-
optimal for some species, allow detec-
tion of a wide variety of odontocete
vocalizations.

The full-band FFT detector is not
well suited to the detection of calls
from baleen whales, however. Several
baleens like blue, fin, humpback, and
Sei whales emit very LF (<100 Hz)
narrow-band calls (Baumgartner
et al., 2008; Rankin & Barlow, 2007;
Thompson et al., 1986), while hump-
backs and minkes, for example, can
produce narrow-band calls in the 0.5-
to 3-kHz range (Martin et al., 2013).
The full-band FFT detector does not
have the frequency resolution required
to process these calls. The LF FFT
detector was added to M3R in 2010
specifically to address this deficiency.
The LF detector only processes data
from those hydrophones without the
8-kHz high-pass filter. It decimates
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the time series data x;(#) by 16 to
achieve a 6-kHz sampling frequency
and then forms a 4,096-point FFT
with rectangular window and 50%
overlap. This results in 1.46-Hz fre-
quency resolution and 341.3-ms time

FIGURE 4

resolution in the band from 0 to
3 kHz. Again, each time-frequency
bin of the spectrogram is compared
to a time-varying threshold creating a
binary detection spectrogram Q; z(/,7)
(Figure 4).

In an M3R computer cluster, two
to four nodes are dedicated to FFT
processing. The output of the M3R
FFT detectors are bundled into detec-
tion reports that are multicast over the
second Gbit network for display and
further processing. A detection report
is generated for each FFT from each
hydrophone. The detection reports
contain the time of the start of the
FFT window, the hydrophone num-
ber, and the binary thresholded spectral
data packed into 32-bit words. Other
statistics including sampling frequency,
FFT size, peak frequency, and number
of bins above threshold are also in-
cluded in the report. By hard-limiting
the FFT data and reporting only the
detection spectra, a data bandwidth

LF detection spectrogram showing up-sweep vocalizations determined from aural analysis to be
from a humpback whale (Megaptera novaeangliae) and an LF (~20 Hz) tone of unconfirmed
source. However, blue whales (Balaenoptera musculus) were sighted in the area later in the day.
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reduction of approximately 32 is realized. This data bandwidth reduction, as com-
pared to reporting the full amplitude FFT, makes the real-time distribution of spec-
trogram data from hundreds of hydrophones possible. The detection reports are
also stored to disk by M3R’s central archiving utility. Archive files form a perma-

nent, electronic record of M3R exercises and are used in postprocessing analysis.

Data Association and Localization

M3R uses hyperbolic multilateration to localize cetaceans. Multilateration re-
quires reception of a given, specific signal by multiple sensors whose positions are
precisely known (1). The time difference of arrival (TDOA) of the signal as re-
ceived at the different sensors is then used to solve a linearized system of equations
derived from (1) to determine position (Ludecke, 1998; Vincent, 2001).

(%, — xi)2—|—()/w —yl»)2—|—(zw - zl»)zz cf(t,» - te)z for i=1toN. (1)

where
Xus Y % = unknown coordinates of the whale;
X5 Ji» %; = known coordinates of the i hydrophone;
t; = known time of arrival at the i™ hydrophone;
¢, = unknown time of emission of the vocalization;
¢; = computed effective sound speed for travel from the whale to the "
hydrophone; and
N = number of hydrophones

The lack of @ priori knowledge of the call signals received by the hydrophones
presents a major challenge in using multilateration to localize whales. Across any
time window, there can be multiple calls from multiple species and/or multiple
individuals from the same species. M3R must automatically recognize the arrival
of (multiple) signals of interest on sets of several hydrophones. It also must prop-
erly associate the signals received across hydrophones to determine TDOA. Local-
ization requires association of detections on a minimum of three noncolinear
hydrophones to calculate a 2-D position (a fixed depth is assumed) and on a min-
imum of four noncolinear hydrophones in order to compute a 3-D position.
Using the minimum number of receiving hydrophones can, reportedly, result am-
biguities under certain sensor field geometries (Spiesberger, 2001). M3R uses rel-
atively dense sensor fields where detected animals can be assumed to be within a
favorable geometry to the set of sensors on which they were detected, or else they
would have been detected on a different group of sensors. Based on this proximity
assumption, solutions outside the surrounding hydrophone array can be discounted.

M3R performs automated detection association across sets of five to seven hy-
drophones, which are arranged in either an X or hexagonal pattern. The hydro-
phone in the center of the pattern is designated as the master hydrophone. All
TDOAs are calculated relative to the time of detection on the master phone.
The gist of the association problem is to automatically recognize the same, unique
pattern of vocalizations, as it was received by the master hydrophone, on the other
hydrophones in the array. For the purposes of detection association, M3R divides
vocalizations into two broad categories, clicks and whistles, which are associated
in different ways.

Click detection and association are
performed first. A click is detected if
the number of bins above threshold in
the full-band FFT detection report ex-
ceeds the click threshold, 7hry, = 10.
This threshold was determined empir-
ically and results in a measured click
false alarm rate of <1 per 100 s (Ward
et al., 2008). A probability of click
detection, Py, = 50%, is achieved at a
received signal-to-noise ratio of approx-
imately 10 dB (Ward et al., 2011). For
Blainville’s beaked whales at AUTEC,
who have an estimated on-axis source
level of in excess of 200-dB re pPa
(Ward et al., 2011), this translates
into a maximum detection range of ap-
proximately 6,500 m in low sea state
condition (Ward et al., 2011). This
detection range agrees with antidotal
observation from M3R exercises. The
detection ranges for other species are
greater or less than this range depend-
ing on their respective source levels.
Sperm whale clicks, which can have a
source level of up to 236-dB re pPa
(Mghl et al., 2003), are regularly de-
tected at ranges of 10+ km at AUTEC.
Observations from M3R operators at
SCORE and PMREF indicate a detec-
tion range for dolphin clicks of approx-
imately 4-5 km.

Although the type of call signals
that might be received at any time can-
not be predicted, the same pattern
of calls over time will be received by
any hydrophones within the hearing
radius. Echolocation foraging clicks
are produced by several species in
nearly periodic click trains (Johnson
et al., 2004; Watwood et al., 20006).
A number of species also generate
homing pulses (e.g., sperm whale
creaks or beaked whale buzzes),
which are periods of very rapid clicking
produced prior to prey capture at-
tempts (Madsen et al., 2005). Some
animals (e.g., dolphins) also produce
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social clicks (Lammers et al., 2003).
M3R uses the fact that odontocete
clicks are produced in patterns to auto-
matically associate click detections
among hydrophones neighboring the
master. Figure 5a shows a synthetic ex-
ample of the reception of two inter-
leaved click trains as they are received
by the master hydrophone. However,
in general, the number of animals is
unknown. Any given receiver simply
receives a series of clicks (Figure 5b),
and it is unclear if or how these clicks
relate to the click patterns received by
the master hydrophone.

M3R also uses that fact that differ-
ent species produce clicks in different
frequency bands. Analysis of visually
verified recordings of animals from
AUTEC shows that the clicks pro-

FIGURE 5

duced by different species often have
their signal energy concentrated in dif-
ferent bands. For example, most of the
energy in a sperm whale click is in the
band of 2-18 kHz. Blainville’s beaked
whale clicks have most of their energy
above 24 kHz, while multiple species
of dolphins appear to click in the re-
gion above approximately 12 kHz.
Each click received on the master hy-
drophone was emitted by a particular
animal and is part of only one click
train. After a click is detected, it is as-
signed to one of five frequency regions
or click types—LF clicks (<1.5 kHz),
sperm whale clicks (1.5-18 kHz), dol-
phin clicks (12-48 kHz), beaked
whale clicks (24—48 kHz), or HF clicks
(>45 kHz)—based on the number of

bins above threshold in each frequency

(a) A notional example showing the patterns of clicks from two sources as they are received on the
master hydrophone A. (b) The same two patterns of clicks are also received by hydrophone B, but it
is unclear which clicks are associated with which source.
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region. This frequency segmentation
provides only a very coarse classifica-
tion capability. The click types are
broad in efforts to maintain generality.
More sophisticated classifier processes
can be attached to an M3R cluster to
provide separate, robust, species level
classification (Jarvis, 2012; Jarvis
et al., 2008; Martin et al., 2013).

The sequence of click detections
within the same frequency band as
the first click received on the master
channel is used as a template or a
click map. The click detection patterns
in the same band from the surround-
ing hydrophones are compared to the
click map at different time delays,
and the number of matching clicks
is tallied. The click map time window
always starts on a click detection and
is moved across the scanned signal
one click detection at a time. The du-
ration of the click map time window
is selectable and is currently set to 10 s.
The resultant correlation value at any
time delay represents the number of
click matches between the master
channel template and the scanned
channel (Figure 6). The delay corre-
sponding to the maximum correlation
value represents the difference in time
of arrival between the two sensors for
that click train.

The output of the click map corre-
lation process is raw sets of TDOA for
each click detection received on the
master channel. The raw TDOA data
from each hydrophone are then tracked
over a 5-min history to estimate the
number of separable sources. Only de-
tections whose TDOAs lie on a consis-
tent track of time delay versus time are
considered (Figure 7). To determine if
a consistent track exists, the algorithm
sums the number of detections that
lie on along the same TDOA as the
TDOA associated with the most recent
detection. A fixed amount of drift in



FIGURE 6

(a) Using the clicks as they are received on hydrophone A as a click map and correlating against the

click arrivals on hydrophone B separate the clicks from two sources. Source 1 (blue) has TDOA

between B and A of -3.75 s, and (b) Source 2 (green) has TDOA between B and A of 1.1 s.
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time delay versus time is allowed.
The number of detections along the
TDOA path is compared to the total
number of detections (within that fre-
quency band) in the 5-min history.
The TDOA is deemed valid if the
ratio of the number of detections,
which lie along the TDOA to the
total number of detections within the
history, exceeds an empirically set
threshold. Validated sets of TDOA,
which include three or more hydro-
phones, are then sent to the multila-
teration localization algorithm. For
loud species like sperm whales, multi-
path detections can cause associations
at an erroneous TDOA offset from
the true direct path detections. These
tracks of TDOA from multipaths are
visibly less distinct than the corre-

sponding direct path tracks in manual
analysis (Figure 7) but can be hard to
reject in automated processing even
by tracing the TDOAs through a his-
tory (Baggenstoss, 2011). When vali-
dated TDOA sets include delays
from multipath receptions, the result-
ing localization (if a solution is found)
will be offset from the true animal
position. If loud and consistent multi-
path signals are received from an ani-
mal, the automated association
algorithm can mistake the multipaths
for a second animal and generate false
TDOA and localizations for it. For
most odontocete clicks, other than
sperm whale clicks, such multipath
reception on the ranges’ deep-water
(~1600+ m) hydrophones is typically

not an issue.
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Narrow-band whistle vocalizations
are not necessarily emitted in repetitive
patterns. An individual can emit a sin-
gle short whistle or groups of sweeps
that last several seconds or both. How-
ever, the time-frequency characteris-
tics of the calls in whatever sequence
they may occur remain the same on
all receiving hydrophones. To deter-
mine the TDOA of whistle signals
among the hydrophones, the detection
spectrograms Q(f,7) of the neighbor-
ing hydrophones are cross-correlated
against a master channel M. The
cross correlation Cj(n,7) between the
;™ channel and the master channel is
calculated over a time window of 10 s:

Gln 1) =Y T2 Qu £ DQ(fil =)

where w is the number of detection
spectra in the 10-s time window and
7 is the time delay. The time window
is then advanced by 5 s, and Cy(»,7) is
updated. The time delay associated
with the peak of the correlation func-
tions indicates the TDOA for a signal
relative to the master hydrophone.
If whistles from multiple animals are
present within a cross-correlation
time window, multiple correlation
peaks will be evident (Figure 8). A
time-varying threshold based on the
mean correlation value across all time
delays is applied. Only the time delays
associated with peak values above
threshold are preserved. Note that, if
both clicks and whistles are present
within the same 10-s analysis window,
the energy from the clicks will domi-
nate the detection spectra. Correlation
peaks due to whistle signals will be ob-
scured. Thus, for practical purposes,
when a click is detected (i.e., when the
number of bins above threshold in the
detection spectrum exceeds 7hryy), all

1



FIGURE 7

Preliminary output of the M3R click association algorithm for a single sperm whale showing the
estimated TDOAs between the click as received on master hydrophone 7 and four additional hy-
drophones. Only TDOAs that are part of a track versus time are passed to the localization algorithm.
Spurious TDOAs are ignored. Also, notice the less prominent TDOA tracks, which parallel the direct

paths caused by multipath arrivals.
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bins of that detection spectrum are set
to 0 prior to calculating Cj(n,7).
While cross-correlation of detec-
tion spectra indicates times of signal ar-
rival and the presence of multiple
whales, it does not associate the time
delays of the correlation peaks with
an individual animal across hydro-
phones. However, as mentioned ear-
lier, the sequence of whistles versus
time from an individual is the same
across all receiving hydrophones.
Figure 9 shows the time differences
of arrival of whistle detections relative
to a master hydrophone for five hydro-
phones. Notice that there are two dis-
tinct patterns of detections versus time
along specific time delays. Matching
these patterns along time delays over
a 5-min history associates the TDOAs
among the hydrophones with an indi-

vidual whale. Associated sets of TDOA
can then be sent to the multilateration
algorithm.

Each TDOA association and vali-
dation process within M3R processes
data from a single array of five to
seven hydrophones. Multiple versions
of the associator process are executed
in parallel for overlapping arrays span-
ning the entire range. In an M3R clus-
ter, two to five processing nodes are
dedicated to detection association and
TDOA validation, and a separate node
is dedicated to localization. All raw and
validated TDOA sets as well as any
resultant localizations are archived to
the M3R central archive.

Real-Time Display
M3R provides a number of outputs
that can be monitored by operators in
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real time. The MMAMMAL display
(Figure 10) gives an overview of acous-
tic activity across the entire range. The
number of FFT bins above threshold is
tallied for each hydrophone and is used
as a proxy for vocal activity. The amount
of vocal activity is color-coded into the
hydrophone number on the display
(i.e., the red hydrophone has the most
activity; green hydrophones have less
activity). The display is interactive,
and an operator can open a scrolling
“strip chart” of the detection spectro-
grams from any hydrophone by click-
ing on the hydrophone number
(Figure 11). Whale position data can
be displayed through two interactive
mapping programs: GoogleEarth
(http://www.google.com/earth/index.
html) and WorldWind (htep://
worldwind.arc.nasa.gov/java). The
positions automatically calculated
through multilaterization are served
out (to the public network) through
a web server in a Google keyhole
markup language (.kml) file. In
addition, the positions are archived
to the M3R central archive. Users
can open a network connection to
this .kml file from Google Earth
(https://developers.google.com/earth/
articles/earthapikml). The result is a
display of hydrophone and whale
positions overlaying Google Earth
images and navigation (Figure 12).
Worldwind is an open-source global
mapping tool originally developed
by NASA. The main benefit of
Worldwind (http://goworldwind.org)
is that, unlike GoogleEarth, any of its
images can be stored on the local
machine and it does not require an
Internet connection to retrieve im-
ages. Also, the Worldwind display
(Figure 13) reads M3R position
messages multicast by the localization
process directly and does not require
the creation of separate .kml files.



FIGURE 8

(Top) Results of cross-correlation indicating the TDOA of the signal from one whale. (Middle)
Cross-correlation results indicating the TDOAs of signals from two whales. (Bottom) A short

time later, only a single correlation peak is visible.

Time Indx = 4
200 1! T T T
|
150 l
| |
100 - i
|
I. \
S0 -4 1
——_— y A -
) bt N L ¥ i, PN W N e S 2 e LW -t
-3 -2 =1 0 1 F 3
Tirme Indx = 42
40 T T T
"
- H -
|1
2t H 5 -
f )
0} - -] {1 J
| 1 I 1
oLz | b pln M i e PR K. LR
=3 -2 -1 0 1 2 3
Time Indx = 46
25 : o :
2t | .
|
15 | | = |
10 |
I % i
B ¥ i | - -} -
i B M a (LT f ! 1 1 h
o _-'_'-.""I"‘ abd LA n B an s g M s I." Yeall o : et af I‘.'r..-' 'ﬁs.-. A """n""_w'“."':. e "Y
-3 -2 =1 0 1 F 3
Time Delay [sec)

Data Archiving and
Postprocessing Analysis Tools
All the detection, association, and
localization processes within M3R
communicate their results by multi-
casting report messages on the pro-
cessed data network (Figure 1). All
these messages are stored by a central
archiving utility program. This means
that an analyst can play back an archive
file on a single computer and retrieve
all M3R detection spectra, association
results, and localizations for the entire
range area. Furthermore, since 2006,
these archives have been recorded
almost continually at AUTEC and
SCORE. The archived data can be dis-
played using the tools discussed above
in the Real-Time Display section or
postprocessed offline. Recently, M3R
data have been used to generate density
estimates for Blaineville’s beaked
whale (Mesoplodon densirostris) at
AUTEC (Marques et al., 2009;

TDOA data resulting from spectrogram cross-correlation of five hydrophones against a master hydrophone. Two individual whales show two distinct
patterns of whistle detections vs. time along specific TDOAs. The colors of the icons correspond to the different hydrophones in the array and the icon
shape (dots and triangles) indicates the two whales. Black Xs are the arrivals that showed no detection pattern across hydrophones.
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FIGURE 10

The MMAMMAL display provides an overview of acoustic activity over the entire range. The
color of the hydrophone number indicates the number of FFT bins above threshold relative to

all hydrophones.
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FIGURE 11

84

Scrolling strip chart displays of detection spectra versus time can be opened by clicking on a hy-

drophone number in MMAMMAL. This strip chart

shows patterns of clicks and whistles associated

with multiple common dolphin (Delphinus delphis).
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Moretti et al., 2010). As discussed in
the Data Association and Localization
section, M3R click detections undergo
frequency segmentation and are as-
signed to one of five click types. Post-
processing tools group clicks of each
type into click trains based on heuristic
rules such as interclick interval and dive

14

behavior. For example, Blainville’s
beaked whales are known to have an
interclick interval of approximately
0.25-0.4 s and generally emit clicks
at depths of >400 m (Tyack &
Johnson, 2006). Counting of click
trains and other vocal events estab-
lished through postprocessing of

Marine Technology Society Journal

M3R data have been used as cues for
species presence in density estimation
(Marques et al., 2010; Moretti et al.,
2010) and measuring reaction to
anthropogenic sound (McCarthy
etal., 2011; Tyack et al,, 2011).
M3R also has the ability to record
the raw acoustic data from all range
hydrophones using a hard disk recorder.
At AUTEC, the recording system con-
sists of a bank of eight Alesis HD24
digital hard disk recorders recording
at 96 kHz. For SCORE and PMREF,
a custom hard disk recorder was imple-
mented, which runs on a single node
in the M3R cluster. This recorder stores
all raw data packets from the raw data
network to standard 2-TB hard disk

drives.

Results
Species Verification

The major challenge in the de-
velopment of M3R was associating
whale vocalizations as they are seen
in the detection spectrograms to the
correct species. Beginning in 2002,
a series of species validation test have
been conducted on all three U.S.
Navy ranges. Visual observers, usually
in small boats, are directed to vocaliz-
ing whales based on localizations gen-
erated automatically by M3R. The
observers relay species information
back to M3R, recordings of the hydro-
phones nearest to the observation are
made, and screen shots of the detec-
tion spectrograms are taken. Some of
these species verification tests have
involved tagging individual animals
with digital tags (DTAGs) (Johnson
et al., 2004) or with satellite tags
(Wildlife Computers, 2013). DTAGs
are audio recording tags and provided
invaluable data for identifying vocali-
zations. Through these exercises, mul-
tiple species of marine mammals have



FIGURE 12

Google Earth display showing M3R whale localizations. Whale-shaped icons are used for the most
recent positions (less than 5-min old), while dots are used for positions from 5- to 30- min old.
A large number of posits in the same or nearby location indicate higher confidence in the posit.

been visually verified as being present
at each of the three ranges (Baird
et al., 2013; Claridge & Dunn, 2013;
Falcone et al., 2009). Table 1 lists the
species verified as present at AUTEC,
at SCORE, and at PMREF.

Through these exercises, we have
been able to relate detection spec-
trogram representations to species
(Figure 14). Although M3R FFT pro-
cessing is only capable of coarsely sep-
arating animals into six whale types
(five click types and whistles), M3R
operators can now reliably direct tag-
ging or survey boats to specific species
based on a combination of M3R-
generated localizations and the
MMAMMAL spectrogram display.
This M3R-directed approach has
been highly successful in tagging spe-
cific species in specific study areas
such as recent tagging of multiple

false killer whales at PMRF (Baird
et al., 2013), tagging of multiple
Cuvier’s beaked whale (Ziphius caveros-
tris) at SCORE (Schorr et al., 2012),
and tagging of two Blainville’s beaked
whale ahead of a multiship sonar exer-

cise at AUTEC.

Localization Accuracy

The M3R monitoring, detection,
and localization algorithms were origi-
nally designed for and tested at the
AUTEC range. AUTEC has 93 long
baseline, wide-bandwidth hydrophones
mounted in the Tongue of the Ocean,
a deep water canyon adjacent to Andros
Island, Bahamas. The M3R tool set was
later adapted to other ranges (SCORE
and PMREF), which have a similar lay-
out of hydrophones spaced on long
baselines.

In order to verify the localization
algorithms, an experiment was con-
ducted in July 2002 with a calibrated
source. Synthetic whale vocalizations
were played through an omnidirec-
tional transducer deployed from the
stern of a GPS-equipped ship as it
drifted beam to the sea through the
AUTEC range. The GPS antenna
was mounted over the ship’s bridge,
and the ship’s length from bow to
stern is 61 m. Both the click and whis-
tle calls generated were localized to
within 52 m of the GPS (Figure 15).
When corrected for the distance
between the GPS antenna and the
transducer assembly, 92% of the loca-
lizations from the M3R system were
found to be within +15 m of the
GPS reading. This positional accuracy
is consistent with the uncertainty due
to the time resolution of the FFT de-
tection algorithm as the full-band
FFT has a time resolution of 10.67 ms
and the average speed of sound at
AUTEC is approximately 1,504 m/s.

For the purposes of survey or find-
ing animals for tagging, getting the ob-
servers to within 100-200 m is usually
sufficient. Some odontocetes like
beaked whales and sperm whale click
almost exclusively during deep forag-
ing dives and are silent during their as-
cent and while at the surface (Johnson
et al., 2004). Thus, M3R localizations
for these species are for the animals at
depth. During survey or tagging exer-
cises, these M3R positions are relayed
to the observer boat via radio then the
boats wait at the position for the ani-
mal to go quiet and surface. The tag
boats frequently remark that, when
the animals do surface, they are within
a few hundred meters of the position
given by M3R. Dolphins and baleen
whales often vocalize at or near the sur-
face. When tag boats are directed to lo-
calizations for these species, they are

January/February 2014 Volume 48  Number 1 15



FIGURE 13

Worldwind display showing M3R whale localizations. The Worldwind view also incorporates the
FFT detection statistics (total vocal activity) into the color of the hydrophone number similar to the

MMAMMAL display.
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Species verified as present on each range.

Bley 1834 malers

AUTEC

SCORE

PMRF

Sperm whale

Common dolphin

Blainville’s beaked whale

Short-finned pilot whale

Risso’s dolphin

Cuvier's beaked whale?

Rough toothed dolphin

Pacific white sided dolphin

Rough toothed dolphin

Melon-headed whale

Bottlenose dolphin

Bottlenose dolphin

Blainville’s beaked whale Cuvier's beaked whale Minke whale
Cuvier's beaked whale Blue whale Sperm whale
Pan-tropical spotted dolphin | Fin whale False killer whale

Gervais’ beaked whale

Humpback whale

Spinner dolphin

Humpback whale

Killer whale (off-shore)

Humpback whale

Bottlenose dolphin

Baird’s beaked whale

Short-finned pilot whale

Sperm whale

Sperm whale?

aAcoustic verification only.
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likely to see the animals immediately
or after a short search.

Monitoring Over Time

The M3R system archives the out-
puts of all of its FFT detection, data as-
sociation, and localization processes to
a central archive on a USB hard disk.
These archives can be played back
through any of the M3R analysis and
display tools. Furthermore, archives
have been recorded nearly continu-
ously at both AUTEC and SCORE
since 2006 and at PMRF since 2011.
Analysis of M3R archive files has
been conducted to show the reaction
of Blaineville’s and Cuvier’s beaked
whales to mid-frequency active (MFA)
sonar (McCarthy et al., 2011), to mea-
sure animal population densities
on the ranges (Marques et al., 2010;
Martin et al., 2013), and to investigate
the population consequences of acous-
tic disturbance (Moretti, 2011; Moretti
et al., 2014). M3R has enabled and
supported a number of major scientific
exercises including the Behavioral
Response Studies in 2007 and 2008
(Boyd, 2009; Tyack et al., 2011) as well
as the SOCAL-10 through SOCAL-13
exercises (Southall et al., 2011). The
results of these exercises are helping
to provide understanding and shape
policy regarding the impact of acoustic
disturbance on marine mammals.

Conclusions

M3R uses spectrogram-based algo-
rithms for the passive detection and lo-
calization of marine mammals using
widely spaced, bottom-mounted
hydrophones characteristic of U.S.
Navy undersea tracking ranges. These
algorithms have been implemented
and deployed at three of the U.S.
Navy’s major undersea ranges—

AUTEC, SCORE, and PMRF—and



FIGURE 14

Examples of M3R detection spectra (strip chart) displays for several visually verified species: (a) Blainville’s beaked whale, (b) a single Sperm whale,

(c) multiple common dolphins, and (d) a fin whale.
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can monitor over 2,000 km? of open
ocean in real time. The M3R algo-

FIGURE 15 rithms have been designed to work in

Accuracy of the positions generated from M3R for synthetic whale calls. The solid magenta line
shows the GPS track of the tow ship, and the dots are the positions generated by M3R. The offset
from the GPS track to the M3R posits is approximately 52 m, which corresponds to the approx-
imate distance from the GPS antenna on the ship’s bridge to the transducer deployed over the
stern.
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a highly channelized, cluster-based
hardware environment, and the soft-
ware architecture has been developed
to be fully network compatible. Signal
detection and detection-association al-
gorithms for two primary types of ma-
rine mammal calls, whistles and clicks,
have been developed. These algo-
rithms are specifically designed to be
used with widely spaced sensors. The
fully automated detection association
and localization algorithms for both
clicks and whistles have been demon-
strated for calls from several odonte-
cete species including sperm whales
(Physeter macrocephalus), beaked whales
(Mesoplodon densirostris and Ziphius
cavirostris), a number of dolphin species,
melon-headed whales (Peponocephala
electra), false killer whales (Pseudorca
crassidens), short-finned pilot whales
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(Globicephala macrorhynchus), and
killer whales (Orca orcinus). These al-
gorithms require marine mammals to
vocalize repetitively with sufficient
source levels to be detected on multiple
hydrophones. M3R also includes sev-
eral interactive displays for visual-
ization of animal vocalizations and
location.

The M3R system provides tools to
collect data previously unavailable for
the long-term monitoring of marine
mammal bioacoustics within their nat-
ural environment. This opportunity
has been created with minimal invest-
ment in infrastructure by using U.S.
Navy ranges as dual-use assets. Re-
search applications of the M3R system
include the ability to remotely estimate
beaked whale abundance, the assess-
ment of bioacoustic behavioral base-
lines, and the evaluation of the impact
of anthropogenic noise compared to
these baselines. The systems also pro-
vide a test bed for the development
and evaluation of detection, classifica-
tion, localization, and density estima-
tion algorithms and tools. The data
from M3R PAM combined with data
from visual observations are being used
to derive both movement and popula-
tion health models for species includ-
ing beaked whales resident on U.S.
Navy ranges where the animals are
at risk to repeated exposure to MFA
sonar.
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