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RESEARCH ARTICLE

Evaluation of the Ability to Infer Tilt Angle and Size
Distributions of Fish Using a Broadband Scientific
Echosounder Based on Simulation

Jing Liu

Zhejiang Ocean University, No.1, Haida South Road, Lincheng Street, Dinghai District, Zhoushan City, Zhejiang Province, 316022, China

Abstract

The biological information, such as species, size, and tilt angle, is crucial for converting the echo data into biomass
information in acoustic surveys. Typically, the information can be obtained through trawl net sampling or underwater
camera observations. However, both methods have some limitations. To overcome these limitations, scientists have uti-
lized inversion methods with multi-frequency and broadband echosounders to derive biological information about fish,
plankton, and krill. However, evaluating the reliability and accuracy of these inversion methods has been challenging due
to the difficulty in obtaining accurate biological information. In this study, a numerical simulation method was used to
generate fish school echoes with custom biological parameters, which were then used to infer biological information. The
results showed that a reasonable distribution of fish tilt angles could be obtained through inversion using the mean target
strength (TS) spectra. However, the cost function did not converge when the mean relative frequency response of volume
backscattering (Sv) spectra was used. Furthermore, the error in inferring fish size using the mean TS spectra (assuming a
broadband echosounder) was lower (5.7%) compared to the utilization of the mean TS at 120 kHz (assuming a traditional
narrowband echosounder) with a higher error rate of 8.6%. This study particularly highlights the advantages of using
broadband echosounders and the measured mean TS spectra for inferring biological information.

Keywords: Inversion, Target strength, Volume backscattering strength, Spectra

1. Introduction

E chosounders can transmit pulses of sound
underwater and then receive the echoes that

are reflected or scattered from underwater targets
such as fish, plankton, and the seafloor. These
echoes are used to gather information about the
distribution of objects underwater [1]. As the focus
on sustainable marine fishery resources grows,
there is an increasing urgency to survey and assess
fish stocks. Acoustic methods, including the use of
echosounders, are being increasingly used in this
field [2e6]. These fish stock surveys, conducted
using scientific echosounders, are known as acoustic
surveys. Acoustic surveys have several advantages
compared to traditional methods such as using trawl

nets and mathematical models based on catch data.
Firstly, acoustic surveys provide high spatial and
temporal resolution information, which allows for
real-time acquisition of biological information in
different layers of water. Secondly, they can quickly
sample a large volume of water, making them
highly efficient [7]. Lastly, acoustic surveys are non-
invasive and do not harm the organisms being
surveyed [1,8,9].
The echo integrationmethod is used to calculate the

cumulative backscattering cross section of underwa-
ter scatters observed by a scientific echosounder. The
fish abundance can then be estimated by assuming
that the echo energy received by an echosounder is
proportional to the number of fish that are being
insonified [1,10,11]. In acoustic surveys, multiple
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species of underwater organisms are often present,
making it necessary to assign the echo integration
value proportionally to each organism. Therefore,
information on the species composition of the or-
ganisms is required. Additionally, when converting
the echo integration values to abundance, the mean
target strength (TS) is used. The biomass can be
calculated from the echo integration values by
dividing them by the mean TS in linear form [10],
further highlighting the mean TS as a crucial
parameter in acoustic survey. The TS of fish is influ-
enced by factors such as the species of the organism,
anatomical characteristics (especially the presence or
absence of swim bladder), body length, and tilt angle.
Thus, biological information is essential for deciding
the mean TS for fish [12]. Generally, the mean TS of
fish can be determined using three methods. Firstly,
there is in situ measurement, which is conducted in
field water, and the targets can swim freely, however,
the size distribution is unclear. Secondly, for ex situ
measurement, the specimens are generally held in
net cages or tethered by fishing line, then the TS
values at different sizes and tilt angles are measured
and finally the mean TS value was obtained
combining the size and tilt angle distributions infor-
mation. Thirdly, in theoretical modeling methods,
similarly to the ex situ method, the TS values of the
target at different sizes and tilt angles are calculated
and averaged to obtain themean TS.However, for the
ex situ and theoretical modeling methods, the tilt
angle distribution of the target is unclear. These de-
scriptions highlight the crucial role of biological in-
formation like species composition, size, and tilt angle
distributions in determining the mean TS of fish.
Various methods such as trawl sampling or un-

derwater cameras have been frequently used to
obtain biological information [13e16]. However,
these methods have limitations. For example, trawl
sampling will cause avoidance behavior of organ-
isms, leading to biased sampling results, and it is
also displays selectivity in its captures; The obser-
vation range of the underwater camera is affected by
the turbidity of the water, and the effective obser-
vation distance is usually relatively short. To over-
come these difficulties, the ideal solution will be to
directly analyze the acoustic echoes to infer biolog-
ical information without relying on additional
equipment like trawls and cameras. In recent years,
there have been many studies focusing on obtaining
biological information from these echoes.
If the animal echoes characteristics such as TS or

volume backscattering strength (Sv) at different fre-
quencies exhibit dependencies on species, size, and
tilt angle, it might be feasible to deduce biological
details such as species, size, and tilt angle information

from the echoes [1,17]. This will improve the accuracy
of the mean TS measurement of fish. In previous
studies, inversionmethods based onmulti-frequency
technology have been frequently utilized to estimate
the size distribution, tilt angle distribution, and den-
sity of organisms [18e23]. Additionally, attempts
have beenmade to apply inversionmethods based on
broadband echosounder echo data to extract biolog-
ical information [17,24,25]. Inversion methods based
on broadband echosounders are believed to offer
higher accuracy compared to traditional methods
relying on narrowband echosounders. This occurs
because broadband echosounders transmit pulses
with continuous spectral information and enhance
range resolution through pulse compression pro-
cessing. This significantly boosts the information
content in the echoes [26e28].
While the inversion method has many advantages,

its accuracy is influenced bymany factors such as how
well the scattering model aligns with the biological
scattering characteristics, the chosen inversion algo-
rithm, the acoustic frequencies used. Additionally,
accurate biological sampling using methods like
trawls or underwater cameras can be challenging,
making it difficult to assess the accuracy of the
inversion methods employed. To address the above
issues, it is optional to evaluate the accuracy of the
inversionmethod with numerical simulations. This is
because by using numerical simulation, arbitrary
echoes with specific parameters (e.g., transducer
settings, size distribution and tilt angle distribution)
can be generated accurately according to the demand,
thereby reduces the number of ambiguous parame-
ters among the inversion algorithms. While studies
have explored the utilization of multi-frequency
acoustic data in inversion methods via numerical
simulations (Chu et al., 2016a), no research has
specifically assessed the accuracy of biological infor-
mation inversion methods using broadband
echosounder through numerical simulations.
This study aimed to investigate the ability of

inferring fish size and tilt angle information from
broadband echosounder echoes. Echoes from a
large fish school were simulated, and the mean Sv
and TS spectra were measured and used for the
inversions of fish size and tilt angle distributions.

2. Materials and methods

2.1. Simulation of large fish school echoes

To simulate the echoes from a large school of fish,
the following approach was employed. Initially, a
broadband echosounder system was simulated,
providing the necessary foundation for subsequent
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calculations. Subsequently, the echoes from indi-
vidual fish within the school were computed and
simulated. Finally, the echoes from the entire school
were generated by summing up all the individual
echoes. Throughout this study, all the calculations
and simulations were performed using Matlab
(R2021b).

2.1.1. Single fish echo simulation
The broadband echosounder system and indi-

vidual fish echoes were simulated based on the
research conducted by Amakasu (2014). In this
study, a commercial broadband echosounder EK80
(Kongsberg Maritime, Horten, Norway) with a split-
beam broadband transducer (ES120-7C) was simu-
lated. A circular piston transducer with radius of
5.642 was simulated to transmit the sound pulse and
receive the echoes. Linear frequency modulated
signal, ptðtÞ (frequency swept range from 90 to
170 kHz), with fast ramping and pulse duration of
2.048 ms was simulated, and the sampling rate was
set at 500 kHz to avoid aliasing.
The ptðtÞ propagated to the target (fish) was

referred to as incident pressure waveform, piðtÞ. The
piðtÞ is under the influence of the beam pattern of
the transducer, Dðf Þ, and the transmission loss, Lðf Þ
[29,30]. For computational purposes, the frequency-
domain forms of Dðf Þ and Lðf Þ were processed by
the inverse Fourier transform. This allowed the
transformation of these frequency-domain forms
into their corresponding time-domain expressions,
denoted as dðtÞ and lðtÞ [31].

D
�
f
�¼2J1ðka sin qÞ

ka sin q
ð1Þ

where f is the acoustic frequency, J1 is the first kind
of Bessel function with order 1, k is the wave num-
ber, a is the radius of the circular piston source, and
q is the off-axis angle of a target from the beam axis.

L
�
f
�¼ r�1eikr10�0:05aðfÞr ð2Þ

where i is the imaginary unit, r is the range from
transducer to targets, and a is the absorption
coefficient.

piðtÞ¼
�
ptðtÞ*dðtÞ

�
*lðtÞ ð3Þ

where “*” is the convolution.
piðtÞ interacts with the target and produces a

scattered pulse psðtÞ. psðtÞ is the result of convolution
between piðtÞ and the backscattering impulse
response fbsðtÞ of a target. fbsðtÞ is obtained by per-
forming an inverse Fourier transform on the back-
scattering amplitude Fbsðf Þ of a target. The Fbsðf Þ of

the target (in this case, a fish) was calculated based
on the modal-series-based prolate spheroid model
(PSM) [32], one of the simplest and most exact
models for a swimbladder [33]. The PSM was
hereby adoped because the scattering ability of fish
with swimbladders to sound mainly comes from the
swimbladder [34].
Ultimately, under the influence of the beam

pattern of the transducer and the transmission loss,
the piðtÞ propagated and was received by the
transducer. The received echo, prðtÞ, could be
expressed as:

prðtÞ¼
�
psðtÞ*lðtÞ

�
*dðtÞ ð4Þ

2.1.2. School echo generation
A large fish school (7 m in height, 10 m in length,

and 10 m in width) with a density (n) of 8 ind/m3 and
a volume much larger than that of the transducer
beam was simulated as shown in Fig. 1. Each indi-
vidual fish's position (x, y, z) within the school was
randomly generated, assuming a random and uni-
form distribution. The transducer's coordinates
were set at (0, 0, 0). All the individual fish in the
school were assumed to have swimbladders, and the
body length and tilt angle of the targets were
assumed to follow truncated normal distributions.
Additionally, the normal distribution in this study
was defined by mean and standard deviation,
N(mean, standard deviation). The distribution of
body length was set to N(7 cm, 2 cm), with the
maximum and minimum body lengths set at 11 and
3 cm respectively. The distribution of tilt angle was
set to N(5 �, 10 �), with the maximum and minimum
tilt angle range set at 35 and -25�. In this study, the
tilt angle of the fish with its head up was considered
positive, and the tilt angle with its head down was
considered negative.
For the sake of convenience in implementing the

model, the fish school was assumed swam along the
x-axis, this means the body axis of each single fish
was parallel to the x-z plane, as shown in Fig. 2. The
off-axis angle in Equation (1) was calculated using
the coordinate of the transducer (0, 0, 0) and the
coordinate of the single target (x, y, z). The angle
between the swimbladder axis and the pulse inci-
dent direction (qi in Fig. 2) was a key parameter in
PSM, which could be calculated using vectors a!
(�cos qt; 0, � sin qt) and b

!
(-x, -y, -z) in Fig. 2. The

unit vector of a! was derived from the tilt angle (qt)

of the single target, while the unit vector of b
!

was
derived from the coordinates of the transducer (0, 0,
0) and the coordinate of the single target (x, y, z).
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To simulate each ping of echo data, the position
coordinates, length, and tilt angle of each single
target in the school were firstly simulated. The echo
of each single target was simulated according to the
method described above. Then, the echo of the
entire school was obtained by coherently summing
all the single target echoes [31,35]. Finally, the raw
data of the simulated school echo was cross corre-
lating with the transmit signal (used as replica
signal) and the pulse-compressed echo of the school
was obtained [27,35]. A total of 10 pings of the pulse-

compressed school echoes were simulated in this
study.

2.1.3. Volume backscattering strength and target
strength spectra measurement
To ensure accurate Sv spectra measurement

[hereinafter, the measured Sv spectra was noteed as
Svðf Þ], the calculations of Svðf Þ were performed
iteratively and then averaged. The sampling win-
dow for the Svðf Þ calculations started at 5 m from the
transducer surface and had a range of 1 m. The
starting position of the sampling window was
moved down by 0.1 m for each subsequent calcu-
lation, resulting in a total of 40 sampling windows
between 5 and 10 m. The Svðf Þ were averaged over a
total of 10 pings, resulting in a final mean Sv spec-
trum Svðf Þ derived from 400 calculations.
The pulse-compressed echo data from each sam-

pling window were extracted and adopted for Svðf Þ
calculation. The Svðf Þ could be calculated by the
following Equation [27,36]:

Sv
�
f
�¼20 log10

 ��CPr
�
f
�����CPt

�
f
���
!
þ20 log10 rþ 2ar

� 10 log10ðwÞ�j
�
f
� ð5Þ

where CPrðf Þ is the fast Fourier transform of pulse-
compressed fish school echo data within each
sampling window, CPtðf Þ is the fast Fourier

Fig. 1. Simulation of a large fish school (7 m in height, 10 m in length, and 10 m in width), with each black dot representing the location of each single
fish.

Fig. 2. Diagram of the coordinate system with the transducer as the
origin position and the relative position to a single fish.
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transform of the pulse-compressed replica signal, r
is the range from the transducer surface to the
center of sampling window, w is the distance of the
sampling window (1 m in this study), and jðf Þ is the
equivalent beam angle, calculated as 5.78/(ka)2, with
k representing the wave number and a is the radius
of the transducer [37].
Since the density of the fish school is known, ac-

cording to the relationship between Sv and TS [1]:
Sv ¼ nTs, it should be noted that the Sv and Ts are
the linear formats of Sv and TS, the mean measured
TS spectra [hereinafter, the measured TS spectra
was noted as TSðf Þ] could hereby be derived from
the mean Sv spectra as follows:

TS
�
f
�¼Sv

�
f
� � 10 log10 n ð6Þ

2.2. Inference of orientation angle distribution

Given that the difference of mean Sv among fre-
quencies could be used to infer biological informa-
tion acoustically [38], the relative frequency
response, D Svðf Þ, of the school was hereby
normalized by the Sv value at 120 kHz, which was
described as D Svðf Þ ¼ Svðf Þ � Svð120 kHzÞ [38].
Then,D Svðf Þ was selected for inferring the tilt angle
distribution of the fish in the simulated school.
The mean predicted TS spectra from PSM at a

series of different tilt angle distributions were also
calculated and used for the tilt angle distribution
inversions by comparing with the D Svðf Þ [herein-
after, the predicted mean TS spectra obtained
directly from PSM were note as TSpðf Þ, averaged
over the tilt angle and body length distributions]
[32,39,40]. Specifically, the mean of tilt angle distri-
bution was set from 0 to 30� in 1-degree increments,
and the standard deviation of tilt angle distribution
was set from 1 to 30� in 1-degree increments. The
distribution of body lengths was assumed to be
known through biological sampling. Therefore, the
same mean and standard deviation of the body
length distribution in the fish school echo simula-
tion were used. The normalized TS spectra obtained
from the prediction were expressed as D TSpðf Þ ¼
TSpðf Þ� TSpð120 kHzÞ.
According to Equation (6), the shape of normal-

ized TS spectra should ideally be the same as that of
the normalized Sv spectra [41]. Consequently, the
mean absolute error (3) between D Svðf Þ and D
TSpðf Þ was calculated for each pair of mean and
standard deviation of tilt angle distributions and
employed as a cost function to infer the optimal tilt
angle distribution of the fish in the simulated school

[42]. The pair of mean and standard deviation that
resulted in the minimum 3 were considered the
optimal solutions obtained through the inversion
algorithm. The 3 is described as follows:

3¼ 1
m

Xm
i¼1

��DSv
�
fi
��DTSp

�
fi
��� ð7Þ

where DSvðfiÞ and DTSpðfiÞ are the normalized
spectra of Svðf Þ and TSpðf Þ at the ith frequency, and
m is the total number of frequencies.
Since the range resolution of broadband

echosounder is higher than traditional narrowband
echosounder, it is hopeful to obtain enough single
target echoes during acoustic survey. And it is also
possible to infer the tilt angle distribution with the TS
spectra instead of the normalized TS spectra. There-
fore, the tilt angle distribution inversion using the
TSðf Þ and TSpðf Þ was also performed and investi-
gated. Similarly, the mean absolute error (3) between
TSðfiÞ and TSpðfiÞwas calculated for each pair ofmean
and standard deviation of tilt angle distributions and
used as a cost function to infer the optimal tilt angle
distribution of the fish in the simulated school [42].
Thepair ofmean and standard deviation that resulted
in the minimum 3 were considered the optimal so-
lutions obtained through the inversion algorithm.
The 3 is described as follows:

3¼ 1
m

Xm
i¼1

��TS�fi� � TSp
�
fi
� �� ð8Þ

where TSðfiÞ and TSpðfiÞ are the mean measured TS
and the mean predicted TS at the ith frequency, and
m is the total number of frequencies.

2.3. Inference of fish size distribution

Assume the tilt angle distribution of the fish in the
simulated school is known, then the body length
distribution of the fish could be inferred from the
TSðf Þ and the TSpðf Þ. Hence, to maintain consistency
with the real values in the simulation, the mean and
standard deviation of the tilt angle distribution used
in the inversion were set at 5 and 10� respectively.
The mean body length was set from 4 to 10 cm in
0.1-cm increments for inversion. For each mean
body length, the predicted TS spectra under the
above-mentioned tilt angle distributions were
calculated with PSM and averaged to get the TSpðf Þ.
To investigate the difference in accuracy of body

length inversion between narrowband and broad-
band echosounders, two inversion methods were
employed. For the first method, the measured TS at
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a single-specific frequency (120 kHz) was compared
with the predicted TS (120 kHz) during the inver-
sion, and the corresponding mean absolute error 3s
was used as cost function:

3s¼TSð120 kHzÞ � TSpð120 kHzÞ ð9Þ

where TSð120 kHzÞ is the measured mean TS of the
simulated fish school at 120 kHz, and TSpð120 kHzÞ
is the predicted mean TS at 120 kHz.
For the second method, the mean absolute error

among frequencies of the TSðf Þ and the TSpðf Þ was
calculated following Equation (8) to simulate the
inversion with broadband echosounder.

3. Results

3.1. Measured volume backscattering strength
spectra

Fig. 3 presents the results of analyzing 400 Sv
spectra obtained from the simulated school echo. It
was observed that while individual Sv spectra
appeared to fluctuate, the averaged Sv spectrum
became relatively stable. The shape of the near-flat
mean Sv spectrum closely resembled that of the TS
spectra of typical fishes with swimbladder, as
described in previous studies [27,43]. Additionally,
the mean measured TS spectrum in the simulated
fish school was calculated following Equation (6),
and the results are shown in Fig. 4. For comparison,
the mean TS spectrum calculated by PSM is also

presented in Fig. 4. As shown in the figure, the
measured TS spectrum and the predicted TS spec-
trum by PSM exhibited a good agreement. The
mean and standard deviations of the measured and
predicted TS spectra were �47.18 dB and 0.32 dB,
respectively, and �47.35 dB and 0.09 dB, respec-
tively. Besides, the mean absolute error between the
measured and predicted TS spectra was 0.26 dB.
This provides further evidence that the simulation
process for the fish school echoes and the methods
used to calculate Sv and TS spectra are correct.

3.2. Inversion of tilt angle distribution

Fig. 5 shows the results of tilt angle distribution
inference. As shown in Fig. 5(a), the 3 never
exceeded 1 dB, in most cases the variation of 3 was
small and less than 0.3 dB, and there was no
extreme minima of 3 when using DSvðfiÞ and
DTSpðfiÞ for the inversion process. This also indi-
cated that the trends of DSvðfiÞ and DTSpðfiÞ
remained the same for different tilt angle distri-
butions. Therefore, DSvðfiÞ and DTSpðfiÞ could not
be used to infer the tilt angle distribution of the
fish in the simulated school. However, Fig. 5(b)
revealed that 3 clearly converged to a specific re-
gion. Furthermore, the mean and standard devia-
tion of the real tilt angle distribution N(5 �, 10 �)
used in the simulation fell within the convergence
region. This indicated that the average TS spectra
were more suitable for inferring the tilt angle

Fig. 3. Measured Sv spectra from the simulated fish school echoes. The black lines are the 400 measurements of Sv spectra, the yellow line is the
averaged Sv spectrum derived from the 400 Sv spectra on a linear scale, and the red dot line is the result of the 10-points moving mean processing of
the averaged Sv spectrum. The moving mean processing was carried out using Matlab, and the sliding window of “10-points” was determined
through trial-and-error.
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distribution of fish through the inversion method
compared to the average Sv spectra. This occurred
because not only the shapes of the spectra, but also
their amplitudes were included in the tilt angle
distribution inversion when using the averaged TS
spectra TSðf Þ and TSpðf Þ. However, when DSvðfiÞ
and DTSpðfiÞ were used for inversion, only the
shapes of the spectra were involved.

3.3. Inversion of fish size

The results of fish size estimation are presented
in Fig. 6. As shown in the figure, the inferred sizes

using the two inversion methods (inversion with
single frequency TS and TS spectra) discussed in
Section 2.3 were 7.3 cm and 7.5 cm, respectively.
The errors in body length obtained by these two
inversion methods were 4.3% and 7.1% respec-
tively, when compared to the actual body length of
7 cm. This suggested that biological information
derived from inversion using TS spectra from a
broadband echosounder surpassed that from a
traditional narrowband echosounder. This was
because the TS spectra contained more information
and enhanced the accuracy of the inversion
process.

Fig. 4. Mean TS spectrum of the fish in the simulated fish school. The black line is the mean measured TS spectra from the simulated school, and the
red dot line is the mean predicted TS spectra from PSM.

Fig. 5. Results of tilt angle distribution inference. The surface plot and contour plot represent the 3 under different mean and standard deviations of the
candidate tilt angle distributions. (a): the mean absolute error (3) between D Svðf Þ and D TSpðf Þ, and (b): the mean absolute error (3) between TSðf Þ
and TSpðf Þ.
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4. Discussion

4.1. Accuracy of tilt angle distribution inference
with inversion

Previous studies employed inversion methods to
infer biological information on fish, plankton, and
krill, utilizing multi-frequency and broadband
echosounders. However, due to challenges in
obtaining accurate biological sampling information,
the accuracy of the inversion results was difficult to
assess [17e20,22e25,39]. In this study, the numerical
simulation method was employed to generate large
fish school echoes with custom biological parame-
ters, and some biological parameters of the fish
were estimated using the inversion method. This
study made the first attempt to quantitatively
investigate the accuracy of the inversion method
with broadband echosounder.
The mean TS spectrum of the fish in the simulated

school was calculated and compared with the pre-
dicted mean TS spectrum, and the correctness of the
simulatedbroadbandechosounder systemand theTS
spectra calculation methods was verified. In addition,
itwas found that theSv andTS spectra calculated from
a large number of measurements were closer to the
predicted spectra. This is consistent with the findings
of Amakasu [31]. Therefore, when inferring biological
information, it is important to consider the method
and accuracy of Sv or TS spectra measurement to
avoid significant errors in inversions caused by the
inaccurate Sv or TS spectra measurement.

In the tilt angle distribution inference, it was
found that the 3 values obtained from the inver-
sion of D Svðf Þ and DTSp( f ) did not converge to a
specific coordinate or region, and all the 3 values
were less than 1 dB (see Fig. 5-a). This was
attributed to the similar shape of the measured Sv
spectra of the simulated fish at different tilt angle
distributions in this frequency band. Therefore,
when using D Svðf Þ for inversion, the spanning
frequency band of the used transducer should be
particularly considered. For instance, reliability
can be enhanced when the frequency band of the
transducer used in inversion spans the transition
from Rayleigh to geometric scattering of the tar-
gets. However, the Sv measurements of fish in the
Rayleigh region generally require the transducers
that can transmit pulse at a few hertz to a few
kilohertz, which is not always feasible with
commonly used commercial echosounders [20].
Considering the high range resolution of broad-
band echosounders, in this study, the TSðf Þ was
also used for the inference of tilt angle distribu-
tion. Fig. 5-b unveiled that the 3 values converged
in an arc-shaped area rather than a specific point.
To obtain the optimal inversion result, all the
candidate mean and standard deviation values
where 3 was less than 0.5 dB were selected and
averaged to obtain the final inversion result: N (4.5
�, 8.4 �). Thus, the errors in the mean and standard
deviation obtained from the inversion method
were 10% and 16%, respectively. Despite the

Fig. 6. Results of fish size inference.
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modest accuracy of inversion using TSðf Þ, it was
demonstrated to be more effective than D Svðf Þ in
inferring the tilt angle distribution with inversion
methods. In previous studies, Jaffe and Roberts
[44] used a broadband system and Sinc function
(SNC) model to estimate the fish orientation in a
laboratory, demonstrated the average error be-
tween 5.5� and 17�. Stanton et al. [24] analyzed the
temporal characteristics of the echoes of individual
fish in a laboratory, and concluded that the error
of the inferred orientation from the pulse-com-
pressed echoes would approximately range from
5% to 10% under ideal conditions. Therefore, the
accuracy of the inferred orientation through the
measured and predicted TS spectra in this study
was comparable to that in other studies.

4.2. Fish size inference

The fish body length inferred from the mean TS
spectra was 7.4 cm, while the body length inferred
from the mean TS at 120 kHz was 7.6 cm. The errors
in the body length estimation using these two
methods were 5.7% and 8.6%, respectively. This
indicated that the broadband echosounders are
more advantageous for accurately determining the
fish body length. While the inversion using a single
frequency TS at 120 kHz (similar to a narrowband
echosounder) could also provide results close to the
actual body length (with an error of less than 10%),
it should still be noted that the range resolution of
traditional narrowband echosounders was limited
by the pulse length, making it challenging to detect
enough single-target echoes for inferring biological
information.
Apart from the inversion method, there are other

methods that have been employed to estimate fish
body lengths. For instance, the high range resolu-
tion of broadband echosounders allows for the use
of pulse-compressed echo waveforms to infer fish
size [28,45]. Specifically, Kubilius et al. [28] analyzed
the pulsed-compressed echoes of simulated fish
made from polyvinyl alcohol cryogel. Their aim was
to estimate the size, and ultimately, they demon-
strated an error range of 5.5%e8.5% for targets
longer than approximately 200 mm and thicker than
about 20 mm. Besides, Kubilius et al. [45] analyzed
the pulsed-compressed echoes of tethered fish
ranging in standard length from 239 to 491 mm and
confirmed a size inference error of 2.2%e3.9%.
Additionally, analyzing the mean TS of targets in
relation to the body length of targets can be a useful
method for inferring fish size. For instance, Puig-
Pons et al. estimated the body size of Bluefin Tuna

in sea cages by establishing the relationship be-
tween TS and body size. They confirmed an error in
size estimation of less than 5% [46]. Hence, the ac-
curacy of estimating the body length of fish through
their TS spectrum is comparable to other methods
mentioned above.
While broadband echosounders hold great po-

tential for inferring biological information, there are
several considerations to be highlighted. Firstly, the
precise measurement of TS and Sv spectra play a
critical role in the accuracy of inversion results.
Especially when conducting TS spectra measure-
ment, care should be taken to avoid multi-target
echoes, and the appropriate Fourier transform
window should be considered [47]. Secondly, it is of
considerable significance to choose a suitable theo-
retical model for inversion. The closeness between
the scattering spectra derived from the theoretical
model and the actual scattering spectra of the tar-
gets influences the accuracy of the inversion results.
Thirdly, reasonable assumption conditions affect
inversion outcomes. Lastly, differences in inversion
algorithms can yield varying results [20,21]. In this
study, the simplest inversion algorithm was utilized,
which involved using the mean absolute error be-
tween the measured and predicted TS or Sv values
as a cost function. The effects of different inversion
algorithms on the inference of biological informa-
tion should still be explored by employing numeri-
cal simulation methods in future studies.

5. Conclusions

In this research, the accuracy during biological
information inference was investigated using nu-
merical simulation. The results confirmed that using
TS spectra yielded better results for estimating the
tilt angle and size distributions of fish, further
highlighting the significance of broadband
echosounders and TS spectra in inferring biological
information. In addition, it was hereby observed
that the mean absolute error of mean and standard
deviation in tilt angle inversion did not converge to
a point, but rather to an area, making it necessarily
important to carefully determine the optimal values
for the mean and standard deviation of tilt angle
based on convergence characteristics, rather than
solely focusing on minimizing the cost function.
Additionally, the present study demonstrated the
convenience of using numerical simulation for
evaluating biological information inference through
inversion. Numerical simulation could also be used
in the future to evaluate other studies such as
acoustic species classification.
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