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Abstract : Conservation and management are necessary for sustainable use of fisheries re-
sources. For this purpose, acoustic surveys of fisheries resources using scientific echo sound-
ers are conducted worldwide. Although these surveys are powerful methods of estimating
fish stock biomass directly over wide areas, the acoustic survey method has several draw-
backs. One is the lack of a definitive method for classifying fish species using echo data and
another is that iz sitx target strength (TS) measurement methods can only be applied to
resolvable fish at short range or in sparse fish schools. In contrast, dolphins detect, pursue,
and prey on fish using their excellent sonar capability known as “echolocation.” Dolphins
can recognize not only the target size, but also its material and shape. As fish are the main
target of dolphins, this sonar capability is applicable to the improvement of artificial sound-
ers used in acoustic surveys and selective fishing.

The present study was performed to investigate the application of a dolphin’s sonar abili-
ties to echo sounders. In addition, this study focused on the characteristics of broadband fre-
quency and short duration of dolphin sonar sound and measurement of target strength (TS)
spectra of fish using this type of sonar. The broadband frequency characteristics of the TS
spectra of fish are believed to be key factors in target discrimination and behavior observa-
tion.

First, a system for measuring TS spectra was developed and the accuracy of the TS
spectra thus obtained was confirmed using a spectral ratio method based on the ratio of the
amplitude spectrum of the reflected and incident waves. The TS spectra of metal spheres
could be calculated accurately using a theoretical model, and their backscattering was uni-
directional. The frequency characteristics of the scattering of metal spheres agreed closely
with the theoretical calculations in a water tank. Therefore, the system and spectrum ratio
method are capable of measuring TS spectra accurately.

Second, the TS spectra of anesthetized fish from three species, horse mackerel { Trachurus
japonicus), sea bream {(Pagrus major), and chub mackerel (Scomber japonicus), were mea-
sured in a water tank. The variation in TS spectra with respect to the tilt angle of the fish
was also measured for one sea bream. The TS spectra of fish varied considerably among
species, individuals, and tilt angles.

Third, the TS spectra of tethered live fish were measured at sea. As we could not confirm
the relationship of the position between the transducers and the fish in the sea experiment
and because measurements are affected by the directivity functions of transducers, measur-
ing the TS spectra accurately was difficult.
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To compensate for the directivity, the fish were suspended with two metal spheres, and
directivity was compensated using echoes from the metal spheres. The variations in the TS
spectra of the tethered swimming fish (chicken grunt, Parapristipoma trilineatum) were ob-
served continuously. The TS spectra of fish with tilt angle changes are considered useful for
species discrimination.

Furthermore, because of the very short pulse of the dolphin-like sonar, we could obtain
well separated single echoes that would otherwise be multiple echoes for ordinary echo
sounders. The sea experiments suffered from directivity problems. We attempted to develop
a broadband split-beam (BSB) system to compensate for the directivities of transducers.
The split-beam (SB) method can measure the position and direction of the target from the
transducer using the time differences calculated from the echoes. These echoes are received
by the quadrant arrays of the receiving transducer. The SB method using the broadband
signal was first applied. The time difference detection methods were simulated, and we
decided to use the cross-correlation method. Second, we confirmed that the measured direc-
tivity functions at four sample frequencies agreed with the theoretical directivity function
calculated from the positions of the array elements. Third, to confirm the utility of the BSB
system, we measured the frequency characteristics of metal spheres at sea. By applying a
directivity correction to the measurements, good agreement was obtained between theory
and measurement. Finally, we measured consecutive in situ TS spectra of fish at sea using
the BSB system with high range resolution.

Next, to determine the advantages of the dolphin sonar signals, we examined the sonar
signals of dolphins and artificial tone burst waves of the same duration as dolphin-like sonar
signals. In the experiment performed at sea, echoes from metal spheres measured using dif-
ferent signals (i.e., the dolphin-like sonar signals and short tone burst waves) were cross-
correlated with each incident waveform as a reference or replica.

The signal-to-noise ratios (SNRs) were then compared with those of the original data. The
SNRs improved by more than 10 dB for all sonar signals. The SNRs were compared after
cross-correlation, and the results indicated that the dolphin-like sonar signals improved the
SNR by 9 dB (at maximum) over the tone burst wave. Although broadband signals are sus-
ceptible to noise, the dolphin sonar signals have greater potential than the other types.

The findings of the present study will contribute to the development of a system and
method of accurately measuring broadband TS spectra of targets with high range resolu-
tion. The variations in iz sitx fish TS spectra originating from movement and changes in tilt
angle of the target may represent information that will allow species discrimination as well
as estimation of size and behavior. We can measure accurate TS spectra of the target using
dolphin-like sonar signals with short duration and broadband frequency characteristics. This
will help resolve the problems associated with acoustic surveys and contribute to the man-
agement of fisheries resources.

Keywords : Sonar of dolphin, broadband sonar signal, target strength of fish, target
strength spectrum
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Fig. 1-1. A bottlenose dolphin leaps out of the water
while training. It is wearing an acoustic tracking
device (pinger) on its fin.
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Chapter 2

Sonar of dolphins and fisheries acoustics
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Chapter 3
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Development of broadband split beam method
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Chapter 6
Measurement of TS spectra using dolphin sonar

signal with broad band split beam method
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Chapter 7
Proposal for application of dolphin's sonar

ability to echo sounder

Fig. 1-2. Flow chart of this study.
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Fig. 2-1. Principle of the pulse echo method. A sound wave is transmitted by a transducer (a),
only a small portion of the sound wave is reflected from a fish school (b), the reflected wave is

received by the transducer.
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Fig. 2-2. Formation of the single fish echo.
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Fig. 2-3. Principles of the dual beam method (a) and the split beam method (b).
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Fig. 2-4. Schematic diagram of fish species identification by using acoustic methods.
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Fig. 2-5. Wave forms and amplitude spectra of dolphin's click. The left side figures are classified as the
bottlenose dolphin type and the right side the porpoise type. “SL” shows click source level at 1 m.
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Table 3-1. Physical parameters used to calculate the form function of metal

spheres.
Copper Tungsten carbide  Rigid
Longitudinal wave speed ¢; [m/s] 4785 6867 16867
Shear wave speed ¢, [m/s] 2288.5 4161.2 14161.2
Density of metal p; [kg/rn3] 8947 14900 1100000
Poisson ratio o 0.3497 0.2095 0.2095
Density of seawater p=1000 kg/m3 , sound speed in seawater ¢ = 1500 m/s
3 T LA S S L B On T T T T L i
— Tungsten carbide
2.5~ — Rigid v
— Copper m !
s [ i}
,g 2
)
=)
= 1.5
E | )
S 1 § #J%
=L
0.5
0 ;
0 5 10 15

Fig. 3-1. The form functions of metal spheres. The x axis shows the
product of wavelength and sphere radius, the y axis shows value of
the form function.
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Fig. 3-2. The schematic diagram of simulation of the form function. “FT” stands for
Fourier transform and “IFT” stands for inverse Fourier transform.
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Table 4-1. The fork length and body breadth of fish used in the experiment.
The averages value and standard deviations, were calculated for each species.

Fork Body Avg. fork Avg. body
Species Sample length breadth length breadth
name no. [mm] [mm] [mm] (SD)  [mm] (SD)
1 220 31
2 203 28
3 197 27
4 208 30
Horse 5 225 30 207.6 28.8
mackerel 6 196 27 (3.0) 0.9)
7 207 28
8 204 29
9 201 29
10 215 29
1 300 46
2 305 48
Sea 5 985 43 296.2 454
bream 4.7 0.9
4 285 44
5 306 46
1 252 41
2 254 43
Chub 3 250 38 260 4409
mackerel (5.1) o
4 276 45
5 248 40
A i Horse
o e Surface {?l mackerel
Dorsal
Side ----------------
'N . ‘A;
Transducers ’I‘ungé%en
carbide
sphere
Chub
s S SR eSS e R S AR R v S s
< mackerel
< r
~N
5m

Fig. 4-1. Measurement system of fish TS spectra in tank (left side). Three 3 species of fish
are used in the experiment; horse mackerel, sea bream, and chub mackerel (right side).
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Fig. 4-2. The definition of fish orientation. The sound wave is perpendicular to the body axis of
the fish (b), with minus degrees for the fish tail-on (a), and plus degrees for the fish head-on (c).
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Fig. 4-3. Measured TS spectra in 100 pings (50 s) of horse mackerel (H-1 to H-10), sea bream
(S-1 to S-5), and chub mackerel (C-1 to C-5). The x axis shows ping number, the y axis shows
frequency, and the color shows TS value.
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Fig. 4-4. Measured TS spectra of horse mackerel (H-1 to H-10), sea bream (S-1 to S-5), and chub
mackerel (C-1 to C-5). The x axis shows frequency, the y axis shows TS value.
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Fig. 4-5. Normalized TS at 70 kHz and 100 kHz for three species
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average TS.

Tilt angle [dgree]
7090 60 -30 0 +30  +60 490
2 80
> i
Q .
= e
%) p—
: 9
90
=

110
TS [dB] ] ’
-50 -46 -42 -38 -34 -30
Fig. 4-6. Variation of TS spectra in 100 pings of a sea bream by changing tilt angle

from +90 deg (right) to -90 deg (left). The x axis shows the tilt angle of the fish (sea
bream), the y axis shows frequency, and the color shows TS value.
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Fig. 4-7. Variation in TS spectra of a sea bream by changing the tilt angle from +30°
(top) to -30° (bottom). For comparison purpose, —40 dB grid lines are shown. The TS
values at 100 kHz shown by solid lines are used for Fig. 4-8.
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Fig. 4-8. Comparison of the dependence of TS on the tilt angle for sea bream
of similar size at 100 kHz. Lines are from Miyanohana et a/ (1990). and the
black circles denote the measured TS from this study.
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Fig. 4-9. Variation in TS spectra measured by the standard deviation
for different individuals and tilt angles. The standard deviation for the
tilt angle is calculated in 10° steps from +30° to =30 °.
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Fig. 4-10. Absorption of sea water calculated by Francois and Garrison equation.
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Fig. 4-11. Schematic diagrams of measurement set up of tethered fish at sea.
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Fig. 4-12. The echogram of the targets using bottlenose dolphin
sonar signal. The x axis shows ping number (50 s), y axis shows
depth, and color shows intensity of the target.
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Fig. 4-13. Normalized TS of the suspended horse mackerel (fork length =14.6cm)
using 3 sonar signals at sea. The dotted line shows —66 dB.
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Fig. 4-14. Setup for TS spectra measurement of tethered swimming fish
at sea. “P,,” and “P,/ show the amplitude spectra of sphere and fish, “I",;"
and “I"," show scattering amplitude of sphere and fish, respectively.

Table 4.2. Maximum, average, and normalized TS for three species of fish at 70 and

100 kHz.

Sample Horse mackerel Chicken grunt  Chicken grunt

Fork length [cm] 17.5 14.5 152

70 kHz Max. TS [dB] -35.4 -34.3 -30.9

Avg. TS [dB] -50.9 -45.9 -52.8

TSem [dB] -75.8 -69.2 -76.4

100 kHz Max. TS [dB] -36.4 -35.2 -35.5

Avg. TS [dB] -52.3 -46.9 -52.1

TScm [dB] -77.2 -70.2 -75.7
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Fig. 4-15. The echogram showing two TC spheres and grunt fish.
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Fig. 4-16. The TS spectrum of chicken grunt are compensated by TC sphere.
The x axis shows ping (100 s), the y axis shows frequency, and color shows TS
value.
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Fig. 4-17. The TS spectrum of chicken grunt compensated by the scattering amplitude of TC sphere in 180
ping to 205 ping (at doted line Fig. 4-15). The echogram is (a), TS spectrum is (b).
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Fig. 4-18. The echogram showing iz sitx fish (in 10 s).
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Fig. 4-19. The echo strength of iz situ fish. The x axis shows ping number, the y
axis shows depth, the z axis shows frequency and color shows echo strength value.
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Fig. 4-20. Comparison of the echogram measured by the echo sounder (a), by using our measurement
system (b).
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Fig. 5-2. Schematic diagram of broadband split beam (BSB) experimental
set up. Reflected wave is received each split arrays of BSB receive

transducer.
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Fig. 5-3. Photograph of the split beam receive transducer (a), transducer installation in
tank experiment (b), and at sea experiment (c). The receive transducer is separated in
four quadrant array channels. Direction signals are composed by adding two quadrant
signals, for example fore direction signal is made by CH1 and CH2 signals.
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Fig. 5-4. Comparison of the directivities by theory using array element
positions, by measurement, and by circular piston model with equivalent radius
of 5.3 cm. The dotted line shows — 3 dB level.
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Fig. 5-5. Schematic diagram of measurement of the transmit transducer
directivity. Electrically controlled transducer base can be moved up, down,
right, and left, and rotated accurately.
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Fig. 5-6. Comparison of the measured directivities (squares) with theory

(lines) at four frequencies.
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Fig. 5-7. Angle deviations by the separation distance 7, between transmit and
receive transducers. The black line is for the case of tank experiment, the blue
line for sea experiment, and the red line for the smallest separation determined
by the transducer diameters. The dotted line shows 1 degree.
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Fig. 5-8. Flowchart to measure form function or TS spectrum by broadband
split~beam method compensating for the directivity function of transducers.
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Fig. 6-1. Relationship between the transducers and TC sphere positions. TC sphere was
moved by 10 cm step.

0.1/ ‘ '
(a) — fore
ot
0
=
S
% 0 | i N §
g 5.4 5.5 5.6 5.7 “é
? 0.1 z 1
< (b) — starboard =
‘ — port S [V /TN
O 0‘:
l , ‘ _::1::,‘J\i
0'%.4 5.5 5.6 5.7 }7 S5 3 1 1 3
Time [ps] Tine [ps]

Fig. 6-2. Direction signals (left) and their cross correlation functions (right). The x axis
(fore - aft) direction signals (a), the y axis (starboard - port) signals (b), the result of cross
correlation processing for x axis direction signals (c), and for y axis direction signals (d).

95



Tomohito IMAIZUMI

96

G~ OV OO0 < o
® ® 4« B 4 O ¢ '
" e
4 | i | H | i | 4 | H —)
(O S SN SO U O O O O O -
P4 v 4 4 @ ¥ 4 ow & i =
ERRERERER Al LR b Rt
b s i SRR
. HK > X
. N P
A . A TP/ RSN b2
R ™ e or oz |7
] TR ——— 'r..-u..rcl‘uuu‘..:ur Anmd e mmb -« Tpupp——
o €@ T B0 0 ! |y
T AECEEETE TEE  REP SEE PEPT I EPR PR REPRE Pl
MR-l L N
A T A N A AR I ).
e T a4 °© & % &
s o 2 S B

(310J-)Je) SIXE X

y axis (port-starboard)

Fig. 6-3. Measured TC sphere positions by BSB method using bottlenose
dolphin sonar signal. Red solid line shows the beam spread of receive

transducer which is calculated by using two times the -3 dB beam width

120 kHz and red dotted line shows that of transmit transducer.

<

[o\}
[w] ydaq

0 400 300 200 100

50

600

700

25"

Ping

Fig. 6-4. Echogram of a tethered semi in situ fish and a tungsten carbide sphere at
sea experiment using bottlenose dolphin sonar signal. X axis shows pings (375 s)

and y axis shows depth of the targets.



Application of dolphin’s sonar abilities to echo sounders 97

ZHIZ5. 4. 28ITEZ T VA L HBEENEILT
7O THLIE IO,

MOV —F—FEFHCTLEZHALERZEOR
T2 DFD ANIOL ) RIEFEHOFTREHCTD,
HEMAHBLEZ W CRHEZRECENDL, R0
BB AR ENTETH S,

6.3 #ELEICHTD TCHOBRBEHDOATE

6. 28T, TCHOMEALHBEICWETELI L
Rl L2L, EHREETHE-0C, RiERLS
WERERUMEICRETE L2V LI X 2AERRD
K&, BEREEZMHE LT, SRoRIREEZ N
ETAHIEDPL T Dol FIT, KEITIE,
LEFCOHBETRE N, AERRBEZNS(TES
T, TC ROk OFHFERE 1T - 72,
FEBE, 2007FE10 IR GEEMN T, EEE 0L &Y ]
VT, 4. 58BN LT, TCEE, 77
ATHRIELZEARIREORD TS A7 MLz filE
U720 FV7- 323 SR B, ISR & 2RO
D EEEEA24.0 cm D b @ (Fig. 5-3 (¢) ) T
%o Fig. 6-412, N FIA VIOV —F—F%EHn
THRbLNT:, TCEREEHRREOHOKFKZRT
II—F 5 AL%RY, b7 A S MHEz,
FHHEOREBEMZ0. CEBREIT- 20 12.5 m 1
W TCEHP OO EDD 5. BOFERITOWTITR
HiTkR 5,
BSBEZHWT, T TCEOMEMZIHEEL,
TR E 2 ML L, TCEROBIRMEZMNET 5,
OLE WNRERITOHENSZmUETHE I LN
LAEMBIEINES C, HPESR L ZHEEOR MR A
LEL kAR LTY, KERBRECLLRV, T,
WARTH B0, 4. 4HFEERIC, WAROBIREE
DHIEDITH o

Fig. 652 BSBEZ W Tl H L7 TC 5o
B, ¢k, NVATI—FEFTHE LA TCE
FCTOHHE OBBZELERT, ROBESLEIRD
BEEZTTBY, VEMA, HEESEZL TS,
BohfuEfmoobc HHATLIRERERTH
5120 kHz DY — AIED 2 f5TH 56.9°LLTOMED &
EOWIREEE KDz, MEA 0081, 2.0, 4.0,
6.0°L, DO DIZ76°M & EITHE L TIRBIE
(Fg o 72 m B IER R Y) % Fig. 6-6/8 3,
F72, BSBgre Az a—ErHwTELNA TC
HROMEZFRIORT, 7, ZWY—2TdED
WRTH D 05081°08; (Fig. 6-6 (a)) &, J8MHE
FMAEMIET SHE, WIEL-% OBRBEE) <k&
REDT V. U, WE SN TCHROMEI L —

AFMAEZERLTH D, Lnl, EMINKEL
%520, BB X 230 E»TIRBE SN
BhTwnid, 2%, RnEEKEHIETSZ LT,
TR OMERE & EZMER L &L TBY, &%
DIEFIR TORFEFEZWETETH 5, —FTON
76°DE (Fig. 6-6 (e)) &, IRBIEOHERHE & M
BEO—FEBEL v, 0F Y, #HTZEREEERD
120kH O ¥ — AEO 2 f 04 TR HE IS &R o
B Z B SN,

VL EARE T, TCEHROBIKBEEE, BSBEZHW
TIRMEEEEWIE L TRz, Zi Y —20FHE
12 Th, HHATAIRERERO Y - AR 2 5L
WTHE, SROBEIFE, 2FDIE TS AT b
W RSB RECTH B 2 E DNFEIHTE 12,

6.4 BDTS ANYT MMVOEITE

AT, RANTIREMEA R v TC BRd 5 O Rk I
LT, BSBE s HWCTHRAEMEHETMEL, Y-
A FEfHEC TC IR BHEICHlETE . T4
b, FHEE—AFMIZRVERD TS AT bLd
IR, RMEICHETTRETH %o AHITIE, TCEk
THEPD 5N BSBEZHWT, O TS ARS b
NWERET B

F9°, TCEREFRHICME L, EHRREOAD
TS AR P IVERET B, KIZ, TOEBRPICES
NERREBOALSORFEICH LTH, Bk
BEMIEL, TSARZ PV EEICRD L, 2B,
AT 24T o2F— %, 6.38TRLIZNY
FIANAIDY —F—FEHWLTF—%Thb,

6.4.1 EBRIREBOAED TS AXYT MLOBIE
Fig. 4~14i5R L= & 51, TCEH® 1m Fio, il
T 7 AR BEARD L EFEHIRIC30 cm ©F 7 X &5
O, TR ETIHRE A EDTZ, 0L &AW
T2, BXEDIRLL cm © A P F (Girella punctata)
THbo

Fig. 6-71Z BSB #:% W T L7z, T OHEEKIR
BOBOMERO, ¢ L/ VATa—FEEFwTHHE
L7 E TOERE » ORHZEALZ RS, RRICHTIL
7z Fig. 6-50 TC Bk i M L L x5 &, 0-200
YoMz ETMERG, ¢DEBFKREV, Th
L%, F/RAECIEAPRE-2NERESENTS
D, MEAPELOTHE, T2, BT TOHE
HEOBELERA L, AT cn AHXHNTBY, =
BRI A F 7 A0ES LIZIZE LV,
BoNEHRREOADEEIZBNT, Mk
N7 EMAH6.9° LT (120 kHz ICBIT5 - 3dB ¥



98 Tomohito IMAIZUMI

400
Ping
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number, respectively. The x axis shows ping number (325 s)
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Fig. 6-6. The measured form function of TC sphere and sphere position using bottlenose dolphin sonar signal.
Left side shows processes to calculate form function: amplitude spectrum of incident wave and reflected wave
(first and second line), form function without directivity correction (third line) and final form function (forth
line). In the form function figures, red line shows theoretical value and blue line shows measured data by the
spectrum ratio method. Right side shows detected sphere position; red solid line shows the beam spread of
receive transducer which is calculated by using two times the -3 dB beam width at 120 kHz, and red dotted
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Fig. 6-8. The measured TS spectra of semi-in situ fish and fish position using
bottlenose dolphin sonar signal. Left side shows processes to calculate TS
spectra: amplitude spectrum of incident wave and reflected wave (top and
middle), and TS spectra (lower). Right side shows detected the fish position;
red solid line shows the beam spread of receive transducer which is calculated
by using two times the -3 dB beam width at 120 kHz, and red dotted line shows
that of transmit transducer. The measurements result of 409" ping (a), and 426"
ping (b), respectively.
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Fig. 7-2. The result of cross correlation processing. The reflected wave from
the tungsten carbide sphere (top), the incident wave form as replica (center),
the result of correlation function by cross correlation processing.
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Fig. 7-3. Comparison of averaging signal per noise ratio between original reflected
wave from TC sphere and cross correlation processing.
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