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The target det~ection capability of the Atlan- *

tic bottlenose dolphin (Tursiops truztcaruis) in the
open waters of Kaneohe Bay. Oahu, Hawaii will be
discussed using the noise-limited form of the sonar 2-

equation. In Kaneohe Bay. Turs lops typically emit F At $9AtAIAR A,

short duration transient-like broadband echolocationI
signals with peak frequencies between 110-130 kliz in so. 6o 7, E
(Au, 1980)- Therefore the generalized or transient O 0 75 S S IC I]' 0

form of the sonar equation based on energy flux TARC.1 T A.Gf 1.1

density instead of intensity must be used (Urick,
1983)_ An example of a Tursbops echolocat ion signal Fig. 2. Target. detection performance a Tursiops
and its frequency spectrum is shown Iin Fig. I. The truratoo us as a function of range for two spherical
peak-to-peak source level is shown onl thle oscillo- targets (from Murchison, 1980; Au and Synder. I9RO)
scope display.

11 APPLYING THE SONAR EQUATION
The parameters in the sonar equation (Eq. 1)

will now be discussed according to the order they

appear in the equation. The first term has to do
with the signals used by dolphins. Sonar signals
are projected in a beam directed forward of the

10 WS.Oi . animal. The composite transmit beam pattern from
as too20 three dolphins in the vertical and horizontal planes

FtV0k'JCY DHZ)(Au et al. 1978; Au, 1980; Au et al.. 1986) are

show inFig 3.The 3-EIB heamwidth In both planes

Fig. 1. An example of an echolocation signal ofhaesmlrvusproitly1'

Tursiops rruncarus measured in Kaneohe Bay.

1. GENERALIZED SONAR EQUATION: NOISE-LIMITED FORM06
The generalized form of the noise-limited

sonar equation applicable to a dolphin can be ex-
pressed as (Urick, 1983)

D,- SE - 2 TL + TS, - (NL - DI)(1

The detection threshold. DT, corresponds to the .~jii~
energy-to-noise ratio used in human psychophysics
and is equal to 10 Log (E./N.). where E. is the echo
energy flux density and No is the noise spectral
density level. SE is the source energy flux densi- .

ty, TL is the transmission loss, TSEE is the target/
strength based on the ratio of the energy in the
echo and incident energy, NL is the ambient noise Fig. 3. Tranrsmit (Inner curves) end receive (for ai
density, and III is the receiving directivity index, frequency of 120 kllz; outer curves) beam patterns

In order to use Eq. 1, the target detection
capability of the dolphin must be measured along frTrlp ntehrzna n etclpae
with other parameters associated with the animal'sThsoasinl oftedpinudtoo-
sonar and the environment. Murchison (1980) per- ri h aasoni i.2wr esrdi h
formed a maximum range detection experiment with two study of Au et al. (19741 for target ranges of 'tQ ito
Tursiops. using a 2.54-cm diam. solid steel sphere77m oeedlhncavryteapiu o

and a 1.62-cm dilam. stainless steel water-filled teronr inasvr. 2)d range' during ai

sphere as targets. The composite 50% correct deige otecacmkigI ifiuttoa.o
tion threshold were at ranges of 72 and 77 m for the rately estimate tile detection tire~i'uld Au .indi
7.54-cm and 7,62-rm spheres, respectively. However. Pawloski (11989) perfolrmiEd anl experiment to ideterml~iv~
the dolphins performance with the 7.62-cm sphere was the relationship of the detect ion thresihold based onl
affected by reverberation from a b~ot~tom ridge local- the mnximum source vetorgv flux dennity per trial to
ed at a range of /3 mt. A more accurate estimate of the detection tivtshold

Au andi Sntytder (1980) remi-asuirec the max imum Usi fig ani vlrct foni c phantotm target which p1 aved b~ick
detertion ranige fitt a diffferent part of Kaneohte Bay simulate oti ecoes At a ron-taint ampi Ituofe regalvdlvs-s
usming one of t he same diol phi ns (Sven) atod A 1.62-cm of tlie Atop lit uric of the dolphiti' ee fmttvdo signtal.
diam ,phere SvvW% t.strget defect ion periormatires t hey fouind t hat thel tieter I ot thiresholdo, I,.*N_ ,1%
for thle, 2 'J4-tin spitere (Murc~h ison, 1 980) Andtie LE;?q dII I lower t bitt thle do' ecclion threshold o baootl Itt
/ 7-cm sphere (Aui And Snyder. l'980) are plotted itt tive maximum soulrce level Therefore. amn iccto ate

Fig i A-i a ftituuti ot of rAttge. The SO% correct estimate of the dolphito detectilon thrhodsiold -Ian hoe
detectiforn thtreshoolod for the 7.62-rn spohere ocrurter bandbyuigtemaiu ore nlg o
At 113 m. at tot-ti-teraiobl l onger ranige titan the dfens ity antio suttr.et ing, 2 11 dii finm It At. t 10)8(0)
/6.6 mn measutrped by M~irchi son (I 14Nt), Also shows-ri that thle enrgy~ II its d.tosit v is .1pproxi



v .prj r. P.p..~ ,1 u..r S~i.rnrrr v8 doI'I iir'r' oxm Irp inirtti *Iv twon vears a par t

* ~ ~ ~ ~ ~ ~ ~ ~ ~ i .*id ... r i,. jis r,, ch Iirv -i th. I io~p ,1~* If nn v apairi is II I n tio I se" "'.-I Inib !,i (1 .n,;, 1, Farlohe 8nclu.eso tin fl I dil uI tida' n.ij 'iIfrjttn~r~~IA

* in,, ~ ~ o In I. ,ij ýi it. fur nuse in 014. Soi.I Avid PentnerI (1981 1 ""Iti lift 1 4- 11.ij (19I80 usennd It

f~,i I I xed t arge I I ang.. .rid v,inri ed t fit level (it mas~king

Let isnow 110W Cotls i., f ie TI. or transmi ss ion nois st ource' locateCd b,1.1wi-lS ire target and the
irs., tintm in Fiq I The aelatively short ratiges and do Ilph In. Au et aluI (19814) used a fixed target

tihe bt lot durat ion of thi.. evivit led signals Iitidicate range and a fixesd masking tiot se level avid variedl thr

thint lit- trarisami~ssoir los.s willI he caused by spheri-. effective size of the target using an electronic
-i1 spreadi ng plus% absorpt ton The vile-way loss for phaniiom target stn imulator. The results of these

s rnger i-anti' epnen~n at itudil-v dte shiturfli il Pip, ". difplaying pisfrtoesfli~ce
accuracy as a function of the echo energy-to-noise

TI. - 10 Log r #n oir (2) ratio. The 75% correct response threrhold for the
data in Fig. 5 is approximately I dBi. This DT,,

where It, is the absorption loss at the peak frequency compares well with thin 7.5 dBi and 9.8 dli obtained

of the signal. An absorption loss value of 0.44 with the data of Fig 4.

dli/m' will be used-
The target strength of the 2.54-cu and 7.62-cm 100-

spheres used to obtain the performance data shown in0
Fig. 1. were measured by Au and Snyder (1980) using VAT

a simulated dolphin sonar signal. The target i;go- T

strength based on energy was -41.6 dBi for the 2.54- wj

cm sphere and -28.3 dBi for the 7.62-cm sphere. U)z so0
The results shown in Fig. 2 are very specific 

00A 
A

to the ambient noise condition of Kaneohe Bay.

anohe Bay has one of the noisiest "snapping WA 5 PNNE

srmp* population in the world, and at a frequency o. AU IIIPEN ER191 - Hviluae

of 120 kllz. the ambient noise lee Is- approximatel a]. (1905)
54 dBi re 1 4spa

2
/ilZ (Au, 1988a). 60 0TU"tL~fC~finl trm f E. 1 DI AA TURI. at. al. (Ilill) 14 Son

We now consider the fia temo q.1£I
or the receive directivity index. Au and Moore U 0 so-v 01M

(1984) measured the receiving beam patterns ofa
Tursiops at frequencies of 30, 611 and 120 kHi7; the
results for 120 kllz are shown in Fig. 3 (outer

curves). The also calculated the receive directi- -5 0 5 10 15 20

vity index by numierically evaluating the expression 10OLOG IE.IN.](d8)

DI -' lolo4 Fig. S. Target detection performance of Tursiops
ff (0, 4) ;- si nGd 3 truncarus in the presence of masking noise. Tire

,~ solid line is from the energy detector model of

For pea frqueny o 120k~l, DI - 0.2 li.Urkowitz (1967) for 114 - 10 (from Au, 1988b).
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COMPARISON OF SONAR DISCRIMINATION BY AN constanB-1 filter cal fe expressed as

ECIHOLOCATING DOLPHIN AND A COUNTERPROPAGATION 2Q-1

NEURAL NETWORK ' " -- 1 ,

Whitlow W L. AU where tf is the upper irequency and if- is the tower

frequency limit of the filter. Let f1 1 the upper

Naval Ocean Systems Center frequency of the Nth filter and fi - the lower fre-

P.O. Box 997, Kallua, Hawaii 96734, USA quency of the 1st filter of a bank of constant-Q

filters, then from Eq. 1 the relationship between f,,

The capability of an Atlantic bottlenose dol- and fl can be expressed as

phin to discriminate wall thickness differences of o 20.1l (2)

hollow cylinders by echolocation was studied by Au f 20-1

and Pawloski (1992). A standard cylinder of 6.35 cm

wall thickness was compared with cylinders having For a specific Q. three parameters can be varied, fL.

wall thicknesses that differed from the standard by f, and N. A frequency of 150 kHz was used for f. to

± 0.2. ± 0.3, ± 0.4, and ± 0.8 mm. All cylinders coincide with the bottlenose dolphin upper frequency

had an O.D. of 37.85 mm. and a length of 12.7 cm. of hearing (Johnson, 1968). The lowest frequency.

The standard and a comparison target, separated by was chosen so that, fL Ž 62 k•z. For frequencies

an angle of ± It*. were presented simultaneously at a 62 kiz, the energy in an echo was at least 30 dB

range of 8 m and the dolphin was required to indi- down from the peak. For a desired Q, N was chosen

cate the location of the standard target. The stan- so that fl was as close to 62 kHz as possible.

dard target was paired with a different comparison The counterpropagation neural network was

target for ten consecutive trials apiece. The ex- simulated by the Neural Works Profession II Plus

periment was conducted in the free field and in the program from Neural Ware, Inc. The network consist-

presence of broadband masking noise. ed of an input layer of N elements, a normalizing

In this study, a counterpropagation artificial layer of N+1 elements, a Kohonen layer of N elements

neural network was used to examine the broadband and an output layer of two elements. Echoes asso-

echo features from the same cylinders used in the ciated with the standard target were paired with

dolphin experiment. Features of the echoes were echoes from each comparison target. Twenty echoes

determined by passing them through a bank of con- from each target were used for the training set and

stant-4Q filters. Constant-Q filtering was chosen echoes from the remaining thirty echoes were used

because the dolphin's auditory system can be modeled for the test set. The network's capability to dis-

as a bank of constant-Q filters (Johnson, 1969). criminate the standard from each comparison target

The objectives were (1) to determine if a counter- was determined for different values of Q and N.

propagation network could discriminate the target The performance of the network with noisy data

echoes using features from the constant-Q filter was determined by first adding a different burst of

bank. (2) compare the performance of the counter- Cuassian random noise to each target echo. The

propagation network with the that of the dolphin, noisy echo was then passed through the constant-Q

and (3) determine Q-values needed by the network for filter bank. A noise burst was cr3ated by passing

comparable performance as the dolphin, white noise through a cosine taper window having a

Roitblat et al. (1989) used a counterpropaga- half-power width of 264 ps. A width of 264 ps was

tion network to emulate a d6lphin performing a sonar chosen to correspond to the dolphin's integration

discrimination task. The network performance was time of 264 pa determined by Au et al. (1988).

perfect with echoes collected in a teat pool, and

was 97% correct when selective "natural echoes" II. RESULTS AND DISCUSSION

resulting from the dolphin's sonar emissions were The performance of the counterpropagation net-

used. However, the dolphin's task was not diffi- work for the free-field echoes and Q values of 4 and

cult; the animal's average performance was 94.5% 5 are shown in Fig. 1. along with the dolphin's per-

correct. The discrimination task in this study was formance. The value of N was equal to Q-1. The

considerably more difficult with the dolphin's accu- network's performance for a Q of 4 was not as good

racy varying from 960 to 521 correct. Moore at al. as the dolphin for most of the comparison targets.

(1991) used a backpropagation network and consecu- However, for a Q of 5 the network's performance was

tive "natural echoes" to discriminate the same tar- better than the dolphin for most of the comparison

gets used by Roltblat at al. (1989). The backpro-

pagation network achieved performances between 90 PERCENT

and 93% correct. 
CORRECT

0s5 100-I. PROCEDURE 
0.5 -• •

Target echoes were collected with a planar NO

transducer that projected and receiVed the echoes. 024

The transducer was mounted on the dolphin's pen so DOLPHIN 0

that the target measurements would be made in the SO

same environment and under similar conditions as for THINNER THICKER

the dolphin, A simulated dolphin signal with a peak 70-

frequency of 117 kHl was projected and a 16-hit a- ens-
log-to-digital converter operating at I mlt was used 024D

to digitize the echoes, Each echo consisting of

1024 points was stored on computer disk. Five disk

Miles, with 10 consecutive echoes per file or 50

echoes were collected for each target. - -- '

Target features were determined by passing -0. .0.6 .0.4 0 0 0.2 0.4 0.6 0.A

each echo through a hank of N contiguous constant-4C

filters. The features of an echo consisted of the WALLTHICKNESSDIFFERENCE(m•)

energy from each filter normalized to the output or

the filter vith the maximum energy. From the Fig. I. Results of network in diseriminating the

definition of Q, the trequency boundaries of the ith standard and romparlsnn targets.



t t P, t l ieti- rI , r. a con st ont -& I lI ter hatik co n- iic dolphin with mOst of the compari son targets Ubhen
-strlri i . filters Pail, having a Q of 5 produced the 9 w as equal to 8. For a Q of 7, the n etwork was'

tt,*.f' , thit-it Alnwed the i. twijik to perftorm wotrt that, the dolphin for a signal-t#. noise ratio
t-St t4e t f-. the dolphin -I V, d h1 and slightly bet te r than ti.e d..lphin a

Th- dolphin's ctitival bandwidth at 120 kit7. is signal to-noise ratio of 10 d8
.,ppositmately 41 klz (Ati agnd Moore, 1990) Indicatinx, The similarity between the standard and coo-
. () of 2 8 Although the cou.ntrpropagat.on network pat'sur. targets can he expressed by a Euclidean
-ould perform better than the dolphin, the filter distance measure Let E.(I) equal the normalized

bank had to have a higher Q than the dolphin. Fur- energy In the ith filter averaged over all the %tan-
th'rmoare the network hail a relatively simple task dard target echoes in the training set, where I - I
,,t %ontring so -. ho paits In tiles that were already to N let •,(i) be the corresponding energy for a
time-windowe.d sn 'hat only target echoes were pres- comparison target in the test set and j be the index
,nt The dolphitr had a more complex task of echo- of the ith echo in the test set of N echoes The
locet ing the targets, ignoring irrelevant echoes, Euclidean distance d, of the jth comparison echo is
determining the proper time window, remembering echo
.laracteristlcs, as well . .report to the expert- d .(3)

Typical echoes from the s:andard and the com-

parison iArgit having the closest wall thickness to The similarity measure averaged over the N test set
the standard are shown It Fig 2 Small differences echoes is shown In Table 1 for a Q of 5 and no,ntise, and a Q of 8 with a l0-dB signal-to-noise

ratio. The results indicate that the standard tar-
II sta4aotaot t get can ba differentiated from the comparison tar-- lgets provided a good threshold value of d is chosen

o s Ti.ble 1, Euclidean distance measure of similarity
I ______o____,______o•o.•'• ~m-o•

?letaER COVAeANSON TARGE1 jNO Mels
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Fti6 2. Echoes from the standard and the -0.2sms COINCLUSIONS
comparison target. The results suggest that a counterpropagarion

network can discriminate target echoes as well or
in the spectrum for the comparison target (dash better than a dolphin by preprocessing the echoes
line) compared to the standard target can be seen. with a bank of constant-Q filters. However the
The spectrum of the comparison target is shifted filters must have a higher Q than the Q of 2.8 for
slightly toward the left of the spectrum for the the dolphin. A Q of 5 (N - 4) produced results that
standard taiget. . ,ote that echoes from the same enable the network to perform better than the dol-
target may be slightly different as a result of wave phIn in the noise-free condition. A Q of 8 (N - 7)
and wind induced motion on the target and test pen, was needed when the echoes were mixed with white

The performance of the network for the noisy noise. The Euclidean distance measure indicated
echoes Is shown in Fig 3 for signal-to-noise ratios that the standard target echoes could be classifiedof 15 and 10 d4 The network performed better than if the appropriate threshold value is chosen. Nev-

ertheless, use of a neural network is a simple way
.0, too 0to of discriminating targets.K R '00 REPER ENCES
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