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In this Letter we describe a beamforming video recorder consisting of a video camera at the center
of a 16 hydrophone array. A broadband frequency-domain beamforming algorithm is used to
estimate the azimuth and elevation of each detected sound. These estimates are used to generate a
visual cue indicating the location of the sound source within the video recording, which is
synchronized to the acoustic data. The system provided accurate results in both lab calibrations and
a field test. The system allows researchers to correlate the acoustic and physical behaviors of marine
mammals during studies of social interactions. 2005 Acoustical Society of America.
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I. INTRODUCTION Three recent systefis?! integrate hydrophone arrays with
ideo recordings to produce archival observations, but still

" . o differ in significant ways from the system described in this
A lly, th f theif" .
contexts. Additionally, these species spend a majority of thei etter. The system in Ref. 10 uses only two hydrophones

lives underwater where it is difficult for human researchers L . ) )
to observe them. These combined factors challenge researc?lqaced atfive times the human intra-aural distance to provide

ers studying the physical and acoustic behavior of individuaFr?ars.g Iocallzat(qun cue_(ri?re]ft, right, or bOtdeh"e reV|eyV|rI1g
animals during social interactions. Bottlenose dolplihg- the video recordings. The system provides no vertical reso-

siops truncatusand other smaller cetaceans increase theslé’t'o_rllhcues' bined | dvid ith
challenges by interacting in complex fission—fusion social di %mas;zta corfn '.nf] f]m de ev;lte viaeo cadmerfli wit
structures, with animals in close physical proximity. Associ-2 distributed array of eight hydrophones around a lagoon

ating acoustic signals with individual dolphins is essential toP€IMeter to observe behavior. The location of each sound

studies of acoustic repertoires, juvenile acousticsource was determined by cross-correlating the hydrophone

development, social alliance€, and the signature whistle signals to estimate the relative arrival times of the sounds at

hypothesis Ideally, observations should be made with mini- the array. The resulting location estimate was projected into

mal perturbations to the animals’ natural behavior and envilhe video image. Calibration tests determined an accuracy of

ronment. Moreover, the observations should be archival ifoughy 2 m for the system. While the system produces

the sense that subsequent investigators should be able to 48iJ€-scale archival overhead video records of the physical

and hear the animals’ behaviors directly in their originala”d acoustic behaviors of the animals with little or no per-
form, and not have to rely on the original observers’ deteclurbation of the observed animals’ behavior, the limited ac-

tions and classifications of the behaviors. Data in this formfUracy makes it impossible to discern acoustic behavior
allow both independent confirmation of behavioral hypoth-2mong closely spaced dolphins, e.g., mother—calf pairs, and
eses and reanalysis in light of subsequently proposed altethe need for the manual selection of sounds makes the video

native hypotheses. Lastly, the system should be portable fdtoSt-processing labor intensive. . _
situations where the animals do not remain in a single loca- AU and Herzing developed a two-dimensional Y-shaped
tion. four hydrophone array including a video camera to study

Previous technigues used to associate sounds with ingftlantic spotted dolphin(Stenella frontalis echolocation

vidual marine mammals include emitted bubble stream&licks. This system used differences in the clicks’ arrival
(e.g., Ref. 4 isolating animalge.g., Refs. 1, B tags(e.g. times to estimate the range to the echolocating dolphin, but

Refs. 5, 8, and hydrophone arraye.g., Refs. 7, B None of did not estimate the bearing to the aninfaBecause it was

these approaches produced archival video footage, relying difSigned solely for click analysis, the system has memory

human observers to link the animals to the sounds maddmitations that prevent it from recording and analyzing en-
tire whistles or tracking a whistling dolphin moving across

multiple video frames.

dFormerly at the Department of Electrical and Computer Engineering, Uni- ; ; ; ;
versity of Massachusetts, Dartmouth, 285 Old Westport Road, North Dart- In this Letter we describe a beamforming video recorder

mouth, Massachusetts 02747-2300; electronic mail: kball@whoi.edu (BVR)' designed 'tO PrOdUCG. archiyal video recprdings of
DElectronic mail: johnbuck@ieee.org complicated social interactions including whistles and

Many cetacean species are acoustically active in soci%é
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Sensor spacing: d = 3.2 cm
Configured as shown:
Center to first sensor = 12.8 cm \
Center to farthest sensor = 22.4 cm
Maximum aperture =1 m

Delrin array structure with

detachable branches 7d

1m

Underwater Video Camera

Omnidirectional Hydrophones
16 total, 8 per axis

Tm ,

FIG. 1. Two-dimensional handheld audio/video array with detachable branches. The array consists of 16 hydrophones, 8 per axis, and an urderwater vid
camera located at the center. The diver hand holds, mounting brackets, and tether are not shown.

echolocation clicks. The video recordings include visual cue#\. Hydrophone array and camera
indicating the location of each sound observed, tracking
across video frames where necessary. The BVR provide
short range underwater observations with a high resolutio

beamformer that can potentially distinguish among severdC' the tests described in Sec. Il B. The array is constructed
vocally active dolphins in view of the camera. of Delrin with detachable branches. Each of the four arms is

45.7 cm long by 3.2 cm square, holding four hydrophones
1l. SYSTEM DESCRIPTION with integrated 10dB preampllfle(ngh Tech Inc., HTI-96-
MIN). The hydrophones can be reconfigured to suit record-

The BVR consists of a short-baseline Mills cross 16ing conditions using a slot in each arm. Calibrations con-

hydrophone array incorporating a V|.deo camera at the ANy ned that the phase variations among the hydrophones
center and associated audio and video recording hardware.

Placing the video camera at the array center gives a commd:ﬁmdlfce a neghlglble. bias on the beamforming rgsults. The
reference frame for the bearing estimates and the video infT8Y'S center piece is 17.8 cm tall by 18.4 cm wide by 4.4
age, removing the need for field recalibration and registratiolg™ deep. A5 cm diameter hole in this piece mounts a Deep-
as in Ref. 11. The system is largely comprised of off-the-Sea 2050DeepSea Power and Light, San Diego, JOA-
shelf parts, minimizing the need for custom hardware. Thederwater camera at the array center. The maximum total ap-
acoustic signals are processed using broadband frequencgrure of the array is roughly 1 m, making it convenient to
domain beamforming algorithms, allowing for automateddeploy from a dock or moving boat in an inverted periscope
processing and independent position estimates for each vide@nfiguration, or to be maneuvered by a swimmer. Due to the
frame. The visual cues incorporated into the video record capy visibility during the field test described in Sec. Il B, the
track a whistling animal as it moves across the image. Th‘?lydrophones were positioned 4t13.3, =16.5, +19.7, and

resulting video stream is an archival record linking thei22_9 cm on each axis relative to the origin at the array

acoustic and physical behaviors of small cetaceans in dense L
. center, giving a total aperture of about 46 cm.
social contexts.

Figure 1 is a diagram of the BVR array and camera with
e hydrophones configured in the reduced aperture as used
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B. Recording system the farfield to produce an accurate bearing estimation. The
Hests varied the elevation and azimuth of the source over the

The 16 hydrophones are connected through custo 's field of Vi d the BVR v al laced
breakout boxes to a Tascam MX-2424 multitrack hard disk’3Meras Nieid ofview, and theé BVR nearly always place
the + cue on the source or within five pixels of the source.

recorder. The MX-2424 synchronously records all 16 chan;l_h. . £l han 4 " It
nels at 44.1 kHz with 24 bit resolution directly to its internal IS s an error of less than 4 cm evenaag m range. It is
SCSI| hard disk. An additional channel on the I\/|X_2424also possible to use the BVR to triangulate the range to a

records a sync signal that is also recorded on the left channtgp,ur?e using the tvl;/o o'utermo.st sens?/\r/i on t?]acﬂ 3rm LO ob-
of the video camera. This allows the video and acoustic array " oY separate bearing estimates. en the nydrophones

recordings to be synchronized with a precision of 1/44.1 kHZ"€ S€t 10 provide the maximum apertyabout 1 m, twice

—22.7 us. The video signal from the DeepSea 2050 under:[hat used in Sec. Il B this triangulation approach produced

water camera is recorded by a Sony DCR-TRV-530 Digital glange estimates accurate 0% for ranges of 1-4 m. The

camcorder. To simplify processing, the video is c:onvertecIree SW'”“.“'”Q test was conducted off the UMass Dartmouth
from the NTSC 29.97 frames-per-second Oop Frame SMAST pier in water roughly 3—4 m deep over a bottom

video standard to the 30 frames-per-second (NBn-Drop with a mix of rocks and sand. The source played recorded

Frame standard. At the 30 Hz frame rate, there are exactl){jomkh'z \;\;}hlstles W|th|thre|e to f?# ' harmo?msa'l'tr;e wdgo cue,
1470 samples of 44.1 kHz acoustic data per video frame. racked the source closely as the current and the SWimmer's
motion caused the source to move within the video frame.

C. Beamforming algorithm B. Field test

The recorded data is processed in Matl{dhe Math- The BVR field test took place at the Dolphin Connection
works, Natick, MA to synthesize video recordings with 10- gt Hawk’s Cay Resort in Duck Key, Florida. The Dolphin
calization cues. Whistles and echolocation clicks were deCOnnection was Chosen as the testing Site because of |tS natu-
tected by comparing the average acoustic energy in eaghy) lagoon setting, the number of well-trained dolphins, and
1470 sample frame against an empirically determined threshhe representative acoustic conditions including snapping
old value. The azimuth and elevation of each detected sounghrimp and nearby boat traffic. The sand and coral bottom of
are estimated using the broadband frequency—domain algehe lagoon provide realistic boundary conditions for acoustic
rithm for sparse arrays in Ref. 13. Equivalent angular resopropagation. The seaward edges of the lagoon are formed by
lution could be obtained using an array of only two hydro-p|astic fencing secured to wooden posts embedded in the
phones, however, the multiple hydrophone array geometryottom. The dolphins generally acclimatize well to the novel
employed reduces the number of grating lobes and attenuatggtivities because the Dolphin Connection frequently hosts
the amplitudes of the sidelobes in the frequency—wave numyesearch projects.
ber response or beam pattefRef. 14, Sec. 22 Conse- The dolphin training staff suggested that a dummy array
quently, the BVR rejects noise from undesired bearings morge ysed to desensitize the dolphins during the months pre-
robustly than could a two hydrophone per axis array. Theseding the experiments using the actual array. The dummy
system beamforms the array data at the peak frequency igyray, constructed out of Delrin to closely resemble the actual
each block, and also at harmonics of the peak frequencyrray, was installed in March 2002. The array was mounted
Frequency—domain beamforming allows automated processg the dock with a clamping mount holding a 1.2 m PVC
ing of the acoustic data, updating the position estimate 3 pe with a 0.61 m horizontal tube glued on the top end. A
times a second, which is not possible for systems that usgyckled strap closed the clamp mount while allowing the
time—domain autocorrelations on an entire whistle such afapid release and removal of the array in the event of an
Ref. 11. The estimated elevation and azimuth angles from thggverse reaction. The array could be rotated in order to aim
beamformer were converted to pixels in the video image usthe camera at any activity in the lagoon.
ing conversions of 11.083 pixels/degree in azimuth and  The field test took place during the last week of May and
8.727 pixels/deg in elevation established during calibratiorihe first week of June 2002. Most testing took place during 1
tests in the SMAST Acousto-Optic tank. A localization cuep sessions in the morning before the trainers began their
of a small+ sign was spliced into each frame of video basedqajly morning cleaning and feeding routine. We obtained
on these pixel coordinates. Elevations or azimuths just offyseful data on five of seven days of deployment. In total,
screen were indicated by highlighting the nearest border ofyer 145 minutes of data were processed, including over 57

the video image. distinct whistles. The narrowband signal-to-noise ratio
(SNR) at the fundamental frequency was at least 80 dB in all
Ill. RESULTS of the data processed. For all 57 whistles, the cue was placed

on or very close tdtwo to three pixelsthe dolphin’s head,
indicating a maximum error of less than 0.5 deg of elevation
The BVR was calibrated in both indoor tank tests and aor azimuth. Figure 2 shows a still frame from the video re-
free swimming outdoor test. The tank tests transmitted fivecorded on 28 May 2002 observing a adolescent male dolphin
cycles d a 5 kHz sinusoid with three harmoni¢$0, 15, and named Kai when he was the only dolphin in the lagoon. The
20 kH2) from a source at a known fixed range and bearingcontrast of this image was increased from the original color
These tests established that for the array geometry in Seitnage for a black and white publication. More video data
[l A, any source at a range of 1 m or more was sufficiently inincluding the sample frame presented in Fig. 2 are available

A. Calibration tests
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