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Deep-towed multichannel seismic exploration technology has better

applicability and more development potential when utilized to invert the

geoacoustic properties of deep-sea sediment. The accurate geometric

inversion results of the receiving array are crucial for fine submarine sediment

imaging and physical property parameter inversion based on deep-towed

multichannel seismic data. Thus, this study presents an array geometry

inversion method suitable for complex seafloors to address the challenge of

precise source-receiver positioning. The objective function of the deep-towed

seismic array geometry inversion is built using the shortest path algorithm

according to the traveltimes of direct waves and seafloor reflections, and the

particle swarm optimization algorithm is used to achieve high-precision

inversion of the source-receiver position. The results showed that the

proposed method is shown to have incomparable applicability and

effectiveness in obtaining exact source-receiver positions for deep-towed

multichannel seismic systems. Regardless of the complexity of the seabed

morphology, seismic image processing techniques using the source-receiver

position data obtained by the suggested method produce fine seismic imaging

profiles that clearly and accurately reflect the structural characteristics of

sediments. These findings provide insights for the accuracy and reliability of

the proposed geometric shape inversion method for deep-towed seismic arrays

in practical applications to meet the requirements of near-bottom acoustic

detection for fine imaging of deep-sea seabed strata and precise inversion of

geoacoustic parameters.

KEYWORDS

near-bottom acoustic detection technology, deep-towed multichannel seismic system,
array geometry inversion, complex seafloor, fine seismic imaging, accurate geoacoustic
parameters inversion
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1 Introduction

A deep-towed multichannel seismic system is a novel deep-sea

near-bottom acoustic detection technology that drags an artificial

high-frequency seismic source and seismic receiving streamer

placed near the seabed to acquire seismic data (Breitzke and

Bialas, 2003; Gettrust et al., 2004). This system has better lateral

and vertical resolution, better signal-to-noise ratio (SNR), and

deeper stratigraphic detection capacity than traditional high-

resolution multichannel seismic systems. Moreover, this system

has better applicability and more development potential when

utilized to invert the geoacoustic properties of deep-sea sediment.

Researchers in many countries worldwide have conducted

research on deep-towed seismic exploration technology to

improve their deep-sea near-bottom investigation capabilities and

have successfully developed representative deep-towed

multichannel seismic systems. In the 1980s, the United States

Naval Research Laboratory (NRL) designed and produced the

deep-towed acoustic geophysical system (DTAGS) (Gettrust et al.,

1988; Rowe and Gettrust, 1993; Wood et al., 2003), which consists

of a Helmholtz resonator source (220-820 Hz) and a 622 m

hydrophone cable. At the beginning of this century, the French

Research Institute for Exploitation of the Sea (Ifremer) developed

the SYstème SIsmique Fond de mer (SYSIF) (Marsset et al., 2010;

Marsset et al., 2014), which includes two sets of Helmholtz

resonators with different frequency bands, 580-2200 Hz and 220-

1050 Hz, and a seismic streamer composed of 52 digital

hydrophones arranged with a channel spacing of 2 m. Recently,

researchers at the First Institute of Oceanography of Ministry of

Natural Resources (FIO, MNR) developed the Kuiyang-ST2000 (Pei

et al., 2022), which includes a deep-towed sparker source (150-

1200 Hz) and a 48-channel digital seismic streamer. Moreover, the

Research and Development Partnership for Next Generation

Technology of Marine Resources Survey (J-MARES) developed

the deep-towed autonomous cable seismic (ACS) system

(Hutapea et al., 2020). The seismic source in this system is based

on the iXBlue Echos 1500 subbottom profiler (700-2250 Hz), and

the data acquisition device utilizes a 32-channel seismic receiving

cable with a channel spacing of 5 m. In addition, deep-towed

multichannel seismic systems are usually equipped with ultrashort

baselines (USBLs), depth transducers, altimeters and attitude

sensors to monitor the attitude and positioning of the systems in

real time.

Given the unparalleled advantages of deep-towed seismic data

acquisition systems, such as their high resolution and SNR, deep-

towed multichannel seismic exploration technology has played an

increasingly important role in deep-sea mineral resource surveys,

marine engineering exploration, and deep-sea geohazard evaluation

and has achieved remarkable application results (Talukder et al.,

2007; Ker et al., 2014; Riboulot et al., 2018). For example, Marsset

et al. (2010) confirmed that SYSIF can effectively optimize the

imaging quality of submarine stratigraphic structures such as

pockmarks, carbonate mounds, submarine landslides and

underground faults and is thus very suitable for deep-sea

geohazard studies. Sultan et al. (2014) utilized high-resolution
Frontiers in Marine Science 02
seismic imaging profiles obtained by SYSIF to assess pockmark

formation and evolution in deep water in Nigeria; in addition, they

combined their results with seafloor drill rig data, in situ

geotechnical measurements, and pore water analyses. Colin et al.

(2020a); Colin et al. (2020b) developed a fine velocity model of gas

hydrate-bearing sedimentary layers using SYSIF data acquired in

the western Black Sea, revealing an anomalous free gas distribution,

which might suggest the ongoing migration of the base of the gas

hydrate stability zone (GHSZ). Chapman et al. (2002) and He et al.

(2009) employed high-resolution DTAGS data to finely image the

structure of a hydrate-related cold vent offshore Vancouver Island,

assessed the amount of gas hydrate and underlying free gas, and

determined the associated seismic velocities, which were used to

estimate the gas hydrate concentration. Wood et al. (2008) studied

the gas and gas hydrate distributions near seafloor seeps in

Mississippi Canyon in the northern Gulf of Mexico using deep-

towed high-resolution seismic imaging technology based on

DTAGS. Hutapea et al. (2020) used high-resolution ACS data

acquired in the Joetsu Basin in Niigata, Japan, and seismic

attribute analysis technology to effectively identify natural gas

hydrates, free gas and gas chimneys. Pei et al. (2023) utilized

Kuiyang-ST2000 to conduct natural gas hydrate surveys in the

Qiongdongnan and Shenhu areas of the South China Sea and finely

imaged the sedimentary and structural features of geohazards

related to natural gas hydrates.

Ultrahigh-resolution seismic detection technology has higher

requirements for the source-receiver positioning accuracy.

Therefore, accurate geometric inversion results of the receiving

array are crucial for fine submarine sediment imaging and physical

property parameter inversion based on deep-towed multichannel

seismic data. In recent years, to address this issue, scholars have

proposed a variety of array geometry inversion methods. Rowe and

Gettrust (1993) used the real-time depth measurement values

obtained by four engineering nodes configured at the source of

the DTAGS and the 28th, 38th and 48th channels of the receiving

cable and directly calculated the positions of the receivers with a

linear interpolation model. Because the linear interpolation result is

not sufficiently accurate, Walia and Hannay (1999) evaluated the

depths of the source and receivers by introducing the traveltime of

the sea-surface reflection to constrain the nonlinear array geometry.

On the basis of previous studies, He et al. (2009) constrained the

inversion according to engineering node depth measurements and

the joint traveltime of the direct wave and sea-surface reflection and

used a genetic algorithm and polynomial interpolation to determine

the globally optimized source-receiver positioning information.

Each digital hydrophone in the SYSIF receiving array is equipped

with an attitude sensor; hence, Marsset et al. (2014); Marsset et al.

(2018) reconstructed the array geometry according to the attitude

sensor pitch angle measurement values. Considering the impact of

pitch angle measurement errors and error accumulation on the

accuracy of array geometry inversion, Colin et al. (2020a) improved

the accuracy of array geometry reconstruction with the pitch angles

acquired by the attitude sensors as the reference initial values and

the traveltimes of the direct wave and seafloor reflection as

constraints to optimize the inversion of the pitch angle
frontiersin.org
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parameters. Pei et al. (2023) directly calculated the position of the

receivers using the traveltime of the direct wave and sea-surface

reflection and corrected the array geometry results with a

polynomial curve fitting method in accordance with the deep-

water towed morphological characteristics of Kuiyang-ST2000

obtained by dynamic simulations (Zhu et al., 2020).

In summary, the existing technology mainly depends on the

attitude sensors in the receiving array and the seismic traveltime;

hence, the attitude measurement error and the traveltime accuracy

are the main factors leading to inaccurate source-receiver positions

in deep-towed seismic arrays. According to analyses of deep-towed

seismic data, the traveltime accuracy of the seafloor reflection is

better than that of the sea-surface reflection due to the stronger

energy, higher SNR and better waveform consistency of the seafloor

reflection. However, because of the high complexity of the seafloor,

previous studies on seafloor reflection traveltime positioning

methods are generally best suited for gentle seabed working

environments with small slopes. Moreover, influencing factor

analyses of array geometry inversion methods are lacking. To

address this issue, we propose a robust array geometry inversion

method for arbitrarily complex seafloors. By introducing the

traveltimes of direct waves and seafloor reflections, we establish

an objective function for array geometry inversion that is applicable

to complicated seabeds and apply a nonlinear optimization

algorithm to realize high-precision inversion of the geometric

representation parameters and acquire highly accurate and

reliable source-receiver positioning results. Furthermore, the

accuracy and reliability of the proposed method are evaluated by

means of Monte Carlo uncertainty analyses through numerical

experiments, focusing on factors such as the seismic traveltime,

seawater velocity and seabed morphology. Additionally, the

applicability of field data processing with Kuiyang-ST2000 proves

that this method can efficiently address the issue of precise source-

receiver positioning with deep-towed multichannel seismic systems

while ensuring that the SNR and resolution of this type of seismic

data meet the requirements of deep-sea fine stratigraphic imaging

and geoacoustic parameter inversion.
Frontiers in Marine Science 03
2 Methods

2.1 Geometric representation of the deep-
towed seismic array

To enhance the stability of the objective function for array

geometry inversion with deep-towed multichannel seismic systems

while accounting for the constraints of the inherent properties of

deep-towed seismic streamers, we characterize the relative position

relationship between the source and receivers using the known

channel spacing and the pitch angle parameters to be obtained. In

the solution of the objective function, only the pitch angle

parameters need to be optimized to reconstruct the geometric

shape of the deep-towed seismic array.

Because the deep-sea current velocity is smaller than the towing

speed of the deep-towed multichannel seismic system, no

significant feather angles occur in the deep-towed seismic array

during deep water operations. As shown in Figure 1, taking the

Kuiyang-ST2000 engineering design scheme as an example, when

only two dimensions are considered, the receiving cable can be

divided into multiple segments according to the offset and channel

spacing, and the pitch angle is considered the geometric shape

representation parameter. Based on the length and pitch angle of

each segment, the horizontal and vertical offsets of each receiver in

the deep-towed multichannel seismic streamer relative to the source

position can be characterized as follows:

X1 = lx0 + l1 cos q1
Z1 = lz0 + l1 sin q1

Xr = X1 +or
i=2l cos qi

Zr = Z1 +or
i=2l sin qi

8>>>>><
>>>>>:

(1)

where l1 represents the distance between the towing point and the

1st receiver in the deep-towed seismic streamer, l is the distance

between adjacent receivers along the cable, namely, the channel

spacing, and q1 and qi are the pitch angles of the 1st and i th

segments in the deep-towed seismic streamer, respectively. A
FIGURE 1

Schematic diagram of the geometric representation of a deep-towed seismic array. ((A) operating control center; (B) deep-towed sparker source;
(C) deep-towed seismic streamer; (D) depth transducer; (E) altimeter; (F) ultrashort baseline beacon; (G) towing point of deep-towed seismic
streamer; qi: pitch angle.).
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rectangular coordinate system is established with the deep-towed

seismic source position as the origin, where lx0 and lz0 denote the

horizontal and vertical offsets between the source and the towing point

of the seismic streamer, respectively, X1 and Z1 are the horizontal and

vertical coordinates of the 1st receiver,Xr andZr are the horizontal and

vertical coordinates of the r th receiver, where r = 2,…,N , andN is the

number of acquisition channels in the seismic streamer. Notably, the

measured pitch angle is not needed for the initial model by themethod

proposed in this paper, and the global optimal solution for the

geometric representation parameters, namely, the pitch angles, of the

deep-towed seismic array can be obtained.
2.2 Determination of the seafloor
reflection propagation path

Source-receiver positioning methods based on seismic

traveltime often require that the propagation path of the seismic

waves is relatively clear; thus, the sea-surface reflection traveltime is

usually selected for inversion processing. In addition, the seawater

velocity is a key parameter that affects the seismic traveltime. The

seawater layer is not a homogeneous medium, and it has obvious

heterogeneity in the longitudinal direction, which could hinder the

use of the sea-surface reflection traveltime to precisely locate the

source-receiver positions for deep-towed seismic arrays. Moreover,

the sea-surface reflection data acquired by the deep-towed

multichannel seismic system might exhibit low SNR and even

waveform distortion, deteriorating the accuracy of the determined

traveltime. In contrast, the seafloor reflection has stronger energy,

higher SNR, and better waveform consistency and is thus more

convenient for obtaining an accurate traveltime. Therefore,

developing a geometric shape inversion method for deep-towed

seismic arrays based on the traveltimes of direct waves and seafloor

reflections has good applicability and high application value. The

key is to solve the problem of determining the propagation path of

seafloor reflections for complex seabeds.
Frontiers in Marine Science 04
As shown in Figure 2, in the case of a flat seabed interface, the

propagation path of the seafloor reflection can be easily determined

through simple spatial geometric relationships based on Snell’s law.

Thus, the expression for the traveltime of the seafloor reflection can

be obtained as follows:

tF _ cal _ fr =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xr

2 + (2Hst − Zr)
2

p
vw

(2)

The expression for the traveltime of the direct wave is

formulated as follows:

tD _ cal
r =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xr

2 + Zr
2

p
vw

(3)

where tD _ cal
r and tF _ cal _ fr represent the traveltimes of the direct

wave and seafloor reflection acquired by the r th receiver in the case

of a flat seabed interface, respectively, Hst is the altitude of the

source, and vw is the seawater velocity.

Furthermore, as shown in Figure 2, the determination of the

propagation path of the seafloor reflection is related to the slope

angle in the case of a slanted seabed interface. Similarly, on the basis

of Snell’s law, by introducing coordinate rotation and intermediate

quantities, the following expression for the traveltime of the seafloor

reflection can be obtained:

tF _ cal _ sr =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2H∗

st−Z
∗
r )

2+Xr
∗ 2

p
vw

H∗
st = Hst cosa

X∗
r = (Xr − Zr tana) cosa

Z∗
r =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xr

2 + Zr
2 − X∗ 2

r

p

8>>>>>><
>>>>>>:

(4)

where tF _ cal _ sr represents the traveltime of the seafloor

reflection acquired by the r th receiver in the case of a slanted

seabed interface, a denotes the slope angle of the inclined seabed

interface, and X*r , Z*r and H*
st are the intermediate variables during

the calculation process.
FIGURE 2

Schematic diagram of the seafloor reflection propagation path determination strategy for different seabed interfaces.
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However, the morphological changes in the seabed may be

complicated in real situations, and it is difficult to determine the

exact propagation path of the seafloor reflection with Snell’s law

using simple spatial geometry. To address this issue, we employ the

shortest path algorithm based on Fermat’s principle to identify the

reflection point of the seafloor reflection. The shortest path

algorithm can be used to determine the ray path and the

corresponding traveltime of the seafloor reflection for complex

velocity interfaces. This algorithm has the advantages of high

calculation accuracy, fast operation speed and good robustness. In

this paper, as demonstrated in Figure 2, we discretized the seabed

interface at certain intervals and assumed that the area near the

operating depth of the deep-towed multichannel seismic system on

the seabed could be regarded as an isotropic medium. Then, we

connected the source, the discrete points on the seabed interface

and the receivers. With this approach, multiple seafloor reflection

propagation paths were constructed, and the shortest ray path was

found to be an accurate and reliable propagation path of the seafloor

reflection. Therefore, for the complex seabed interface, the

expression for the seafloor reflection traveltime is formulated as

follows:

tF _ cal _ cr = min (pathmr )
vw

pathmr =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xm2 + zm2

p
+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(xm − Xr)

2 + (zm − Zr)
2

p
zm = Dm − Sz

8>>><
>>>:

(5)

where tF _ cal _ cr represents the traveltime of the seafloor

reflection acquired by the r th receiver in the case of a complex

seabed interface, and Sz indicates the depth of the source. Taking

the position of the source as the origin, the rectangular coordinate

system shown in Figure 2 was established, where xm and zm are the

abscissa and ordinate values of them th discrete point on the seabed

interface, respectively, and Dm denotes the depth of the m th

discrete point on the seabed interface. The depth variation curve

of the seabed interface can be derived according to the measured

values of the depth and the altitude of the deep-towed source along

the direction of the survey line. When them th discrete point on the

seabed interface is set as the reflection point, pathmr is the distance of

the seafloor reflection propagation path to be determined acquired

by the r th receiver, where m = 1,…,M, and M is the total number

of discrete points on the seabed interface.
2.3 Construction and solution of the
objective function

Based on the geometric representation of the deep-towed

seismic array and the determination of the seafloor reflection

propagation path, the objective function of the geometric

representation parameter inversion is built as follows:

q̂ = arg min
q o

N
r=1 (tD _ cal

r − tD _ obs
r )2 + (tF _ calr − tF _ obsr )2

n o
(6)

where q = ½q1, q2, q3,…, qN � are the parameters to be optimized;

q1, q2, q3,…, qN represent the pitch angles of each segment in the
Frontiers in Marine Science 05
deep-towed seismic array, constituting the geometric shape

representation parameters; tD _ cal
r and tD _ obs

r are the theoretical

and observed values of the direct wave traveltime to the r th

receiver, respectively; and tF _ calr and tF _ obsr are the theoretical and

observed values of the seafloor reflection traveltime to the r th

receiver, respectively. Notably, tF _ calr should be replaced by tF _ cal _ cr

in the method proposed in this paper. q̂ is the optimal solution of

the objective function, q̂ = ½q̂ 1, q̂ 2, q̂ 3,…, q̂ N �; in other words, q̂ 1

, q̂ 2, q̂ 3,…, q̂ N are the optimal geometric shape representation

parameters for the deep-towed seismic array.

Based on Equations (1), (3), (5) and (6), we adopt the particle

swarm optimization (PSO) algorithm to solve the optimization

problem of the objective function without relying on the initial

model. The PSO algorithm, which applies a group information

sharing mechanism, has the advantages of fast convergence and

good robustness. Then, the high-precision inversion of the array

geometry for a deep-towed multichannel seismic system suitable for

an arbitrarily complex seabed is realized.
3 Numerical experiments

3.1 Numerical model and
evaluation criteria

To verify the effectiveness of the proposed method, we employ

the method to the array geometry inversion problem for a

numerical model for a deep-towed multichannel seismic system.

The model is established according to the engineering design

scheme of Kuiyang-ST2000, in which there are 48 seismic traces

with a trace interval of 3.125 m. The distance between the towing

point of the deep-towed seismic streamer and the 1st receiver is

12.5 m. Because of its length, it is split into four 3.125 m segments,

resulting in three additional node pitch angles and a total of 51

geometric representation parameters that need to be reversed. The

deep-towed streamer’s towing point is offset from the sparker

source emission array center by 2.0 m and -0.6 m in the

horizontal and vertical directions, respectively. Figure 3A shows

the numerical model of the array geometry and seabed interface

established based on the above parameters. The immersion depth of

the source is 1104.69 m, and the height above the seabed is

120.00 m. The seabed interface is set to be close to a real complex

seabed. The seismic velocity of seawater is set to 1488 m/s. The

theoretical traveltimes of the direct wave and the seafloor reflection,

as illustrated in Figure 3B, can be derived using the seismic ray-

tracing method. Based on the numerical model, the reliability and

accuracy of the proposed method are assessed according to an

influencing factor analysis of uncertainty sources such as the

seismic traveltime, seawater velocity and seabed morphology. In

addition, to quantitatively evaluate the quality of the array geometry

inversion results, the root mean square error (RMSE) is introduced

as the evaluation criterion:

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
no

n
i=1(

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(Xi − ~Xi)

2 + (Zi − ~Zi)
2

q
)2

r
(7)
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where Xi and Zi are the reference values of the i th receiver

position in the numerical model, ~Xi and ~Zi are the predicted values

of the i th receiver position obtained by the inversion method,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(Xi − ~Xi)

2 + (Zi − ~Zi)
2

q
represents the positioning error of the i th

receiver, and n is the total number of receivers in the

numerical model.

Three different strategies for determining the propagation path of

the seafloor reflection described in Section 2.2 are utilized to invert the

geometric shape of the array model, namely, replacing tF _ calr in

Equation (6) with tF _ cal _ fr , tF _ cal _ sr and tF _ cal _ cr . The hypothesis of a

flat seabed interface is that the seabed interface is approximated as a

horizontal interface based on the height of the deep-towed source

above the seafloor. The assumption of a slanted seabed interface is that

the seabed interface within the lateral spacing of 80 m is approximated

as an inclined interface by taking the horizontal position of the source

as the origin. The proposed method does not need an approximate

representation of the seabed interface and can accurately calculate the

traveltime of the seafloor reflection with the shortest path algorithm. As

shown in Figure 4, the source-receiver positioning result obtained by

the suggested method is the most consistent to the model reference

value among the considered models, followed by the slanted interface

assumption model and finally the flat interface assumption model. The
Frontiers in Marine Science 06
accuracy of the array geometry inversion method with the assumption

of a slanted interface relies on the degree offitting between the inclined

interface and the seabed at the current position. Thus, the inversion

accuracy improves when the seabed topography changes gradually.

However, when the seabed interface is rugged and the topographical

changes are more severe, the inversion precision is greatly reduced.

Therefore, the inversion strategy proposed in this paper demonstrates

excellent applicability in the case of complex seabeds. Figure 5 shows

the relationship among the RMSE of the source-receiver positioning

determined by the numerical model, the computational efficiency of

the inversion and the discrete interval of the seabed interface.

Accounting for both the accuracy and efficiency of the inversion, the

discrete interval of the seabed interface was set to 1.0 m in the

subsequent numerical model experiments and field data processing.
3.2 Influencing factors analysis

3.2.1 Uncertainty of the traveltime
Due to the influence of the SNR of the data and the decision

criterion of the waveform starting point, several errors impact seismic

traveltime results (Liu et al., 2022). Referring to the suggestions of
A

B

FIGURE 3

Numerical model of a deep-towed seismic array and its theoretical seismic traveltimes. ((A) Numerical model of the array geometry and seabed
interface; (B) Theoretical traveltimes of the direct wave and seafloor reflection).
frontiersin.org

https://doi.org/10.3389/fmars.2023.1283061
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Li et al. 10.3389/fmars.2023.1283061
Zhang and Toksöz (1998) and Korenaga et al. (2000), the overall

traveltime error should be divided into two types: common phase

errors and individual errors. The common phase errors are related to

the determination of the initial point of the same seismic phase (similar

to systematic errors), and the individual errors are equivalent to adding

Gaussian noise to the acquired data. This data randomization method

is used due to the highly correlated nature of real seismic data to

reliably model the uncertainty of the determined traveltime.

To evaluate the impact of the traveltime uncertainty on the

accuracy of the geometric inversion of the deep-towed seismic

array, four groups of traveltime data for direct waves and seafloor

reflections with different errors are constructed, named Picking

Error 01, Picking Error 02, Picking Error 03 and Picking Error 04.

Considering the dominant frequency of the seismic source, the

common phase errors are sequentially set to -0.25 ms, -0.125 ms,

0.125 ms and 0.25 ms in the four datasets. The individual errors for

the Picking Error 01 and Picking Error 04 sets are set to ±0.25 ms,
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and the individual errors for the Picking Error 02 and Picking Error

03 sets are set to ±0.125 ms. In other words, the total traveltime

error for the Picking Error 01 and Picking Error 04 sets is 0.50 ms,

while that for the Picking Error 02 and Picking Error 03 sets is 0.25

ms. Figure 6 shows the influence of the traveltime uncertainty on

the array geometry inversion results. Figure 6A displays the

traveltime errors for direct waves and seafloor reflections in the

four datasets mentioned above. Figure 6B shows the inversion

results of the array geometry obtained by the proposed method

for these test groups. Figure 6C presents the receiver positioning

errors corresponding to the inversion results shown in Figure 6B.

The RMSEs of the inversion results for the Picking Error 01, Picking

Error 02, Picking Error 03 and Picking Error 04 sets are 0.45 m,

0.23 m, 0.20 m and 0.42 m, respectively.

As shown in Figure 6, the common phase errors lead to

deviations in the overall position in the array geometry inversion

results, with larger common phase errors causing larger positioning
FIGURE 5

Relationship among the RMSE, inversion efficiency and seabed interface dispersion interval.
FIGURE 4

Results of the array geometry inversion of the numerical models based on different strategies for determining the seafloor reflection propagation
path.
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errors. Larger traveltime values cause the inversion position of the

seismic array to move upward; in contrast, smaller traveltime values

cause the inversion position to move downward, leading to slightly

noticeable array geometry jitter. On the basis of the common phase

error, adding Gaussian noise to the individual errors leads to jitter

distortion in the array geometry inversion results. Moreover, as the

individual error increases, the jitter and nonsmoothness of the array

geometry inversion results become more severe.

3.2.2 Uncertainty in the seawater velocity
The seawater velocity is related to the temperature, salinity and

pressure of seawater. Due to the heterogeneity of seawater, the

seawater velocity varies over time in different places, which

introduces uncertainty to the seawater velocity value utilized in

the geometric shape inversion of the deep-towed seismic array. In

previous works, several expendable conductivity-temperature-

depth (XCTD) profilers were usually employed to analyze the

vertical and lateral changes in the seawater velocity in the study

area as a reference for the value during near-bottom multichannel

seismic surveys. The accurate seawater velocity value in the

numerical model is known to be 1488.0 m/s. To analyze the

influence of seawater velocity errors on the accuracy of the array

geometry inversion, we set the seawater velocity to 1486.0 m/s,

1487.0 m/s, 1489.0 m/s and 1490.0 m/s, named Velocity Error 01,

Velocity Error 02, Velocity Error 03 and Velocity Error 04,

respectively. As shown in Figure 7, the array geometry of the

numerical model is inverted by using accurate seismic traveltime

and seabed morphology data with the proposed method, and the

inversion results and positioning errors are obtained in scenarios

with different seawater velocity values. The RMSEs of the receiver

positions are 0.35 m, 0.18 m, 0.19 m and 0.38 m.
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As shown in Figure 7, as the absolute error of the seawater

velocity increases, the positioning errors of the array geometry

inversion results increase, and the positioning errors of the far-end

receivers are slightly greater than those of the near-end receivers.

The locations of the receivers determined by the proposed method

move upward with larger seawater velocity values and downward

with smaller seawater velocity values. Moreover, when the seawater

velocity is smaller than the true value, jitter distortion occurs in the

middle section of the array, with larger seawater velocity errors

leading to more severe and wider range jitter. In addition, when the

seawater velocity is larger than the true value, the array geometry

obtained by inversion is relatively smooth.

As a comparison, we utilize the sea-surface reflection traveltime

fitting term (tS _ calr − tS _ obsr )2 to replace the seafloor reflection

traveltime fitting term (tF _ calr − tF _ obsr )2 in Equation (6), namely,

the sea-surface reflection traveltime positioning method, and invert

the array geometry based on the aforementioned seawater velocity

error test groups to obtain the corresponding inversion results and

positioning errors, as shown in Figure 8. The RMSEs of the receiver

positions are 2.98 m, 1.49 m, 1.47 m and 2.93 m. The accuracy of the

inversion results is sensitive to the uncertainty in the seawater

velocity; that is, the same degree of seawater velocity error leads to

greater receiver positioning errors than the proposed method.

Therefore, the seawater velocity is a significant factor that

seriously affects the precision of the array geometry inversion

method utilizing the sea-surface reflection traveltime.

3.2.3 Uncertainty in the seabed morphology
The measured values of the immersion depth and the height above

the seabed for the deep-towed source are determined by the depth

transducer and altimeter. These two measurements can be used to
A B

C

FIGURE 6

Influence of traveltime uncertainty on the array geometry inversion results. ((A) Traveltime errors; (B) Array geometry inversion results; (C) Receiver
positioning errors).
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obtain the seabed topography at the survey line. The precision of

measurement equipment affects the precision of the data; that is,

uncertainties in the seabed morphology affect the accuracy of the

array geometry inversion results. Given the characteristics of sensor

measurement errors, we divide the seabed topography errors into

systematic errors and random errors that distort the shape of the input

seabed interface to varying degrees.

To evaluate the influence of seabed morphology uncertainties on

the accuracy of the array geometry inversion results, four groups of

seabed topography data with different error levels are constructed and

denoted as Topography Error 01, Topography Error 02, Topography

Error 03 and Topography Error 04. Considering the measurement

precision of the depth transducer and the altimeter, the systematic

errors of the seabed topography data are set to -0.2m, -0.1m, 0.1m and

0.2 m. For random errors, ± 0.2 m Gaussian noise is added to the

seabed topography data for Topography Error 01 and Topography

Error 04, and ±0.1 m Gaussian noise is added to Topography Error 02

and Topography Error 03. In other words, the overall errors of the

seabed morphology are 0.4 m for Topography Error 01 and

Topography Error 04 and 0.2 m for Topography Error 02 and

Topography Error 03. Since the seabed topography data must be

smooth for use in the proposed method, the final seabed morphology
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used as the input to the proposed array geometry inversion method is

shown in Figure 9A. Figures 9B, C show the inversion results and the

positioning errors obtained when varying degrees of distortion were

introduced in the seabed morphology. The RMSEs of the inversion

results for Topography Error 01, Topography Error 02, Topography

Error 03 and Topography Error 04 are 0.40 m, 0.20 m, 0.20 m and

0.42 m, respectively.

As shown in Figure 9, the inversion accuracy of the geometric

shape of the deep-towed seismic array decreases as the seabed

topography data errors increase. When the overall bathymetric

topography deviates toward the shallower side, the positions of the

receivers shift upward. When the overall bathymetric topography

deviates toward the deeper side, the positions of the inverted

receivers move downward. Larger seabed morphology errors lead

to greater RMSEs for the inversion results. Systematic errors in the

seabed topography data are the main influencing factor on the

results, which cause the receivers to deviate from their true

positions, and the positioning errors of different receivers are

similar. However, random errors in the seabed topography data

could also distort the geometric shape of the deep-towed seismic

streamer, and the distortion from the true shape is positively

correlated with the magnitude of the random errors.
A

B

FIGURE 7

Influence of seawater velocity uncertainty on the array geometry inversion results (proposed method). ((A) Array geometry inversion results; (B)
Receiver positioning errors).
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A B

C

FIGURE 9

Influence of the seabed interface morphology uncertainty on the array geometry inversion results. ((A) Seabed interface morphology after
smoothing; (B) Array geometry inversion results; (C) Receiver positioning errors).
A

B

FIGURE 8

Influence of the uncertainty in the seawater velocity on the array geometry inversion results (sea-surface reflection traveltime positioning method).
((A) Array geometry inversion results; (B) Receiver positioning errors).
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3.3 Uncertainty analysis

To comprehensively evaluate the influence of uncertainty sources

on the inversion results of the deep-towed array geometry using the

method proposed in this paper, we use Monte Carlo uncertainty

analysis to quantify the reliability and accuracy of the inversion

results. In this case, according to the operating mode of the deep-

towed multichannel seismic system and the signal-to-noise

characteristics of the collected seismic data, the input data to the

inversion process, including the seismic traveltime, seawater velocity,

and seabed morphology, are perturbed on the basis of the numerical

model presented in Section 3.1. The overall error in the seismic

traveltime is set to ±0.25 ms (common phase error of ±0.125 ms and

individual error of ±0.125ms), the error in the seawater velocity is set

to ±1 m/s, and the overall error in the seabed morphology is set to

±0.4 m (systematic error of ±0.2 m and random error of ±0.2 m).

Accordingly, the method proposed in this paper is utilized to invert

the geometric shape of the deep-towed seismic array for a total of 100

input datasets constructed with different perturbations, which have

random seismic traveltime errors, seawater velocity deviations and

seabed morphology deviations. The Monte Carlo uncertainty

analysis results are shown in Figure 10A. As a contrast, we also
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performed Monte Carlo uncertainty analysis using the same

perturbation datasets with the array geometry inversion method

based on the sea-surface reflection traveltime discussed in Section

3.2.2, and the results are shown in Figure 10B. Figure 11 shows the

statistical results of the RMSE of the array geometry inversion results

obtained by the above two methods.

As shown in Figures 10 and 11, the proposed method greatly

reduces the uncertainty in the array geometry inversion results for the

deep-towedmultichannel seismic system, and the RMSE of the receiver

location is approximately in the range of 0.1 to 0.3 m. The maximum

positioning error of the receivers determined with the proposed

method is 0.73 m, and the maximum RMSE is 0.49 m, while the

maximum positioning error of the receivers determined with the sea-

surface reflection traveltime positioning method is 1.64 m, and the

maximum RMSE is 1.54 m. In addition, considering the low SNR of

sea-surface reflections in real deep-towed seismic data, waveform

distortion could seriously affect the accuracy of the identified

waveform starting point, leading to increased common phase errors.

The uncertainty analysis results in scenarios closer to the real situation

are worse than those shown in Figure 10B.

In summary, the numerical results confirm that the proposed

method can effectively solve the problem of high-precision array
A

B

FIGURE 10

Monte Carlo uncertainty analysis results of the numerical model. ((A) Proposed method; (B) Sea-surface reflection traveltime positioning method).
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geometry inversion for deep-towed multichannel seismic systems in

scenarios with complex seabeds. On this basis, influencing factor and

uncertainty analyses are used to systemically study the effects of errors

in the seismic traveltime, seawater velocity and seabed topography on

the array geometry inversion results. Furthermore, the sensitivity of the

inversion accuracy to seismic traveltime errors, seawater velocity

deviations and seabed topography errors is evaluated. The results of

the numerical experiments are of great significance for the

improvement of deep-towed multichannel seismic data processing

and field investigation methods, so as to obtain high-quality near-

bottom acoustic detection data. For example, the determination of the

initial seismic waveform point could be appropriately modified to

improve the seismic traveltime data, and a self-contained sound

velocity profiler could be introduced to obtain continuous and

accurate measurements of the seawater velocity. Moreover, the

accuracy of the seabed morphology could be verified and evaluated

by comprehensively comparing the seabed topography synthesized

according to depth transducer and altimeter data and the multibeam

bathymetric data extracted by the ultrashort baseline positioning of the

deep-towed vehicle.
4 Application to real data

Given the good performance of the proposed method in the

numerical experiments, we apply the proposed approach to invert

the array geometry of real data acquired during sea experiments

with Kuiyang-ST2000 to verify the effectiveness of the proposed

method. Furthermore, we evaluate the accuracy and stability of our

method through velocity spectra analyses and seismic imaging

quality assessments after floating datum correction (He et al., 2009).

The prestack shot gathers in the sea experiments with Kuiyang-

ST2000 conducted in 2020 in the Shenhu area in the South China Sea

are selected, and the change in the seabed topography at the selected

survey line is relatively severe, as shown in Figure 12. The main

acquisition parameters of the deep-towed multichannel seismic

datasets are as follows: the source energy is 3000 J, shot spacing is
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6.25 m, trace spacing is 3.125 m, minimum offset is 14.5 m, trace

number is 48, recording duration is 3000 ms, and sampling rate is 8

kHz. We utilize the sea-surface reflection traveltime positioning

method discussed in Section 3.2.2, the piecewise approximate

slanted interface processing mentioned in Section 3.1, and the

method proposed in this paper to invert the array geometry based

on the above real data. Then, based on the inverted source-receiver

positioning results, we carry out subsequent seismic image

processing without residual time difference correction. Figure 13

shows the velocity spectra acquired at the commonmidpoint (CMP)

based on the processed sea trial data. Figure 14 shows the seafloor

sedimentary characteristics and structural details in the seismic

imaging profile at the selected survey line.

The velocity spectra shown in Figure 13 were obtained in a

region in which the seabed morphology undergoes drastic changes.

Figures 13A, B show that the hyperbolic features in the seismic

reflection records are not well recovered after floating datum

correction with the array geometry inversion results obtained by

the two methods, resulting in poor focusing of the velocity spectra.

However, the velocity spectra obtained by the proposed method is

more focused, as shown in Figure 13C, which is conducive to

establishing fine velocity structures and improving the seismic

imaging quality. The seismic imaging profile shown in Figure 14A

was produced using the array geometry inversion technique based

on the sea-surface reflection traveltime, while the seismic imaging

profiles shown in Figures 14B, C were generated employing the

technique based on the seafloor reflection traveltime. Moreover, the

result shown in Figure 14B was obtained using the piecewise

approximate slanted interface processing strategy, while the result

shown in Figure 14C was obtained utilizing the method proposed in

this paper. The comparison shows that the seismic imaging profile

obtained by the proposed method has the best overall quality, the

clearest wave group features, and the best event continuity,

particularly in areas in which the seafloor topography varies

significantly. As shown in Figure 14A, the array geometry

inversion results based on the sea-surface reflection traveltime are

more sensitive to input data errors, leading to the worst SNR and
FIGURE 11

RMSE statistics of the Monte Carlo uncertainty analysis results.
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resolution in the seismic imaging profile. The seafloor strata shown

in Figure 14C have a finer image quality than those shown in

Figure 14B, and there is no imaging loss or distortion in the areas

with dramatic seabed topography changes, which is compatible with

the circumstances presented in Figure 13.
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In conclusion, the array geometry inversion method described

in this study has greatly improved accuracy, enabling effective

detection and imaging of regions with large seabed topographic

variations. The proposed method is shown to have incomparable

applicability and effectiveness in obtaining exact source-receiver
A B

C

FIGURE 13

Velocity spectra comparison of sea trial datasets corresponding to different inversion methods. ((A) Sea-surface reflection traveltime positioning
method; (B) Piecewise approximate slanted interface processing strategy; (C) Proposed method).
FIGURE 12

Seafloor morphology of sea trial datasets.
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positions for deep-towed multichannel seismic systems. Regardless

of the complexity of the seabed morphology, seismic image

processing techniques using the source-receiver position data

obtained by the suggested method produce fine seismic imaging

profiles that clearly and accurately reflect the structural

characteristics of sediments. Additionally, despite the limited

accuracy of the array geometry inversion associated with the

processing strategy based on the piecewise approximate slanted

interface, this method could be used because of its high

computational efficiency to quickly obtain field seismic processing

results in the near-bottom acoustic investigations conducted in flat

seabed areas, thereby realizing on-site monitoring of the
Frontiers in Marine Science 14
performance of deep-towed multichannel seismic systems and the

quality of the data.
5 Conclusions

We present an array geometry inversion method suitable for

complex seafloors to address the challenge of precise source-

receiver positioning with deep-towed multichannel seismic

systems. Our method does not rely on an initial model, and the

objective function of the deep-towed seismic array geometry

inversion is built using the shortest path algorithm according to
A

B

C

FIGURE 14

Comparison of deep-towed multichannel seismic imaging profiles of sea trial datasets corresponding to different inversion methods. ((A) Sea-surface
reflection traveltime positioning method; (B) Piecewise approximate slanted interface processing strategy; (C) Proposed method).
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the traveltimes of direct waves and seafloor reflections. Moreover,

the PSO algorithm is used to achieve high-precision inversion of the

source-receiver position. The numerical analyses and field data

application results verify the effectiveness of the method proposed

in this paper, especially its applicability in scenarios with dramatic

changes in seabed topography. Moreover, influencing factor and

uncertainty analyses are used to evaluate the dependence of the

accuracy of the proposed inversion method on seismic traveltime,

seawater velocity and seabed morphology errors. The results

provide insights for the accuracy and reliability of the proposed

geometric shape inversion method for deep-towed seismic arrays in

practical applications to meet the requirements of near-bottom

acoustic detection for fine imaging of deep-sea seabed strata and

precise inversion of geoacoustic parameters. As a future work, the

proposed algorithm can be modified to estimate the optimal

seawater velocity while recovering the array geometry of deep-

towed multichannel seismic systems, and the computational

efficiency needs to be improved due to the massive deep-towed

seismic data.
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