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Abstract High-resolution bathymetric side-scan sonar (BSSS) performs the functions of traditional side-scan sonar, while also
providing a depth-sounding function that allows simultaneous measurement of seafloor topography and geomorphology. Sub-
marine microtopography and microgeomorphology detection ability and advanced underwater acoustic digital communication
are important technical capabilities of the Jiaolong manned submersible. High resolution BSSS achieved accurate detection of
seafloor topography and geomorphology at a depth of 7000 m, and successful mapping of local microtopography and micro-

geomorphology in the Mariana Trench.
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1. Introduction

Numerous fields require access to seafloor topography and
geomorphology (e.g., scientific research, resource develop-
ment, construction, and the military); the accurate mapping
of maritime spaces and interpretation of data on maritime
topography and geomorphology (including full sea depth
topography detection and near-seafloor microtopography
detection) are increasingly important (Jin, 2007; Zhao et al.,
2009). Full sea depth topography detection refers to large-
area voyage measurements using shipborne deep-water
multi-beam sonar. Its main features are large spatial range
and rapid data acquisition, making it especially suitable for
large-area exploration of seafloor topography; however, it
has limited accuracy in the measurement of deep-sea seafloor
topography and geomorphology. In contrast, near-seafloor
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microtopography exploration provides accurate detection of
the seafloor using multi-beam sonar, side-scan sonar, and
bathymetric side scan sonar (BSSS) carried aboard various
submersible types, including deep-tow (Xu et al., 2011; Liu
et al., 2015; Cao et al., 2016; Tao et al., 2016), underwater
robots (Tang, 2009), remotely controlled submersible (Luo et
al., 2006; Xu et al., 2011) and manned submersibles (Liu et
al., 2015). Compared with full sea depth topography detec-
tion, it can obtain more accurate microtopography and mi-
crogeomorphology of the seafloor.

In this paper, we describe the development of the Jiaolong
manned submersible, China’s first independently designed,
independently integrated operational deep-sea manned sub-
mersible. The technological features of the Jiaolong are
considered, and examples of their application are given. Fi-
nally, we describe the potential sources of error in micro-
topography detection, and the filtering and correction
processes that can be applied to the data.
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2. Jiaolong manned submersible

2.1 Design and development

According to the database of the Manned Underwater Ve-
hicles Professional Committee of the Marine Technology
Society (MTS) of the United States, there are currently 16
manned submersibles with over 1000 m depth capacity in the
world (Kohnen, 2013; Liu et al., 2015; Liu, 2016); these
include the Alvin (4500 m; United States), Nautile (6000 m;
France), Mir I and Mir II (6000 m; Russia), Shinkai 6500
(6500 m; Japan), and Jiaolong (7000 m; China).

The development of the Jiaolong manned submersible has
been one of the major goals of Plan 863 during the China’s
10th Five-Year Plan period (Liu et al., 2010). Through joint
research by nearly 100 scientific research institutes across
the country, the Jiaolong has progressed through the research
and development stages of design, manufacturing, final as-
sembly and connection, and pool functional tests. In early
2008, it met the technical criteria for sea trials. From 2009 to
2012, the Jiaolong completed sea trial missions of 1000,
3000, 5000 m (Cui et al., 2011) and 7000 m (Cui et al.,
2012). To date, the maximum dive depth reached is 7062 m,
which allows access to 99.8% of the ocean-bed on Earth.
After successful completion of the 7000-m sea trial, the
Jiaolong entered a test application stage, completing four test
application voyages from 2013 to 2017 (COMRA 31, 35, 37
and 38). During this time, it carried out more than 100 suc-
cessful submarine operations in the South China Sea,
Northeast Pacific, Northwest Pacific, Southwest Indian
Ocean, Northwest Indian Ocean, Yap Trench, and Mariana
Trench. During these voyages, it collected a wealth of bio-
logical, geological, and sediment samples, and obtained a
large volume of high-definition video data, fine topographic
and geomorphological data, and on-site detection data. The
success of these voyages demonstrated the unique ad-
vantages of Jiaolong deep-sea operations, and effectively
promoted China’s deep-sea science and technology devel-
opment program.

Compared with other great-depth manned submersibles,
the Jiaolong has four prominent technical highlights (Liu et
al., 2013; Zhu et al., 2014):

(1) maximum operation depth of 7000 m;

(2) advanced maneuverability and sailing control ability;

(3) advanced underwater acoustic communications and un-
dersea micromorphology and microgeomorphology detec-
tion capabilities;

(4) high-security functionality.

The Jiaolong can carry three people (one pilot and two
scientists). It consists of structural, hydraulic, control,
acoustic, and other systems, not only capable of photo-
graphy, video recording, and accurate mapping of seafloor
topography and geomorphology, but also of obtaining sea-
floor water samples, sediments, and biological samples by
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use of mechanical hands and other tools.

2.2 Bathymetric side scan sonar system

2.2.1 Applications of BSSS

As electromagnetic waves attenuate rapidly in seawater,
sound waves have become the primary means of detection
and information transmission in the water. The technical
capabilities of the Jiaolong acoustic systems include 16 so-
nars in 9 categories (Zhu et al., 2014); namely, two Acoustic
Communication Sonars (ACS), one Acoustic Phone, one
Ultra-Short BaseLine Sonar (USBL), one Long BaseLine
Sonar (LBL), one BSSS, one Imaging Sonar, one Doppler
Velocity Log (DVL), seven Obstacle Avoidance Sonars
(OAS), and one Altimeter (Figure 1).

BSSS is mainly used for obtaining data on micro-
topography and microgeomorphology; USBL and LBL
provide navigation and positioning data, which are essential
for topographical and geomorphological mapping; under-
water acoustic communication devices transmit positioning
data obtained by USBL to the supporting mother ship at the
surface, allowing for determination of the initial position of
the integrated navigation system; DVL provides information
on submersible velocity for combined navigation. In addi-
tion, motion sensor provide data on posture and heading,
which are used to supplement BSSS data; the conductivity-
temperature-depth (CTD) system provides sound velocity
data for correction of BSSS detection data; and the high-
accuracy depth meter provides depth data of the submersible
(i.e., depth of BSSS). When combined with topographic data
from the BSSS, the absolute depth of the seafloor can be
determined.

The BSSS setup on the Jiaolong is unique among com-
parable deep-sea submersibles; its transducers (Zhu et al.,
2003; Zhu et al., 2006; Sun et al., 2009) are mounted on both
sides of the manned submersible (Figure 1), enabling them to
measure microtopography and microgeomorphology of the
seafloor, and construct three-dimensional maps of chosen
sites. The BSSS is capable of mapping complex areas of
seafloor by determining the height of the target, making it
ideal for surveying cobalt crust regions and for measuring the
geometric dimensions of hydrothermal chimneys.

2.2.2  Basic principles of BSSS

BSSS was first developed by the Institute of Acoustics of the
Chinese Academy of Sciences and adopts advanced multi-
subarray seafloor automatic detection (i.e., signal parameter
estimation technology of the signal subspace), enabling it to
distinguish echoes arriving simultaneously from different
directions in order to automatically detect the seafloor. BSSS
was developed to realize simultaneous measurements of
seafloor geomorphology and topography through a combi-
nation of side-scan and multi-beam depth-sounding tech-
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Figure 1 Layout of acoustic systems aboard the Jiaolong manned submersible (Zhu et al., 2014).

nologies. The first stage of technological development was
low-resolution acoustic interference. During the second
stage of development, differential phase technology pro-
vided improved resolution, but only allowed for measure-
ment of one target at a same time, could not measure
complex seafloor, and could not work under multi-path
signal conditions. During the third stage of development,
high-resolution three-dimensional acoustic imaging tech-
nology was introduced. By applying the subspace fitting
method, simultaneous measurement of multiple targets,
measurement of complex seafloor areas, and measurements
under severe multi-path signal conditions was achieved; at
the same time, the amplitude and phase of signal 6, was
made possible.

The current iteration of BSSS uses multiple receiving ar-
rays to measure the arrival angle of seafloor echoes, ob-
taining water depth from a sonar detecting site. Among its
advantages are a relatively long operating distance, high-
resolution, small sonar arrays, and low energy consumption.
Figure 2 shows a schematic diagram of the working princi-
ples of BSSS, where T1 is the transmitting transducer, R1—
R8 are eight receiving transducer units, and the sonar front
normal is at a 30-degree angle above the horizontal plane.
The directions of seafloor echoes are calculated by analyzing
the phase difference of each received signal; the seafloor
position can be obtained with combination of the two.

The BSSS system is small, light-weight, and has low
power consumption, making it especially suitable for in-
stallation on deep-tow, underwater robots, remotely con-

Sea surface ----—---------"""""7"
Sonar aray
Interference
signal
. Target
Distance d .
~ Complex seafloor causes multiple
~ different directions of echoes to
arrive at the receiving array at the
same time
Interference Wave front

Signal

Grazing angle @

Sea bottom 3

Figure 2 Schematic diagram detailing the working principles of bathy-
metric side-scan sonar (BSSS).

trolled submersibles, and manned submersibles.

2.2.3 BSSS system composition
The BSSS system is divided into two parts, one installed in
the manned cabin (i.c., the master controller unit) and the
other installed outside of the manned cabin (i.e., the elec-
tronic cabin, port side transducer array, starboard side
transducer array, and subsidiary sensors).

The major axis of the BSSS transducer array must be
parallel to the major axis of the submersible. The transducer
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surface normal must have a 30° angle above the horizontal
plane. In addition, as deformation of the mounting bracket
must be minimized during lifting to avoid damaging the
transducer array, it is installed between submersible stations
4 and 5. In this cylindrical part of the submersible, the
transducer array has a better line-type after installation; the
mounting bracket is independent of the load-bearing frame,
thereby reducing the impact of the frame deformation on the
transducer.

3. Factors affecting mapping and detection re-
sults

In general, when using small-carrier submersibles (e.g.,
deep-tow and autonomous underwater vehicles; AUV) to
carry multiple-beam seafloor microtopography measure-
ments, the factors affecting data quality fall into five cate-
gories: horizontal positioning accuracy, vertical positioning
accuracy, depth-sounding accuracy, sensor time uniformity,
and sensor location uniformity. Large-scale manned sub-
marines (e.g., the Jiaolong) have different characteristics,
including poor stability in posture control, BSSS transducer
port and starboard installations, and wide spacing. By pro-
cessing BSSS detection data collected by the Jiaolong
manned submersible, we found that the factors most affect-
ing mapping quality were submersible posture, port and
starboard positions of BSSS transducers, and navigation
accuracy.

3.1 Effect of submersible posture on detection mapping

According to the No. 44 Special Publication of the Interna-
tional Hydrographic Organization (5th ed.; IHO S-44 Sth),
under a condition of 95% confidence, the special-grade
standards for seafloor microtopography detection and map-
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ping require a depth-sounding accuracy of 0.25m and a
depth of 0.75%; grade 1 standards require 0.5 m and 1.3%. In
addition to the sound velocimeter and BSSS, depth-sounding
accuracy is also affected by the optical fiber compass, which
includes three components (heading, pitch, and roll angle), of
which the depth-sounding accuracy of BSSS is most sensi-
tive to roll angle. For example, at an operating distance of
250 m and a height of 50 m, accuracy of 0.5% requires that
the accuracy of the roll angle sensor should be 0.06 degree; if
the roll angle sensor accuracy is 0.1 degree at 50 m height
from the bottom, an overall accuracy of 0.5% requires an
operating distance 143 m. Finally, the stability of sub-
mersible posture control is relatively poor, being affected by
both the streamline and manual control of the submersible;
therefore, submersible posture also has a significant impact
on BSSS detection results.

Taking the exploration of seafloor microtopography at a
cold spring area as an example, the importance of roll angle
filtering to improve depth-sounding quality is illustrated in
Figure 3. Figure 4 shows roll angle, pitch angle, and heading
angle change curves for submersible posture recorded by
BSSS. For roll angle, the periods of greatest instability show
a one-to-one correspondence with the most distorted areas of
the seafloor topography map (Figure 3a); however, there is
no relationship between map distortion and either pitch or
heading angle.

To reduce the influence of roll angle instability on mapping
quality, median filtering and smoothing are performed
(Figure 3b), removing some (but not all) of the distortion in
the seafloor maps.

3.2 Effect of port and starboard positions on detection
and mapping

Seafloor microtopography detection involves multiple sen-
sors, including the long baseline, ultra-short baseline, Dop-
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Figure 3 Seafloor topography around the peak of a cold spring area. (a) Map using raw data; (b) map using data to which filtering and smoothing have been

applied to the roll angle.
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Figure 4 Temporal change curves for (a) roll angle, (b) pitch angle, and (c) heading angle. Recorded by BSSS.

pler odometer, optic fiber compass, and BSSS transducer
arrays. Accurate knowledge of sensor coordinates relative to
the origin of the coordinates is critical, as is awareness of the
installation errors. For multi beams, a T-type transducer array
is generally used; it is installed right below the underwater
mobile carrier. For BSSS, two parallel transducer arrays are
generally used; they are installed on port and starboard po-
sitions of the underwater mobile carrier. Owing to the small
radial dimension of AUV or deep-tow vehicles, when BSSS
transducer arrays are installed, the spacing between the two
transducer arrays is relatively small (~0.5 m). However, the
Jiaolong manned submersible is significantly larger and the
two BSSS transducer arrays installed on its abdomen are
~2.46 m apart. The BSSS searches for the seafloor via both

the port and starboard arrays, and uses these data as the
baselines for calculating depth-sounding results. When
BSSS is used to detected angled terrain (i.e., slope), a large
spacing between transducer arrays results in significant dif-
ferences in seafloor detection results (Figures 5 and 6).

Figure 5 shows depth-sounding results from a single-frame
line measurement of sloped terrain in a cold spring area, with
and without a compensation for the 30° mounting angle of
port and starboard sonar array. It is clear that seafloor data
from the port and starboard sides are not the same. Directly
combining these data would result in poor quality seafloor
topography maps for areas directly beneath the sonar arrays;
therefore, accurate mapping requires a data correction step to
compensate for the difference.
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Figure 5 Depth-sounding results for a single-frame line measurement along sloped terrain in a cold spring area. The gray dotted line indicates data for
which without a compensation for the 30° mounting angle of port and starboard sonar arrays, respectively; the black dotted line indicates data for with a
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Figure 6 Seafloor microtopography maps of sloped terrain in a cold spring area. (a) Map constructed using data where the spacing between the port and
starboard sonar arrays is not taken into account; (b) map constructed using data where the spacing between the port and starboard sonar arrays is taken into

account.

Figure 6 shows seafloor microtopography around the cold
spring area with and without a correction for the spacing
between port and starboard sonar arrays. When the spacing is
not considered, mapping quality of depth-sounding results
for regions directly beneath the BSSS transducer arrays is
poor, and the transition between the port and starboard is not
ideal (Figure 6a). To compensate, during post-processing, the
installation spacing of the port and starboard transducer ar-
rays are considered, and the port and starboard results are
first extracted separately and then combined (Figure 6b); this
ensures that the transition between port and starboard sea-
floor microtopography maps is relatively smooth, which in
turn improves the mapping quality.

3.3 Effect of navigation accuracy on detection and
mapping

The mean horizontal positioning accuracy (i.e., the vertical
track resolution) is 5 cm, and the track resolution is related to
the angle, which ranges from 0.5 to 5 m. Taking this into
account, and according to the No. 44 Special Publication of
the International Hydrographic Organization (5th ed.; THO
S-44 5th), under a condition of 95% confidence, the special-
grade standards for positioning accuracy of seafloor micro-
topography detection and mapping require 2 m, and grade 1
standards require 5 m+5% depth. The main sensors involved
in horizontal positioning are long baseline, ultra-short
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baseline, Doppler log, and the optic fiber compass. The static
positioning accuracy of the long baseline is 2.5 to 5 m; the
dynamic positioning accuracy is lower than the static posi-
tioning accuracy and is related to the sound velocity profile,
topography, calibration, signal-to-noise ratio, and other fac-
tors. The positioning accuracy of ultra-short baseline is about
0.2-0.5% the slope distance and is related to the sound ve-
locity profile, GPS, and signal-to-noise ratio, among other
factors. The accuracy of the Doppler log depends on the
sound velocity, the installation declination angle, the speed
deviation, and the signal-to-noise ratio; the accuracy of optic
fiber compass is related to latitude and speed.

The effect of navigation accuracy during BSSS detection is
illustrated in Figure 7, which shows a map produced by
combining data from the two measuring lines for the peak
area of a cold spring area. In this map, no long-baseline
positioning system was used; instead, ultra-short baseline
positioning data was used as the navigation data. The results
show that seafloor topography could not be well defined
because the ultra-short baseline does not satisfy the data
combination requirements of BSSS.

To further analyze the navigation accuracy of sub-
mersibles, it is necessary to choose data from a dive where
the long baseline positioning system was working normally.
For this purpose, data from another dive were chosen as
being representative because: (1) during the dive, the long
baseline positioning system was working normally and the
positioning accuracy was high; (2) during the normal
working process of the long baseline positioning system, the
sailing track of the submersible was relatively diversified
with straight line and turning. Figure 8 shows the results of
LBL, USBL, Shenyang Institute of Automation (SIA) na-
vigation and dead reckoning navigation during the dive op-
eration. According to the sea trial, LBL provided the most
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reliable positioning results for the submersible under the
water. The navigation results from USBL did not meet the
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Figure 7 Map produced by combining data from two measuring lines
around the peak of a cold spring area.
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Figure 8 LBL, USBL, SIA, and dead reckoning navigation during a dive
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Figure 9 Seafloor (a) microtopography and (b) microgeomorphology maps obtained by the Jiaolong BSSS on a 7000-m sea trial.
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Figure 10 Seafloor microtopography (a) and microgeomorphology maps (b) obtained by the Jiaolong BSSS on a dive around the peak of a cold spring area.

requirements for BSSS. The SIA and dead reckoning method
described the submersible track with considerable accuracy;
however, the error gradually increased with time, especially
after the second turning point.

4. Typical detection results

Sea-trials have shown that the Jiaolong BSSS can produce
high-resolution microtopography and microgeomorphology
data; isobaths can be displayed at 2 m intervals, and many
seafloor details are clearly distinguished (Figures 9 and 10).
Furthermore, comparison of side-scan and topography maps
can yield additional information.

5. Conclusions

The Jiaolong is China’s first independently designed, in-
dependently integrated operational deep sea manned sub-
mersible; it has a maximum dive depth of 7000 m, the
deepest of any manned submersible in the world. Jiaolong is
equipped with high-resolution BSSS developed by the In-
stitute of Acoustics of the Chinese Academy of Sciences;
together with an underwater acoustic communication device,
the BSSS represents one of four technical strengths of the
Jiaolong manned submersible.

The BSSS combines the functionality of traditional side
scan sonar with a depth-sounding function, allowing si-
multaneous measurement of seafloor topography and geo-
morphology. In combination, side-scan and topographical
maps of marine features can provide a wealth of information.

The Jiaolong BSSS mapping quality for seafloor micro-
topography and microgeomorphology measurements is
mainly influenced by the posture of submersible, the in-
stallation position of the transducer arrays on the port and
starboard sides, and by the navigation accuracy.
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