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Abstract Seafloor geodetic network construction involves the development of geodetic station shelter, network configuration
design, location selection and layout, surveying strategy, observation model establishment and optimization, data processing
strategy and so on. This paper tries to present main technological problems involved in the seafloor geodetic network con-
struction, and seek the technically feasible solutions. Basic conceptions of developing seafloor geodetic station shelters for
shallow sea and deep-sea are described respectively. The overall criteria of seafloor geodetic network construction for submarine
navigation and those of network design for crustal motion monitoring are both proposed. In order to enhance application
performances of the seafloor geodetic network, the seafloor network configuration should prefer a symmetrical network
structure. The sea surface tracking line measurements for determining the seafloor geodetic station position should also adopt an
approximately symmetrical configuration, and we recommend circle tracking line observations combined with cross-shaped line
(or double cross-shape line) observations for the seafloor positioning mode. As to the offset correction between the Global
Navigation Satellite System antenna phase center and the acoustic transducer, it is recommended to combine the calibration
through external measurements and model parameter estimation. Besides, it is suggested to correct the sound speed error with a
combination of observation value correction and parameterized model correction, and to mainly use the model correction to
reduce the influence of acoustic ray error on the seafloor positioning. Following the proposed basic designs, experiments are
performed in shallow sea area and deep-sea area respectively. Based on the developed seafloor geodetic shelter and sufficient
verification in the shallow sea experiment, a long-term seafloor geodetic station in the deep-sea area of 3000 m depth was
established for the first time, and the preliminary positioning result shows that the internal precision of this station is better than
5cm.
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Introduction

tion, which can provide the surface and subsurface users with

A seafloor geodetic network is a set of geodetic stations
deployed on the seafloor to form a positioning system like
the Global Navigation Satellite System (GNSS) constella-
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positioning, navigation and timing information, and monitor
seafloor crustal motion and marine environment changes
(Yang et al., 2018; Liu et al., 2019; Li et al., 2018). Seafloor
geodetic network should be an integral part of the national
geodetic network of China. It would not be a real “national
geodetic network” without covering the territorial water, at
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least it is not complete to be the full-fledged one. Seafloor
geodetic network is the basis for undersea positioning and
navigation, and plays a key role as the fundamental infra-
structure for marine security, economy development and
ocean environment monitoring, and also provides important
supports for marine geological researches and the explora-
tion and exploitation of seabed resources.

The terrestrial geodetic network of China is relatively
complete with centimeter level precision, and it is main-
tained by a long-term remeasurement (Chen et al., 2007;
Yang, 2009; Wei, 2008; Wei et al., 2011). The seafloor
geodetic network construction in China, however, is still
underdeveloped. This is not only because the seafloor geo-
detic network construction is very difficult and involves high
technical requirements, but also because the seafloor geo-
detic equipment is expensive and there is still some way from
being autonomous and controllable. Additionally, the sea-
floor geodetic network construction will take a relatively
long time while the service life of the equipment is relatively
short. Besides, the theory and method of the seafloor geo-
detic network data processing are still immature; neither the
acoustic positioning model nor the data processing model for
multi-source seafloor observations is perfect. In order to
solve these problems, the International Association of Geo-
desy (IAG) formally set up a working group in 2019 to
promote the seafloor geodetic datum and undersea posi-
tioning technology development.

The United States, Canada, Russia and other developed
countries have already launched the seafloor geodetic net-
work researches for a long time and they have basically
mastered the technology for establishing and maintaining the
seafloor geodetic network (Spiess et al., 1998; Favali and
Beranzoli, 2006; Matsumoto et al., 2008). To monitor the
seafloor crustal motion and seismic activities, Japan has al-
ready established a seafloor geodetic network (Mochizuki et
al., 2003; Fujiwara et al., 2011), and made a series of re-
search achievements.

Aiming at the positioning, navigation and timing (PNT)
security issues in special scenes and complex environments
such as underwater positioning and navigation, the U.S.
proposed a long-term plan for developing the national
comprehensive PNT architecture (National Security Space
Office, 2008). In 2015, the US Defense Advanced Research
Projects Agency (DARPA) proposed the Positioning System
for Deep Ocean Navigation (POSYDON) project to de-
termine the precise position of the submarine vehicle by
using the received passive signals or the request-response
signals from a set of acoustic beacons with known co-
ordinates, where the acoustic beacons form an acoustic array
(i.e. a seafloor geodetic network) like the GNSS constellation
to provide underwater positioning services (Defense Ad-
vanced Research Projects Agency, 2016). Chinese re-
searchers have made some achievements in developing
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acoustic positioning models and algorithms, including un-
derwater differential positioning based on the short-baseline
positioning (Liu et al., 2006) and the long-baseline posi-
tioning (Han et al., 2017; Li, 2007; Ning et al., 2014),
acoustic ray error correction (Zhao and Wang, 2015; Zhang
et al., 2013) and modelling (Yan et al., 2016; Zhao et al.,
2016), etc. Preliminary results were also achieved in the
comprehensive PNT architecture and resilient PNT frame
studies, both involving the submarine PNT service (Yang,
2016; Yang and Li, 2017; Yang, 2019). Besides, some Chi-
nese scholars have started researches on the theory and
methods of marine positioning and navigation (Wu, 2013;
Yang et al., 2017; Han et al., 2017; Zhao et al., 2017; Sun et
al., 2018). However, the long-term stable working seafloor
geodetic network has not been established at present, and
there still lacks effective underwater positioning technolo-
gies and methods (Yang et al., 2018; Yang, 2019).

There are a great number of difficulties encountered in
establishing the seafloor geodetic network. Firstly we need to
develop the acoustic beacon and shelter featured with good
stability, measurability, pressure-resistance and anti-corro-
sion to adapt to the complex ocean environment, and to solve
key technological problems in the power supply and device
in-situ maintenance; secondly, we have to solve problems in
optimizing the layout of large-scale seafloor geodetic net-
work, and ensure that it is tied to the national terrestrial
geodetic network to form a whole. The seafloor geodetic
measurement strategy is also one of key technological issues
in seafloor geodetic network construction. Besides, the in-
volved data processing problems, including model refine-
ment for multi-type observations obtained under different
environments and data fusion of multi-source ocean ob-
servations and so on, also have to be solved in the seafloor
geodetic network establishment. Although we can hardly
give optimal solutions to all of the above issues in a short
term, properly investigating and analyzing those problems is
still significantly meaningful for constructing the seafloor
geodetic network.

2. Key technologies for seafloor geodetic station
shelter

2.1 Shelter design

The problems involved in developing the seafloor geodetic
station shelter need to be tackled first. A seafloor geodetic
station shelter includes the acoustic beacon, power supply
unit, depth gauge, foundation bed unit, protective unit, bal-
ance weight structures, etc.

The acoustic-based seafloor geodetic station shelter and
device should have capabilities of pressure-resistance, anti-
corrosion and long-distance signal transmission. Moreover,
the seafloor geodetic station should have capabilities of lo-
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cation stability, long-term working and high-precision posi-
tioning, and it can be easily and rapidly deployed, recycled
and maintained in most undersea areas.

As the depth of the majority of China sea areas does not
exceed 4000 m and that of the global sea areas does not
exceed 7000 m, the seafloor geodetic station devices should
be able to withstand the water pressure at a depth over
6000 m, so they can be used for the seafloor geodetic net-
work construction in the most of sea areas.

Taking the above-mentioned aspects into account, materials
of high-strength, press-resistance and anti-corrosion, such as
stainless steel or titanium alloy, are generally selected for the
seafloor geodetic station shelter, and a stable foundation bed
design should be added as shown in Figure 1. In addition, the
design of a seafloor geodetic station shelter in deep-sea should
take the effects of time-variant flow-field and seafloor sedi-
ments into account, therefore we designed an overflow
structure with a stable foundation bed as shown in Figure la.
The shallow-sea shelter needs to be anti-dragging additionally
and thus an overflow-type anti-dragging structure is finally
adopted to prevent it from damages caused by human or other
factors as shown in Figure 1b. To reduce the number of plug-
ins closely contacted with seawater, the overall structure of the
shelter should adopt a penetrating design to improve the re-
liability. Due to the large volume of the shelter assembly, it
needs to adopt separable standardized structures to assemble
the shelter to effectively save the assembly space and enhance
the operation efficiency.

At present, most seafloor geodetic station shelters in the
world adopted structures featured with simple and easy de-
ployment, convenient operation and high stability and relia-
bility (David and Spiess, 2008; McGuire and Collins, 2013;
Sakic et al., 2016). In the future, the in-sitfu maintenance of
seafloor geodetic acoustic beacons may be realized by re-
motely operated vehicle (ROV) to ensure the continuity of the
coordinate time series of seafloor geodetic station.

2.2 Acoustic signal design

Acoustic-based signal design requires considering the wa-
veform, frequency selection, bandwidth design, etc. The
acoustic signal waveform design needs to consider the sta-
bility and resolution. The wider the bandwidth is, the lower
the spectrum level will be, and therefore for the same sound
source, the spectrum level of a broadband signal is lower
than that of the single-frequency and it may be disturbed by
the ocean ambient noise, which means that it will be difficult
to be detected. Besides, the higher temporal resolution the
acoustic signal has, the more precise the acoustic ranging
will be (Liu and Lei, 2010; Tian, 2010; Hui and Sheng,
2007). Moreover, the coding scheme also needs to be con-
sidered in the signal waveform design to ensure the signal
detection convenience and on the other hand to increase the

Sci China Earth Sci

August (2020) Vol.63 No.8

decoding difficulty. Direct sequences or frequency hopping
coding technology is usually adopted to enhance the signal to
noise ratio (SNR) of the detected signal and the encoding
complexity (Liu, 2008; Han et al., 2016; Cheng, 2004).

In the respect of the frequency selection, current mature
products can be classified into low frequency ones (8—16
kHz) and medium frequency ones (20-30 kHz). It is noted
that, the effective range of the low frequency ones is gen-
erally limited to 10 km approximately; thus, the shelter de-
ployment requires considering the signal reachability, signal
propagation characteristics and the influence of the temporal
varying ocean ambient noise (Sun et al., 2019; Li et al,,
2005).

2.3 Service life design for the seafloor geodetic station

Service life is one of key indexes to indicate the long-term
observability of a seafloor geodetic station. It does not only
involve with the reliability design of the seafloor geodetic
station shelter, but also highly relies on the continuous power
supply of the shelter. At present, the lithium battery has
become one of the mainstream products for the seafloor
geodetic shelter power supply due to the best safety, the
largest specific capacity, the lowest self-discharge rate and
the best cost-effective performance. The storage life of li-
thium battery is usually about 5 years (capacity>90%) (The
General Armaments Department of the PLA, 2011). Ac-
cording to the self-discharge rate and current experimental
data (six-year failure rate<3%, capacity>98%), the five-year
availability of the seafloor geodetic station can reach
99.9999% by connecting multi battery groups in parallel and
then separately managing each battery group. The con-
venience of the power replacement must be additionally in-
corporated into the seafloor geodetic shelter design.

In the respect of the shelter development, based on the
above designs, we have developed a single-beacon shelter
with one acoustic transponder and a double-beacon shelter
with two acoustic transponders. Shallow seafloor geodetic
positioning experiments have been implemented in the sur-
rounding sea areas of Lingshan Island and Jiaozhou Bay in
Qingdao to verify the proposed deploying and recycling
procedure. It shows that the positioning precision is better
than 2 cm (Chen et al., 2019). The deep-sea shelter has been
successfully passed the deploying and recycling tests in the
deep-sea experiment performed in July, 2019, and the deep-
sea overflow shelter as shown in Figure 1a was deployed on
the seafloor for a long-term operation.

3. Seafloor geodetic station deployment and
network optimization

Since the seafloor geodetic network deployment is costly and
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Figure 1 Deep-sea overflow structural shelter (a) and shallow-sea anti-dragging shelter (b).

involves complicated technologies, it is unrealistic to es-
tablish a continuous seafloor network like the terrestrial
geodetic network. To maximize the effectiveness of the
seafloor geodetic network, we need to study the precise de-
ployment strategy for the seafloor geodetic network, and
optimize the density and distribution of the seafloor geodetic
stations serving as both the coordinate frame and the re-
ference stations for undersea navigation.

3.1 Level classification for seafloor geodetic network
construction

Considering the economy of the construction, the established
China terrestrial geodetic network is usually divided into
different levels. The traditional geodetic network consists of
the I-level net and II-level net, and the GNSS geodetic net-
work is composed of the Continuously Operating Reference
Station (CORS) network, I-level (A-level) net and II-level
(B-level) net. We recommend that, the seafloor geodetic
network should also be classified by levels according to
different users’ requirements in the positioning precision of
the seafloor geodetic station. Thereby we can divide the
seafloor geodetic network into centimeter-level net, deci-
meter-level net and meter-level net to satisfy different ap-
plication requirements. The centimeter-level net will be
mainly applied to the seafloor crustal motion monitoring,
such as the US seafloor geodetic network with the north
direction precision of 0.9 cm and the east direction of 3.9 cm
(Spiess et al., 1998). The decimeter-level net will mainly
serve the marine engineering such as the ocean oil-gas en-
gineering and undersea cable laying engineering. The meter-
level net can mainly provide reference beacons for PNT
users. By the power supply mode, the seafloor geodetic
station can also be classified into the cable station and non-
cable station. As the cable station uses electrical wire cable
and optical fiber cable to supply the power and transmit the

information, it can support continuous long-term operation
and huge volume information transmission. The non-cable
station, however, is battery-powered, so it can be only re-
measured regularly, usually once or twice per year, e.g., the
Japanese seafloor geodetic net is remeasured twice a year
(Mochizuki et al., 2003; Fujiwara et al., 2011).

3.2 Location selection of seafloor geodetic station

In the seafloor geodetic network construction, the location
selection and layout of the seafloor geodetic station should
be solved primarily. Not only the stability, but also the inter-
visibility between the neighboring stations need to be en-
sured (Fujimoto et al., 1997), so the location should be
carefully selected according to the water depth, seafloor to-
pography, seabed sediments and hydrologic conditions. In
order to reasonably deploy the seafloor geodetic station, we
primarily presented the main technical indicators of the lo-
cation selection of seafloor geodetic station from the aspects
of the seafloor topography, landforms and stability, as shown
in Table 1.

A seafloor geodetic station would be laid in flat terrain area
and needs to be of good stability if it is only used as a
seafloor geodetic point. However, when it is applied to the
seafloor crustal motion monitoring, a set of seafloor geodetic
stations should be evenly distributed on the moving plates to
monitor the seafloor tectonic motion with the plate tectonics,
and need to keep stable within the plates. For a set of seafloor
geodetic stations to monitor the seafloor spreading, they
should be located on the connecting belt between two plates,
and in this case the relative motion between plates can be
measured by conducting seafloor acoustic ranging or by the
sea surface GNSS/acoustic connection surveying with the
seafloor geodetic stations located in the plates. For the power
supply limitation, the seafloor geodetic station far away from
mainland or island is hardly to be continuously operated, so it
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Table 1 Seafloor geodetic shelter layout risk and strategies
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Topographic and

morphologic risks Strategies

Geological risks Strategies

Stability risk No sand wave or sand ridges

Steep slope risk No larger than 5° slope

Away from shallows, volcanos, coral reefs,

Morphologic risk submarine gullies, canyons, grooves, etc.

Erosion and deposition risk

Low hydrodynamic force, no loose and soft
sediment

Sliding risk Away from old-landslide, high-steep slopes

Subsidence risk Away from loose sediment

should be remeasured regularly (or irregularly) to reflect the
seafloor plate tectonic motion.

3.3 Seafloor geodetic network configuration design

The seafloor geodetic network configuration design should
also be considered in addition to the stability and visibility of
seafloor geodetic stations. If only considering the subsurface
PNT service, we need to set a reasonable distance among
seafloor geodetic station groups to establish a relay-type
network according to the error accumulation of the inertial
navigation system (INS) equipped on the underwater vehicle.
If we further assume that the precision of the INS equipment
is 0.1% and the maximum tolerant navigation error is 100 m,
then the distance between two seafloor geodetic station
groups along the shipping channel should be less than
100 km to perform a timely calibration on the INS accu-
mulated error to ensure high-precision navigation of under-
water vehicle. If the maximum tolerant navigation error of
the underwater vehicle is set to be 500 m, then the distance
between the seafloor geodetic station groups along the
shipping channel should be less than 500 km.

Furthermore, not only the distance between different sea-
floor geodetic station groups, but also the observability and
geometric structure of each seafloor geodetic station group
need to be considered as well. Under the observability con-
dition, generally three seafloor acoustic beacons can be used
to determine the three-dimensional position of the submarine
vehicle, and the regular triangle configuration should be the
optimal configuration. If further considering the time syn-
chronization requirement, we need at least four necessary
geodetic stations and one backup station to form the simplest
network, then the regular pentagon is the optimal config-
uration as shown in Figure 2a. In practice, we usually select
one station as the master station located in the center of a
square, and set the left as auxiliary stations distributed on the
four vertexes of the square, as shown in Figure 2b. As to
submarine PNT applications in special regions, the seafloor
geodetic network can be realized by extending or densifying
the above-mentioned basic configurations.

When the regular polygon network cannot be laid due to
the limitation of the seafloor topography and sediment con-
ditions, we can minimize the geometric dilution of precision
(GDOP) at the geometric center of the predesigned network

coverage, and the network optimization criterion can be
expressed as:

minGDOP = min/ tr(A"A) ',

where A is the design matrix of the underwater positioning
and navigation model. It is definite that the mean GDOP of
the regional coverage can be used as the network optimiza-
tion criterion, which might be more suitable for underwater
PNT applications.

4. Seafloor geodetic observation strategy and
observational error influence control

The seafloor geodetic network must be integrated with the
national terrestrial geodetic network to form a whole national
geodetic network, and this should be implemented by the
connection measurement between the two networks, and
then the terrestrial geodetic datum can be precisely trans-
ferred to the seafloor geodetic network. The datum trans-
ferring and connection measurement involve two types of
observations i.e. the space radio signal and acoustic signal
observations, so the different error characteristics of the both
need to be considered. The seafloor geodetic positioning
principle is the ranging intersection between the known
surface points (like the satellite constellation) and the sea-
floor geodetic station to calculate the three-dimensional co-
ordinates of the seafloor geodetic station (Matsumoto et al.,
2008). The sea surface point coordinates at the GNSS an-
tenna phase center can be determined by using GNSS sig-
nals, and then the acoustic phase center of the transducer can
be obtained by combining the leverage arm vector measured
by the precise engineering approach with the vehicle attitude
measurements. At last, we can figure out the three-dimen-
sional coordinates of the seafloor geodetic station by dis-
tances from the transducers to the transponder installed on
the geodetic station. Obviously, the errors of this transmis-
sion type of positioning mainly come from measurement
error in the surface ship tracking lines, measurement error in
leverage arm vector, attitude measurement error and acoustic
ranging error.

The datum unification between the seafloor geodetic net-
work and the terrestrial geodetic network relies on the sea
surface vehicle connection measurements. The vehicle po-
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Figure 2 Regular pentagon network (a) and network with master-auxiliary stations (b).

sition is usually determined by GNSS techniques, i.e., to
obtain the position of the GNSS antenna phase center by the
satellite-based differential technique, precise point posi-
tioning (PPP) technique, real time kinematic (RTK) techni-
que or post-processing differential technique, etc. Satellite-
based differential technique can be used to obtain the real
time position of the vehicle with 20-30 cm precision;
meanwhile the positioning precision of PPP technique can be
better than 10 cm by only using the vehicle receiver ob-
servations and the IGS precise orbit and clock products. The
RTK or post-processing differential technique needs not only
the surface vehicle receiver observations, but also the ter-
restrial CORS stations located on land or island to conduct a
joint measurement and calculation, and thereby it can be
utilized to obtain the vehicle position with precision better
than 5 cm.

The seafloor geodetic beacon positioning configuration is
naturally asymmetrical (Blirgmann and Chadwell, 2014; Liu
et al., 2006; Zhao et al., 2018). Since the known points are
located on the sea surface while the unknown point is located
on the seafloor, the observations along the vertical direction
is so asymmetrical that it is hardly to compensate systematic
errors, resulting in a relatively low positioning precision in
the vertical direction. In order to reduce the error influence
on the vertical direction, the seafloor geodetic station is
usually equipped with a depth gauge to obtain the water
depth information to remedy the deficiency of the asym-
metrical configuration. At present, the relative precision of
the most precise depth gauge can reach 1/10000 (Polster et
al., 2009). When double depth gauges are installed on the
transducer and the transponder respectively, we can obtain
the vertical distance between the transducer and transponder
at each observation epoch. By using the depth information to
establish an observational equation system to constrain the
positioning process, the vertical positioning accuracy can be
improved.

The centering correction otherwise known as leverage arm

offset from the GNSS antenna phase center to the transducer
needs to be solved when using the GNSS/acoustic technique
to conduct the seafloor geodetic positioning. The offset
correction measurement error can lead to a systematic error
and then affect the seafloor geodetic positioning. The offset
parameters in the ship-based coordinate system are generally
constant and can be premeasured by the total station or other
instruments for implementing the centering correction on the
observations. The offset parameters can also be treated as
unknown parameters and estimated together with the co-
ordinate parameters of the seafloor geodetic station. How-
ever, since the vertical offset parameter is highly related to
the vertical coordinate of the seafloor geodetic station,
treating the offset parameters as unknowns to be estimated
with the seafloor geodetic coordinates will lead to an ill-
posed observational model (to be ill-conditioned and even to
be rank defect). Researchers proposed a sample search al-
gorithm, according to which the vertical offset parameter is
fixed firstly, and then the horizontal offset parameters are
estimated together with the three-dimensional geodetic co-
ordinates, and this approach can significantly improve the
estimation effectiveness (Chen et al., 2019). We propose a
strategy that by premeasuring the offset parameters at first
and treating the premeasured offset parameters and their
uncertainty information as prior information, the offset
parameters and geodetic coordinates can be figured out with
the Bayesian estimation approach (Yang, 1991). The strategy
can not only avoid the ill-posed problem caused by the strong
correlation between the vertical offset parameter and the
vertical coordinate of geodetic station, but also improve the
precision of the estimated offset parameters.

Assuming that the offset parameters from the GNSS an-
tenna to the transducer have been figured out and the aided
depth observations from the seafloor gauge have been ob-
tained, the left problem is to optimally determine the three-
dimensional coordinates of the seafloor geodetic stations.
Currently, a great number of studies show that the position
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precision of vehicle GNSS antenna can reach centimeter
level; thus, we can ignore the influence of the GNSS posi-
tioning error and only consider the influence of the surface
vehicle tracking lines’ geometric configuration on the sea-
floor geodetic positioning. It shows that the surface vehicle
tracking lines determine the geometric strength contained in
the observations (Chadwell et al., 2002; Mcintyre, 1989).
Theoretical studies and experimental tests show that, when
the surface vehicle tracks the seafloor geodetic station to
form a circle tracking line with a radius equal to ./2 times the
water depth, an optimized geometric structure can be ob-
tained (Xue et al., 2014; Zhao et al., 2016; Zou et al., 2017).
If further considering the systematic error influence and the
requirements in the differential positioning, we need to in-
troduce cross tracking lines right above the seafloor geodetic
station. The circle plus the cross lines can further improve the
positioning geometric structure and reduce the systematic
error influence. The ship tracking line previously proposed
by Japanese researchers still has reference values (Fujita et
al., 2006; Sato et al., 2013). It should be noted that, the circle
plus cross lines also belongs to symmetry-type observational
configurations, which are still helpful to reduce the influ-
ences of systematic errors including the offset error, sound
velocity error and acoustic ray bend error, etc.

5. Acoustic positioning model refinement and
seafloor geodetic positioning

As the ocean acoustic observations are seriously affected by
the ocean environmental factors such as the sea water tem-
perature, salinity, density, currents, etc., (Osada et al., 2003;
Li et al., 2016), there are great challenges in the model re-
finement for the high-precision acoustic positioning. Func-
tional model and stochastic model were widely studied to
tackle the high-precision underwater positioning problems.
The dominant errors in acoustic positioning are the sys-
tematic error and random error from the sound speed spatial-
temporal variations and the acoustic signal delay measure-
ments. The observational model refining is however closely
related to the used observational mode and the combination
type of observation information. Different observation
combination modes have different error influences on the
seafloor geodetic positioning. Besides, the influence of lin-
earization error on the positioning needs to be considered in
shallow sea positioning (Xue et al., 2014).

The uncertainty of the sound speed is one of dominant
error sources in acoustic positioning. The sound speed pro-
file (SSP) measurement may contain instrument calibration
error and spatial-temporal representativeness error (Yamada
et al., 2002). To reduce the influence of systematic errors
represented by the sound speed error on the positioning, a
GNSS-like differential technique can be utilized (Xu et al.,
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2005; Yang et al., 2011). The differential technique can
weaken the common errors in observations, but at the same
time the vertical positioning information in the un-differ-
ential observations is reduced, which further decreases the
vertical positioning precision. The cross lines can be used to
improve the vertical positioning geometry, and the data
amount is much smaller than that of the circle line. We can
then develop a combination observation mode where the
circle line is used to form differential observation equations
while the cross line is used to form un-differential observa-
tion equations. This combination can weaken the sound
speed error influence on the one hand, and provide a ne-
cessary complement to the vertical positioning information
on the other hand.

Like the above discussed spatial-differential mode to
weaken the spatial representativeness error, the epoch-dif-
ferential mode, based on differences between the adjacent
observations, can be used to weaken the temporally related
systematic errors. Some researchers proposed the robust
single and double differential positioning techniques by
combining the epoch-differential mode with the robust esti-
mation (Zhao et al., 2017; Gao, 2018). The robust epoch-
differential can not only weaken the influence of temporally
related errors, but also effectively control the influence of
outliers.

The acoustic ray bend error and the sound speed error are
two types of major systematic error sources of the under-
water positioning. The acoustic ray bend error is related to
both the spatial-temporal varying ocean environment and the
incident angle of the ray. When the SSP data in the field is
available, theoretically the acoustic ray bend error can be
completely removed by the ray-tracing positioning method.
However, as mentioned above, there are strong uncertainties
and spatial-temporal representativeness errors in the SSP
data. For these reasons, we recommend that, the seafloor
geodetic data processing should adopt the constant velocity
positioning model, and then add both the ray bend error
correction and the acoustic signal delay correction, or per-
form modelling and parameter estimation compensation. The
prior sound speed can adopt the empirical speed (Zhao and
Liu, 2008) or the weighed mean speed (Yi et al., 2009). The
time-varying speed error influence has become a thorny
problem in high-precision acoustic positioning, and this kind
of error might be significantly reduced by developing dy-
namic data processing model for seafloor geodetic network
referring to the GNSS atmospheric error processing practice.
Besides, the neural network learning approach (Nguyen and
Widrow, 1990), the equivalent sound speed method (Geng,
1997), effective sound velocity method (Sun, 2007) and the
acoustic ray error correction method (Wang et al., 2009) can
be utilized to reduce the influence of the sound speed error.

To precisely implement the acoustic ray error correction on
the acoustic ranging observations, we must obtain the sound
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speed field (SSF) information within the observing time in-
terval and the sea area. The spatial interpolation and em-
pirical orthogonal functions (EOF) are two commonly used
approaches to restructure the sound speed field by utilizing
the discretely distributed SSP data (Wu, 2013). EOF has
been widely considered as the most effective base functions
to describe the SSP (Davis, 1976), and generally 2—-3 order
EOF functions can be used to precisely represent arbitrary
SSP within the surveying region. Combining the EOP with
the genetic simulated annealing algorithm has been applied
in shallow sound speed field inversion (Zhang and Liu,
20006). Using the obtained SSP, we can trace the acoustic ray
to get the ray error correction value (Takahashi et al., 2000;
Sakic et al., 2018; Wang et al., 2016). As one can imagine,
too much layering of the SSP will lead to inefficiency in the
ray tracing, and thus an adaptive SSP division algorithm was
proposed (Li et al., 2015; Zhang et al., 2013). The adaptive
filter algorithm may also be applied to utilize the prior sound
speed model and the measured SSP data (Yang and Zeng,
2009).

In the practice of underwater positioning, as the acoustic
ray bend error becomes large with the increase of incident
angle, the underwater positioning regarding the incident
angle becomes one of hot research topics in establishing the
functional models (Yang et al., 2011). The acoustic ray error
influence was also considered in the stochastic model (Han et
al.,, 2017; Zhao et al., 2018), in which the weight of the
acoustic ranging signal with larger error is decreased to
weaken its influence. The stochastic model construction and
parameter estimation approach will be discussed in our fu-
ture works and not be presented here in details.

6. Deep-sea experiment and preliminary ana-
lysis

Applying the above-mentioned seafloor geodetic shelter
development strategy, seafloor geodetic location selection
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criterion and geodetic network layout strategy, we conducted
a deep-sea experiment in a sea areas of 3000 m depth in July,
2019. Figure 3 illustrates the seafloor geodetic network and
the surface ship tracking lines, where the five seafloor sta-
tions adopt the configuration as shown in Figure 2b, and the
radius of each circle tracking line is about 0.5 times the
seawater depth. In addition, a circle tracking line with the
radius of 1.5 times the seawater depth and a series of cross
lines are laid for locating the station No.5.

Compared with the terrestrial environment, the observa-
tion condition under the ocean environment is relatively
poor, resulting in more outliers in acoustic observations
which have a huge impact on the least squares (LS) esti-
mation. To control the influences of gross errors, we adopted
the robust LS with IGGIII scheme (Yang et al., 2002a,
2002b) to process the data. To show the influences of dif-
ferent observation strategies on the positioning results, we
used the following four schemes to calculate the seafloor
geodetic coordinates: Scheme 1, circle tracking line with the
radius of about 0.5 times the seawater depth; Scheme 2,
circle tracking line with the radius of about 1.5 times the
seawater depth; Scheme 3, cross tracking lines; Scheme 4,
circle tracking line plus cross tracking lines.

In Tables 2 and 3, my, my and my represent the RMS of the
coordinates X, Y and H, respectively.

Table 2 presents the internal precisions of the five seafloor
geodetic stations in the circle tracking observation scheme 1.
The seafloor geodetic station No.5 is measured by different

Table 2 Internal precisions of the seafloor geodetic stations (Scheme 1)

No. my (m) my (m) my; (m)
1 0.018 0.012 0.019
2 0.029 0.020 0.030
3 0.019 0.013 0.020
4 0.045 0.034 0.047
5 0.032 0.025 0.042

1.1 km

Figure 3 Illustration of the seafloor geodetic network (a) and verification line for acoustic navigation (b).
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Table 3 Internal precisions of the seafloor geodetic station No.5 adopting different schemes

Schemes Coordinates Precision

X (") Y (" H (m) my (m) my (m) my (m)

Scheme 1 0.06 0.613 —72.67 0.032 0.025 0.042

Scheme 2 0.054 0.622 —72.42 0.018 0.02 0.018

Scheme 3 0.067 0.607 —72.43 0.026 0.018 0.026

Scheme 4 0.06 0.615 —72.43 0.022 0.015 0.023
Table 4 Coordinate differences under different schemes beacon device suitable for deep-sea dep]oyment’ which not
Schemes X Y (") H (m) only needs to be pressure-resistant, anti-corrosive, but also
Scheme 1 0.000 ~0.001 ~0.182 anti-dragging and anti-flow; meanwhile, it must possess
Scheme 2 ~0.006 0.008 0.068 long-term working ability. The selected frequency range
Scheme 3 0.007 0,007 0.058 should be as low-frequency and wide-band as possible. In
Scheme 4 0.000 0.001 0.058 addition, the direct sequences or frequency hopping ap-

radius circles and cross lines, and the corresponding posi-
tioning results are shown in Table 3. Since external reference
values with higher precision about the seafloor geodetic
stations are hardly given, we used the mean of the posi-
tioning results from different schemes as a reference to show
the differences between each scheme and the mean value as
shown in Table 4. Table 2 indicates that the internal precision
ranges from 1.2 to 4.7 cm. Tables 3 and 4 show that the
maximum differences in directions of X, Y and H are 0.007",
0.008" and 0.182 m respectively. Since the different schemes
are implemented independently in different days, they can be
used for mutual verifying and checking. By further refining
the functional model and improving the algorithm, higher
accuracy results are expected to be obtained. As the opti-
mization of data processing models and improvement in al-
gorithms involve many aspects, we will discuss them in
future works and do not present here in details.

Once the five seafloor geodetic station coordinates are
obtained, we simultaneously track the five seafloor geodetic
stations to conduct a sea surface vehicle navigation test. The
vehicle navigation precision is evaluated by comparing with
the GNSS measured results of the sea surface vehicle tra-
jectory. The acoustic navigation testing used the grid-type
figure as shown in Figure 3b, where the maximum testing
distance is 11 km away from the center of the seafloor geo-
detic network. Testing result shows that, the navigation
precision (RMS) within the seafloor geodetic network cov-
erage is better than 3 m and in margin areas outside of the
network is still better than 10 m.

7. Conclusions
(1) Seafloor geodetic network is a significant part of the

marine geodetic reference frame construction. Establishing a
seafloor geodetic network starts with developing the acoustic

proach should be adopted to improve the signal detection
ability.

(2) The seafloor geodetic station should be laid in flat
regions with good geological stability and without soft se-
diments. If only for underwater navigation, the overall net-
work layout should consider the maximum tolerant
accumulation error of the INS equipped on the submarine
vehicle to develop a relay-type seafloor geodetic network to
restrict the tolerant error effects on margin areas. If applied to
the seafloor crustal motion monitoring, the distribution of
seafloor plate tectonics should be taken into account in the
overall network design, in order to ensure one or more re-
latively independent local seafloor networks for each plate.
To partly compensate the influence of systematic errors, each
local seafloor network should be as symmetrical as possible.

(3) Observation strategy optimization is one of effective
ways to weaken the systematic error influence. In the prac-
tice of measurement, offset correction (i.e., the centering
correction) parameters between the GNSS antenna phase
center and the transducer should be first premeasured, and
then the offset correction parameters can be treated as un-
knowns with prior information to implement a jointed
parameter estimation with the coordinate parameters of the
seafloor geodetic station. Using this recommended strategy,
not only the ill-posed problem is avoided, but also the pre-
cision of the estimated offset parameters can be improved.
The depth gauge observation, which should be treated as an
important aided information of the seafloor positioning, can
be processed together with the acoustic observations. To
weaken the influence of some systematic errors, each sea-
floor geodetic point should be observed by a circle tracing
line aided with cross tracing lines to perform a jointed data
processing. This strategy can not only improve the vertical
coordinate precision, but also weaken the influence of sys-
tematic errors on the horizontal coordinates.

(4) As acoustic observational error changes with the
varying ocean environment, the acoustic observation model
should have the abilities to compensate the influences of
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relevant systematic errors. Systematic error compensation
can adopt the spatial-differential and the epoch-differential
approach respectively to weaken the spatial-related and
temporal-related errors. Acoustic ray error correction ap-
proach is commonly used to reduce the systematic error, but
the specific value of the systematic error needs to be figured
out in advance to correct the observations. In contrast, the
functional model error compensation approach is one of
more effective methods, which treats the systematic error as
unknown parameter to be estimated together with the model
parameters.

In practical applications, establishing resilient functional
model and resilient stochastic model for undersea multi-
sensors, and resilient data fusion model for sea surface and
subsurface observations, are still an important development
direction in the seafloor geodetic network construction and
applications.
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