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Humpback whale songs were recorded on six widely spaced receivers of the Pacific Missile Range
Facility ~PMRF! hydrophone network near Hawaii during March of 2001. These recordings were
used to test a new approach to localizing the whales that exploits the time-difference of arrival~time
lag! of their calls as measured between receiver pairs in the PMRF network. The usual technique for
estimating source position uses the intersection of hyperbolic curves of constant time lag, but a
drawback of this approach is its assumption of a constant wave speed and straight-line propagation
to associate acoustic travel time with range. In contrast to hyperbolic fixing, the algorithm described
here uses an acoustic propagation model to account for waveguide and multipath effects when
estimating travel time from hypothesized source positions. A comparison between predicted and
measured time lags forms an ambiguity surface, or visual representation of the most probable whale
position in a horizontal plane around the array. This is an important benefit because it allows for
automated peak extraction to provide a location estimate. Examples of whale localizations using real
and simulated data in algorithms of increasing complexity are provided. ©2004 Acoustical
Society of America.@DOI: 10.1121/1.1643368#

PACS numbers: 43.30.Sf, 43.30.Wi@WMC# Pages: 2834–2843
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I. INTRODUCTION

Passive acoustic methods of observing marine mamm
have been of interest for many years for censusing, beh
ioral studies, and more recently for ensuring mammals
not present in acoustic ranges during operations which m
disturb them.1–5 The acoustic characteristics of whale son
make them detectable at long ranges using hydrophone5–9

For example, low-frequency blue and fin whale sounds
be detected 1600 km away.10,11When received over an arra
of hydrophones, whale songs can be used to estimate a
er’s position. Unlike difficult radio tagging, passive acous
observation methods are unobtrusive; a whale’s behavio
unlikely to change because of the observation.12 Acoustic
techniques can observe many individuals at once and
suitable for continuous monitoring applications. In additio
acoustic localization also works when animals are hidd
from view, such as at night or when submerged.4

This paper will describe a new passive acoustic te
nique for localizing sound sources based on acoustic pro
gation modeling with an illustration of the technique to l
calizing marine mammals using widely spaced receivers.
localization algorithm also provides a novel graphical d
play of marine mammal location that conveys the confide
of the localization and allows for automatic extraction
location estimates. To demonstrate the benefits of this mo
based approach, examples of localizations using both
and simulated data in algorithms of increasing complex
will be provided.

A common technique for localizing marine mammals
that of hyperbolic fixing.4,5,12–17The measured difference i
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arrival time of a whale call recorded on multiple hydropho
pairs produces intersecting hyperbolas indicating the a
mal’s position. When the hydrophone pairs are very clos
spaced such as on a short towed array or vertical line a
~VLA !, hyperbolic fixing is no longer practical. Alternativ
model-based techniques that exploit either the tempora
spatial structure of the received field are then needed.
instance, the arrival times and amplitudes on a single ph
can be used to estimate a whale’s range.9 Alternatively, the
interphone phase relationships on a VLA~representing the
arrival angles of the multipath! can also be exploited.18

The technique described here has several advant
over other localization methods. It uses an acoustic propa
tion model to account for variations in soundspeed a
bathymetry, thus eliminating errors from constant soun
speed and straight-line propagation assumptions inheren
hyperbolic fixing.16 It can be applied to data from widel
spaced individual receivers rather than line arrays. Rob
ness against environmental variability and acoustic multip
may come from performing some processing in the spec
domain,12,14 but a formal environmental mismatch study h
not been performed. The output of the algorithm is a grap
cal display that easily conveys mammal location and co
dence, and despite the algorithm’s added computational c
plexity, it is suitable for real-time implementation withou
user interaction.

Acoustic data from the Pacific Missile Range Facili
~PMRF! hydrophone network off the western coast of Kau
were used to develop this model-based algorithm.19 In this
data set, the species of interest are humpback wh
~Megaptera novaeangliae! which are known to congregat
15(6)/2834/10/$20.00 © 2004 Acoustical Society of America
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near Kauai to breed in winter through spring months afte
long migration from the Gulf of Alaska.20 After describing
the available acoustic data set in Sec. II, the localizat
technique is discussed in Sec. III. Comparisons of local
tion methods of increasing complexity are presented in S
IV.

II. ACOUSTIC DATA

The Pacific Missile Range Facility is an underwater
ray of over 100 hydrophones in the waters near Kauai,
waii. Personnel at PMRF have implemented a near real-t
system for transmitting acoustic data from six broadband
drophones to the Maui High-Performance Computing Cen
~MHPCC! for analysis. Acoustic data files are posted to M
PCC in 1-min increments. The hydrophones available for
are located 5–20 km apart and are deployed on the sea
at the locations and depths shown in Fig. 1 and Table I.

Two days of continuous acoustic data from the six h
drophones during March 22 and 23, 2001 were used for
gorithm development. Originally sampled at 10 or 20 kH
the data were low-pass filtered and downsampled to 2 kH
isolate the frequency band containing most of the energ
the humpback whale songs. Songs are heard on every hy
phone and at all times of day. In many cases, the sound
multiple marine mammals can be heard simultaneou
While viewing spectrograms of the acoustic data, spec
patterns similar to those associated with humpb
whales21,22 are frequently observed. While it is not practic
to listen to every channel of the entire data set durati

FIG. 1. Bathymetry contours~depths in meters! and hydrophone locations
~0–5! at the Pacific Missile Range Facility. Axes are for Universal Tra
verse Mercator~UTM! Zone 4 coordinates.
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
a

n
-
c.

-
-
e
-
r

-
e
or

-
l-
,
to
of
ro-
of
y.
al
k

,

spectrograms can be examined quickly to confirm that
recordings contained the patterns expected of humpb
whale songs.

When spectrograms from all hydrophones for the sa
time segment are viewed concurrently, similar spectral p
terns are often recognized in two or more spectrograms,
offset in time. In such cases, the same whale call is be
recorded on multiple receivers, but the time of arrival at t
receiver varies according to range from the singer. As
example, Fig. 2 shows spectrograms from hydrophone
and 4 for a 20-s segment of data from minute 20:16
March 22, 2001; the spectrograms were made using 5
point fast Fourier transforms~FFT’s! with 90% overlap. A
call pattern can be seen repeated on hydrophone 4 app
mately 3.5 s after the same pattern on hydrophone 2. It is
difference in arrival times~or time lag! for the same call on
two different channels that will be used in the localizati
process.

-

FIG. 2. Spectrograms of acoustic data from hydrophones 2~top! and 4
~bottom! starting at time 20:16:30 on 3/22/01. A 3.5-s time lag for spect
transients is apparent between the two spectrograms. Spectral patter
semble those of humpback whale calls.
TABLE I. Hydrophone positions in geodetic and Universal Transverse Mercator coordinates~Zone 4, WGS84
datum!.

Hydrophone No. Latitude~deg! Longitude~deg! UTM North ~m! UTM East ~m! Depth ~m!

0 22.246158 2159.842556 2460315.3 413179.3 1638
1 22.080938 2159.867735 2442040.5 410480.1 649
2 22.191175 2159.886739 2454254.8 408590.6 777
3 22.125975 2159.897757 2447044.0 407412.1 843
4 22.215686 2159.929232 2456994.3 404226.6 1560
5 22.091847 2159.957723 2443303.8 401203.5 1768
2835Tiemann et al.: Model-based whale localization
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III. LOCALIZATION ALGORITHM

The model-based localization algorithm consists of t
main components: spectral pattern correlation to calcu
time lags and ambiguity surface construction to genera
location estimate. Ambiguity surfaces are probabilistic in
cators of source location and are constructed through c
parison of measured time lags~‘‘data’’ ! to predicted time
lags ~‘‘replicas’’ !. Replica generation has a hierarchy of i
creasing modeling complexity, and one goal of this stu
was to determine how much modeling sophistication is n
essary for a correct localization. Example localizations fr
three techniques using both real and simulated data are
sented below to address that question.

A. Spectrogram correlation

Measuring time lags between whale call arrivals at d
ferent hydrophones is a critical step in the localization al
rithm. The standard method for determining time lags
tween two signals is through cross correlation, but whet
the correlation should be performed on the original wa
forms or their spectrograms is open to debate and could
pend upon the peculiarities of the signals being proces
Spectrogram correlations are commonly used in whale lo
ization efforts,4,5,12,14perhaps because the signal structure
mains obvious even in the presence of interferers. Spec
gram correlation may also be more robust than wave fo
correlation against multipath acoustic arrivals.12 However,
wave forms containing whale calls have been successf
used in both matched-filter13 and cross correlation14,16,17pro-
cesses. Proponents of wave form approaches argue tha
resulting measurements of time lag are more precise.12,14Be-
cause no formal arguments exist regarding the superiorit
a correlation method, both spectral and wave form corre
tion methods were applied to short segments of the data
in order to determine which method is best for measur
pairwise time lags in the PMRF environment.

The pairwise spectral shape correlations follow an
ample described by Seem and Rowe.23 Spectrograms from
two hydrophones are digitized, i.e., converted to two lev
of intensity ~on or off! based on a data-adaptive thresho
that guarantees a minimum number of ‘‘on’’ pixels per tim
window. In doing so, the loudest spectral content rema
visible in the digitized spectrogram while low-level spect
patterns are hidden, thus adding some robustness ag
multiple sources. Correlation is done very quickly by p
forming a logical AND operation on the overlapping regio
as two digitized spectrograms are shifted past each o
Summing the overlapping pixels provides a correlat
score, in units of pixels, whose maximum determines
time lag between channels as well as providing a confide
level of the measurement.

A mathematical description of both the wave form a
spectral correlators follows. It assumes that two receivers
separated by a distanced in waters with mean sound speedc.
Time series from the two receivers are sampled with a pe
of Dt and are described by

r i5r ~ t i ! and si5s~ t i ! where t i5 i •Dt. ~1!

A frame length in seconds,t frame, is chosen that is slightly
2836 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
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longer than a typical whale call from the species of intere
~A 10-s frame length was used with humpback whale cal!
Each frame will containN samples defined by

N5t frame/Dt. ~2!

The mth frame is extracted from each time series:

r i
m5r m•N1 i and si

m5sm•N1 i , i 51,...,N. ~3!

The wave form correlation score at each lag binl for themth
frame is calculated by

cl
m5(

i 51

N

r i
m
•si 2 l

m . ~4!

The lag binl with the highest wave form correlation sco
designates the time lagTw between the two time series fo
framem according to

Tw
m5 l •Dt. ~5!

The spectral correlation is based on the short-time F
rier transform of a time series:

R~ t, f ;tsnap!5E
2tsnap/2

tsnap/2

r ~ t2t!•e2 i2p f tdt. ~6!

SpectrogramR is computed using a FFT to produce a d
cretized spectrogram. Each spectrogram frame is of len
t frameand has dimensions ofNfreq frequency bins~256 in this
example! andNsnaptime bins or ‘‘snapshots’’ where

Nsnap5
N

2•Nfreq
~7!

~assumeNfreq divides N exactly!. It follows that the time
resolution of the snapshots is

tsnap52•Nfreq•Dt ~8!

and the frequency resolution is

D f 5
1

tsnap
. ~9!

Given the notation

Ri j 5R~ t i
snap, f j ! where i i

snap5 i •tsnap

and f j5 j •D f ~10!

the mth frame is defined as

Ri j
m5Rm•Nsnap1 i , j where i 51,...,Nsnap

and j 51,...,Nfreq. ~11!

A repeat of the above for time seriess makes an analogou
definition for frameSi j

m . Also calculated is the number o
snapshots needed when the maximum possible time lag
tween sensors is added to the desired frame length:

Nmax lag5
t frame1d/c

tsnap
. ~12!

Next, each receiver’s spectrogram frame will be dig
tized or ‘‘pixilated,’’ i.e., each time/frequency bin in th
spectrogram will be assigned a 0 or 1according to an adap
Tiemann et al.: Model-based whale localization
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tive threshold. A unit step function provides the digitizatio
mechanism:

u~x!5$1 if x.0

$0 if x<0. ~13!

For each frameRi j
m , a spectral power thresholdsR

m is calcu-
lated that guarantees a minimum numberNpixels of ‘‘1’’ pix-
els ~40 per second in this example!, such that

(
i

(
j

u~Ri j-2sR
m!>Npixels. ~14!

A different thresholds is calculated for each receiver, an
the mth frames are pixelated to make the digitized framesD
andE:

Di j
m5u~Ri j

m2sR
m! and Ei j

m5u~Si j
m2sS

m!. ~15!

The spectral correlation score at each lag binl for the mth
frame is calculated by

Cl
m5 (

i 51

Nsnap

(
j 51

Nfreq

Di j
m
•Ei 2 l , j

m

where l 52Nmax lag,...,Nmax lag. ~16!

FIG. 3. Time lags and correlation scores output by the cross correlator u
wave forms~a! and digitized spectrograms~b!. Cross correlations use dat
from hydrophones 2 and 4 for minute 20:16 on 3/22/01. The 3.5-s time
measurement from the correlators agrees with that visually observed in
2.
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
The lag binl with the highest spectral correlation score de
ignates the time lagTs between the twomth frames accord-
ing to

Ts
m5 l •Nfreq•DT. ~17!

An example of cross correlator output is shown in F
3, where results from both wave form correlation@Fig. 3~a!#
and digitized spectral correlation@Fig. 3~b!# are presented for
comparison. Data are from hydrophones 2 and 4 for min
20:16 on March 22, 2001; this time segment includes
data shown in Fig. 2. A time window 10 s long extracts da
subsets~frames! to use with each correlation, and the win
dow advances in 1-s increments through the entire min
calculating a time-lag and correlation score at each s
~Note that correlation scores indicate relative correlat
strength among time steps, are in different units, and sho
not be compared between the two techniques.! In this ex-
ample, both the wave form and spectrogram correlat
methods correctly extract the interchannel time lag of 3.
during periods when the whale is singing. Furthermore,
correlator scores drop when the animal stops singing~around
25 s!. By setting thresholds on the correlation score, only
most confident of the time-lag estimates are passed to
localization process, thus freeing the correlation output fr
human examination. A spectrogram correlation score thre
old of 100 pixels was used in this processing, and if
correlation score exceeded the threshold for a given t
window, no localization was attempted.

Agreement between the two correlation methods is
always as good as that shown in Fig. 3. Typically, the sp
tral correlator time-lag measurements were more consist
To illustrate this, Fig. 4 shows output from both the wa
form and spectral correlators for the same minute as tha
Fig. 3 but for the hydrophone pair 2 and 5. Time-lag me
surements from the wave form correlator are quite varia
over the minute while the spectral correlation process p
vides a more stable measurement. Perhaps the scatteri
the wave form correlator’s output is due to interferers such
other distant animals singing simultaneous songs,12 but de-

ng

g
ig.

FIG. 4. Time lags output by the cross correlator using wave forms~a! and
digitized spectrograms~b!. Cross correlations use data from hydrophone
and 5 for minute 20:16 on 3/22/01. The consistency of the spectral corre
made it the preferred method for time-lag measurement.
2837Tiemann et al.: Model-based whale localization
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termining the criteria for when one correlation method
better than another remains an interesting area of s
which will not be addressed further here. Because of
more consistent measurements provided by the spectral
relator in this environment, it was used in all further analy
to provide time-lag data to the ambiguity surface construc

B. Replica generation

The second input needed for ambiguity surface gen
tion is the replica. In this application, the replica is a pred
tion of time lags that would be measured by every recei
pair combination from a source at every location within
grid of candidate positions around the array. In order to c
culate time lags, acoustic travel times from each poss
source location to each receiver must be calculated first,
the model complexity used during travel-time calculation c
sometimes affect the accuracy of the resulting localizati
In efforts to compare the effects of modeling complexi
three replicas were made within a hierarchy of modeling
phistication. Replica computation time increases with ad
complexity.

Common to all the replicas is the resolution of the ca
didate source locations. Simulated sources are spaced e
200 m in latitude and longitude in a 30-km square g
around the array. Source frequency is set at 500 Hz,
center of the frequency band of interest, and source dep
assumed to be 10 m, within the range of expected depths
singing humpbacks near Hawaii.24 While only one source
depth is used in the replica generation to follow, the sea
grid can be expanded to include multiple source depth
needed. Average historical soundspeed profiles for the re
were taken from the Generalized Digital Environmen
Model ~GDEM!, and PMRF provided bathymetry data fo
the range. Geoacoustic properties of the sea floor are t
typical of sand:25 density 1.9 g/cm3, compressional wave
speed 1650 m/s, compressional wave attenuation .8
wavelength.~Values are from Table 1.3 of Ref. 26, based
the work of Hamilton.27! The Gaussian beam acoustic prop
gation modelBELLHOP was used to calculate travel times
it can account for depth-dependent sound speed profiles
range-dependent bathymetry.28,29 Given the small variation
in sound speed profiles over the area of study, the assump
of range-independent sound speeds inherent toBELLHOP was
acceptable, and refractive effects outside of the plane
propagation were not considered in the modeling.

The simplest replica uses assumptions equivalen
three-dimensional hyperbolic fixing techniques. Sound sp
is assumed to be constant at 1510 m/s, and only the d
acoustic path from the shallow source to the true rece
depths determines the acoustic travel time. No bathyme
effects are considered. After travel times from every can
date source position to every receiver position are calcula
the appropriate travel time pairs are subtracted to crea
replica matrix of time lags indexed by source position a
hydrophone pair.

The next replica in this hierarchy adds a dep
dependent sound speed profile to the acoustic modeling
bathymetric effects are still ignored; this will be called t
‘‘range-independent’’ replica. To illustrate the effect of th
2838 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
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downward-refracting sound speed profile on acoustic pa
Fig. 5 shows both the average sound speed profile used in
calculation and the resulting direct acoustic ray paths
tween the shallow source and hydrophone 0 at sev
ranges. The mean acoustic sound speed varies with ra
from the receiver, so travel time will not increase linear
with range. The travel time is still that of the direct acous
path.

Lastly, the ‘‘range-dependent’’ replica adds rang
dependent bathymetric effects to the acoustic modeling. N
that sound speed profiles are still range independent.
addition of bathymetry contours to the acoustic model all
for multipath arrivals from bottom-reflected paths to be
cluded in the travel time calculation. Figure 6 shows t
predicted acoustic ray paths from a shallow source to hyd
phones 2 and 5 along two perpendicular bathymetry slic

FIG. 5. Average soundspeed profile and predicted direct acoustic ray p
between a shallow whale and hydrophone 0~1638-m depth! at several
ranges. The predicted mean acoustic soundspeed varies with range fro
receiver, and no bathymetric effects are included. Travel times from s
simulations constitute the ‘‘range-independent’’ replica.

FIG. 6. Predicted direct and reflected acoustic ray paths between a sh
whale and hydrophones 2 and 5 along two perpendicular bathymetry sl
Whale not drawn to scale. The ‘‘range-dependent’’ replica allows for b
direct and reflected ray paths to be included in the travel time calculati
Tiemann et al.: Model-based whale localization
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While both slices in this example contain both direct a
reflected ray paths, in some long-range cases, there i
direct acoustic ray path between a candidate source pos
and a receiver; only reflected ray paths will connect the tw
Because every ray path has a different travel timet, an av-
erage travel timetavg from all Narr arrivals, weighted by the
ray paths’ predicted amplitudesa, is used as the single trave
time value from a given source location:

tavg5(
i 51

Narr uai u•t i

asum
where asum5(

i 51

Narr

uai u. ~18!

To complete the replica generation process, the replica t
lag Tr is made by taking the difference in average tra
times for a given receiver pairp from a hypothesized sourc
at search grid positionxs5(xs ,ys ,zs). Like the other repli-
cas, the range-dependent time-lag replica is precalculate
all receiver pair/source position combinations:

Tr
p~xs!5tavg

p1 ~xs!2tavg
p2 ~xs!, ~19!

where p1 and p2 are the two hydrophones making up r
ceiver pairp.

For every replica type, theBELLHOP propagation mode
also provides an estimate of acoustic intensityPn(xs) for
acoustic paths between every source positionxs and receiver
n. Degradation of the source amplitude, or transmission lo
is saved as part of the replica as well and will be used
scaling the ambiguity surface to follow.

C. Ambiguity surface construction

A singing whale is localized through the construction
an ambiguity surface that is generated in the same way
gardless of the type of replica~range independent or rang
dependent! used. The ambiguity surface is a two-dimension
plan view of the area around the array containing the sa
latitude/longitude locations as the candidate source posit
assumed during replica construction. Although each surf
assumes a constant source depth, a different surface ca
made for each hypothesized source depth. One input to
localization process is the spectrogram-measured time
Ts

mp and correlation score for framem and each receiver pai
p. Only those measurements with high spectral correla
scores~over 100 pixels! are passed to the localization pr
cess. This ensures a high confidence in the resulting loca
estimates. The replicas of predicted time lagsTr

p(xs) and
transmission lossPn(xs) serve as another input. Note th
replicas are time independent; they only need to be ca
lated once provided the environment or receiver positions
not change.

For each source positionxs and receiver pair combina
tion, the difference between the predicted time lag from
replica and the measured time lag is normalized by the m
mum possible time lag between receiver pairp separated by
distancedp . The resulting likelihood scores for each pa
form a surface with a minimum where the replica and d
agree best. The contours of the surface are accentuate
taking the square root of the likelihood scores to make
new surfaceL for the mth frame:
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
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m5AuTr

p~xs!2Ts
mpu

dp /c
. ~20!

In order to represent increased localization uncertainty
long range, the contribution to a localization from a dista
receiver pair is diminished; close receiver pairs will contr
ute more in the ambiguity surface construction. This is do
by scaling the likelihood scores by the predicted acou
intensity. The acoustic transmission loss in dB,a, is calcu-
lated for the two acoustic paths from a source to a pair
receivers and summed:

ap~xs!520 log10~Pp1
~xs!•Pp2

~xs!!. ~21!

When ana is found for every candidate source positionxs, it
will form a transmission loss surface of the same dimensi
as the likelihood surfaceL. The likelihood surfaces for al
contributing receiver pairs are scaled by their correspond
a and summed to complete construction of the ambigu
surfaceA for the mth frame:

Am5(
p

Lp
m
•ap . ~22!

The surfaceA represents a planview of the waters around
array for a single source depth, and source location estim
common to many receiver pairs will sum to form a pe
indicating the best estimate of source position.

IV. LOCALIZATION COMPARISONS

Because of the added computational complexity
quired of each level of the replica generation hierarchy
comparison of localization results from different replica
plus comparisons to standard hyperbolic fixing techniqu
would examine whether any added benefits are worth
additional computational costs. However, that answer
pends on the environment under study and the source p
tion. The following sections provide an example in which
localization methods perform equally well plus another e
ample in which only the most sophisticated modeling w
produce the correct answer. In the comparisons to foll
time-lag measurements are provided to three localiza
techniques: two-dimensional hyperbolic fixing, rang
independent model-based localization, and range-depen
model-based localization.

A. Real-data localization

The first set of localization comparisons uses time-
measurements from the same data exhibited in Figs. 2, 3,
4: recordings of minute 20:16 on March 22, 2001. From o
frame of time-lag measurements extracted from that min
six hydrophone pairs have correlation scores exceeding
score threshold, and their time lags are passed to the lo
ization algorithms. Output from the three localization tec
niques is presented in Fig. 7 in order of increasing compu
tional complexity. Each frame of Fig. 7 represents a 30-k
square area of ocean around the PMRF array, w
hydrophone positions labeled~0–5!.

Figure 7~a! represents the traditional technique of plo
ting intersecting hyperbolic trajectories of possible sou
2839Tiemann et al.: Model-based whale localization
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positions based on time lags. This technique uses no aco
modeling other than the assumption of a constant sou
speed of 1510 m/s, although the mean horizontal propaga
speed versus range from source to hydrophone could
from 1300 m/s to 1520 m/s depending upon range and d

FIG. 7. Plan views of the waters around the PMRF array with hydroph
positions~0–5! indicated. Axes are for UTM Zone 4. Curves from hype
bolic fixing ~a! intersect at possible whale positions. Ambiguity surfac
from range-independent~b! and range-dependent~c! model-based localiza-
tions indicate whale position estimates with high intensities and crossh
Coordinates of the location estimates indicated in figure. Data is f
minute 20:16 on 3/22/01.
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tic
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of the receiver. Note that not all hyperbolic paths inters
precisely at the same point, perhaps due to the errors as
ated with the constant soundspeed assumption. Neverth
there is a tight clustering of intersections at approximat
415.2 km east, 2452.0 km north, which is then regarded
the estimate of whale location.

Figures 7~b! and ~c! demonstrate the strengths of amb
guity surface visualization. Using the time-lag data a
range-independent@7~b!# or range-dependent@7~c!# replicas,
ambiguity surfaces were constructed as described in S
III C. On these surfaces, areas of peak intensity represen
most confident whale position estimates and are marked
crosshairs. The location estimates from the model-based
proaches agree well with each other and the hyperbolic e
mate; exact localization coordinates are indicated wit
each figure frame. Note that ambiguity surfaces still rev
patterns resembling hyperbolas, but the curves have e
tively been thickened and stacked in such a way that a
matic identification of the most probable source location
possible. The jaggedness of the range-dependent curv
due to variability in travel time and transmission loss pred
tions caused by bathymetry effects. Furthermore, the narr
ness of the ambiguity surface peak convey high confide
in the localization. A sharp peak implies that many receiv
paris had the same location estimate in common; a br
peak suggests greater uncertainty in the localization as
eral pairs’ location estimates failed to overlap at a comm
point.

In this localization example, all techniques agree we
and localizations are in close proximity regardless of repl
complexity. The agreement between all techniques is pr
ably due to the relatively short ranges from source to rece
and deepness of the water; direct acoustic paths to all rec
ers exist, so accounting for bathymetric effects is not nec
sary for a correct answer. Unfortunately, no independent
sual surveys are available during the times of the acou
recordings, so location estimates cannot be verified thro
other means.

The analysis described here was applied to many o
short time segments throughout the two days of acou
data. Localization using the constant-soundspeed replica
shown in the comparisons above, was included as well
every case, a source was confidently localized by the mo
based techniques through a contribution of four or more
ceiver pairs. The acoustic data from those times were t
played back to verify the presence of a marine mamm
However, when using hyperbolic fixing methods, the tig
grouping of intersections like those in the example abo
was not always seen, sometimes making source location
ficult to determine. It was hypothesized that any advanta
of the most sophisticated range-dependent replica over
other replicas would best be seen in localizations of sour
at long range from the receivers. This could best be tested
placing a simulated whale at the extent of the search gri

B. Simulated localization

To demonstrate a situation when the full complexity
the range-dependent model-based replica is necessary
correct localization, a simulated source is placed in

e

rs.
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tion
southwest corner of the search grid very near the border~396
km east, 2436 km north, 10 m depth! and the acoustic mode
BELLHOP used to simulate travel times from the source to
receivers. The difference in simulated travel times beca
the simulated time-lag data passed to the localiza
algorithms.

Figure 8 shows the resulting source location estima
from three techniques. The hyperbolic fixing method, sho
in Fig. 8~a!, has many hyperbola intersections, each indic
ing a possible source location. Because the intersections
scattered over several square kilometers, determinin
single location estimate is difficult. The range-independ
model output, shown in Fig. 8~b!, shows some increases
intensity on the ambiguity surface indicating likely sour
positions. However, the contributions from individual r
ceiver pairs do not stack up correctly to form a single pea
the true source location. Instead, a coincidental intersec
of ambiguity surface curves puts a peak 15.3 km away fr
the true source location. The ambiguity surface from
range-dependent model, Fig. 8~c!, correctly identifies the
true source position, but it is expected to do so since the
and replica in this test will have perfect agreement at
source location. This one simulation illustrates that at ran
where refractive and bathymetric effects are important
assumptions inherent to hyperbolic fixing and the ran
independent replica break down, leading to an incorr
localization.

In efforts to quantitatively compare the localization e
rors of the different techniques, a simulation like the o
above was repeated many times while moving the simula
source through every search grid position around the ar
The distance between the resulting location estimate and
source was recorded for each source position. The loca
tion errors were then assembled to make an error map
those of Fig. 9. The three replicas of increasing complex
as described in Sec. III B were used in the localization p
cess, each generating its own error map. Figure 9~a! shows
the error map for the simplest replica which uses assu
tions equivalent to hyperbolic fixing techniques: const
soundspeed and straight-line, direct acoustic paths with
bathymetric effects. Figure 9~b! shows the error map whe
the range-independent replica is used in the localizat
Note that an error map for the range-dependent replica is
shown because it always correctly identifies the source lo
tion; the simulated data and replica are identical.

Of interest in Fig. 9 is that localization is almost perfe
regardless of replica type when the source is close enoug
the receivers for a direct acoustic path to exist. In ca
where bathymetric effects can be ignored, even the assu
tions of the simplest hyperbolic fixing method are still su
able for a correct localization. The advantages of using
full range-dependent replica are apparent at the outer lim
of the search grid where localization errors from usi
simple models can be as high as 25 km. Only the ran
dependent replica that accounts for bottom interactions
rectly locates the source. Therefore, when trying to ext
target localization far beyond array boundaries, one m
balance the increased accuracy of the more sophisticated
lica model against the increased costs of longer calcula
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
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time and higher environmental characterization requ
ments.

The error maps of Fig. 9 are an example of how one c
quantify errors associated with the different techniqu

FIG. 8. Plan views of the waters around the PMRF array with hydroph
positions~0–5! indicated. Axes are for UTM Zone 4. Curves from hype
bolic fixing ~a! intersect at many possible whale positions. Ambiguity s
faces from range-independent~b! and range-dependent~c! model-based lo-
calizations indicate whale position estimates with high intensities
crosshairs. Data are from a simulated whale at 396 km east, 2436 km n
with position indicated by circle. Coordinates of the model-based loca
estimates indicated in figure.
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through simulation, but to truly measure the error an exp
ment localizing a controlled source of known location is
quired. However, any error measurements, real or simula
will be specific to the environment and receiver geometr
used and thus are not easily generalized. It is also difficu
get formal bounds on uncertainties in the localization, su
as those resulting from environmental mismatch or the c
relation process for example. One strategy for measuring
certainty could involve adding mismatch in a Monte Ca
fashion to the environment used in replica and simulated d
generation and then repeating the localization process.

V. DISCUSSION

The purpose of this work is to introduce a new pass
acoustic technique, with advantages over traditional me
ods, for localizing singing marine mammals, humpba
whales in particular. Based on acoustic propagation mo
ing, it claims increased accuracy in geometries where ac

FIG. 9. Maps of localization error on plan views of the waters around
PMRF array with hydrophone positions~0–5! indicated. Axes are for UTM
Zone 4. Maps indicate distance in kilometers between source and loc
estimate for a simulated source at the map coordinates. Results from s
hyperbolic replica shown in~a!; range-independent replica shown in~b!.
Errors increase when far outside array as bathymetric effects become
important with increased range.
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tic bottom interaction becomes important. The algorithm a
provides a visual display of whale location that is easy
interpret and allows for automatic location extraction. Wh
the few localization examples shown here, plus many oth
not presented, build confidence in the algorithm, it is rec
nized that the algorithm has yet to be verified with oth
independent methods such as by visual observation or
trolled source localization.

One question that arises is what amount of acou
modeling complexity is really necessary for localizations
a desired accuracy. Each level of the modeling hierarchy
its advantages and disadvantages. For example, the ra
independent replica used in this work can be quickly cal
lated in minutes and requires no prior knowledge of an
vironment’s bathymetry or geoacoustic properties. T
range-dependent replica can improve localization accur
particularly at long ranges, but it requires 100 times mo
computation time. The advantages of the range-depen
replica may drastically increase in areas with complica
bathymetry or in shallow water. Ultimately, the choice
model lies with the user to balance environmental definit
and replica precalculation time versus localization accur
and range, and even traditional hyperbolic fixing metho
should remain an option in some geometries.

It should be stressed that although replica precalcula
can be a several-hour process, this step needs to be rep
only as often as the environment or array geometry chan
the remaining spectrogram correlation and localization c
culations are relatively simple. In the analysis of data fro
PMRF, the localization could be completed within the da
update period of 1 min. The algorithm can run without o
erator oversight by requiring high localization scores, such
over 75% of maximum possible score, be met before dec
ing a localization in order to minimize false alarms. It is al
rapid enough for near real-time processing. Both of th
qualities make it a good candidate for continuous, long-te
monitoring of marine mammal activity, provided the anima
are vocalizing.

To demonstrate how this algorithm could be a tool f
behavioral studies, Fig. 10 shows the most confident wh
location estimates from the 24 hours of March 23, 2001. T
locations of ambiguity surface peaks that were over 75%
the maximum score are shown as points on this plan vi
From this plot, one could conclude that on this day sing
whales preferred to stay near the shore of Kauai instea
venturing out into deeper water. Through acoustic stud
over longer time periods and ranges, common travel rou
may become apparent, especially when used in conjunc
with other complementary techniques such as visual ob
vation and tagging.

The algorithm presented here has a modular design
adds to its flexibility and facilitates advancement. For e
ample, should wave form cross correlations offer advanta
over spectrogram correlations, it is easy to substitute
step in the processing. Because replica generation is inde
dent of the visualization process, it does not have to be l
ited to ray theory; full wave acoustic models may easily
substituted for still further improvements in accuracy. Las
while the algorithm described here was used in a tw

e

on
ple

ore
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dimensional search~latitude/longitude! it has an immediate
generalization to a full three-dimensional volumetric sear
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