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Abstract: The maximum ocean depth so far reported is about 11 000 m, and is located in the Mariana Trench in the Western 
Pacific Ocean. The hybrid unmanned underwater vehicle, Haidou, is developed to perform scientific survey at the deepest parts of 
the Earth oceans. For vehicles working at the full-ocean depth, acoustic positioning is the most effective and popular method. The 
11 000 m class acoustic positioning system is relatively massive and complex, and it requires specialized research vessels 
equipped with compatible acoustic instruments. As a compact testbed platform, it is impractical for Haidou to carry an LBL/USBL 
beacon with its large volume and weight. During the descent to about 11 000 m, horizontal drift could not be eliminated because of 
the hydrodynamics and uncertain ocean currents in the sea trials. The maximum depth recorded by Haidou is 10 905 m, and 
determining the precise location of the deepest point is challenging. With the bathymetric map produced by a multibeam sonar, the 
terrain contour matching (TERCOM) method is adopted for terrain matching localization. TERCOM is stable in providing an 
accurate position because of its insensitivity to the initial position errors. The final matching results show the best estimate of 
location in the reference terrain map. 
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1  Introduction  
 

Challenger Deep is an east-west trending basin 
located in the Mariana Trench (Fig. 1), within the 
territorial waters of the Federated States of Microne-
sia. There have been several attempts throughout 
history to determine the maximum depth of the Earth 
oceans. There are basically two methods, i.e.,  

echosounder-based measurement and direct meas-
urement using in-situ pressure sensors (Gardner et al., 
2014). To the best of our knowledge, there are only 
four unmanned underwater vehicles capable of diving 
to the full-ocean depth, namely, KAIKO ROV and 
UROV11K ROV of Japan (Kyo et al., 1995; Nakajoh 
et al., 2018), Nereus HROV of the United States 
(Bowen et al., 2009), and Haidou ARV of China 
(Tang et al., 2019). Unfortunately, KAIKO ROV, 
UROV11K ROV, and Nereus HROV have been lost 
in deep-sea dives. There seem to be numerous chal-
lenges and unknown risks in full-ocean depth vehicle 
development and sea trials. 

The hybrid unmanned underwater vehicle, 
Haidou, was developed for scientific survey to the 
depth of 11 000 m. The initial goal of the Haidou 
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Project was to develop the key technologies for the 
full-ocean depth. To validate the technologies in the 
deep-ocean environment, Haidou was designed as a 
testbed platform. However, most full-ocean depth 
equipment is customized, expensive, and bulky. Re-
ferring to KAIKO, UROV11K, and Nereus, specially 
developed acoustic positioning systems were em-
ployed for localization. Looking up the available 
documents, acoustic positioning was the only appli-
cation case at the deepest ocean of the world. How-
ever, due to the limitations of weight, volume, battery 
energy, and research budget, Haidou was not inte-
grated with the long baseline (LBL)/ultra-short base-
line (USBL) beacon for precise localization. There-
fore, how to locate the survey area is the problem that 
we have to cope with. For the study of the Challenger 
Deep, besides making claims of the maximum de-
tected depth value, it is significant to research the 
coordinates of the maximum depth. 

At present, inertial navigation systems (INSs) 
have been widely used in underwater vehicles even 
for the under polar ice environment (Li et al., 2011). 
Since the INS error inevitably accumulates over time, 
assisting measures should be taken, such as acoustic 
USBL aided SINS (USBL SINS) and ocean geo-
physics aided SINS (geomagnetic/terrain/gravity 
SINS). If an a priori map of the survey field is acces-
sible, measurement of geophysical information can be 
implemented to estimate the vehicle position. Un-
derwater vehicle navigation based on topographical 
data has been successfully demonstrated (Bergem 
et al., 1993). In this system, depths are measured 
throughout the mission by a multibeam sonar to 
produce an accurate profile of the seafloor. The 
multibeam sonar profile is matched against the a pri-
ori map to determine the vehicle position. Terrain 
matching localization is a promising technique for 

obtaining the estimated position of Haidou with the 
topographic information. 

In recent years, the wide application potential of 
terrain matching localization in the underwater envi-
ronment has attracted the attention of scholars around 
the world. The terrain matching localization system 
does not need any other extra equipment. It is invisi-
ble and has no cumulative time error. Terrain contour 
matching (TERCOM), iterated closest contour point 
(ICCP), and Sandia inertial terrain assisted navigation 
(SITAN) are classic terrain matching algorithms in 
underwater navigation. The SITAN algorithm adopts 
a set of extended Kalman filters (EKFs) to deal with 
the difference between the expected topographical 
information and the measured topographical infor-
mation to estimate the position. However, it takes a 
long search time, and sometimes misses the matching 
position for a large search sequence. In addition, the 
SITAN algorithm requires a precise initial position 
(Yuan et al., 2012). The ICCP algorithm adopts a rigid 
transformation to match the contour lines, and can 
achieve high accuracy with a small initial position 
error. Nevertheless, it may lead to a matching failure 
for a large initial position error (Wang HB et al., 
2018). The TERCOM algorithm determines the loca-
tion by calculating the correlation of the background 
terrain and the surveyed bathymetric sequence. The 
TERCOM algorithm has the advantages of easy im-
plementation, fast calculation, and good stability. The 
highlight of TERCOM is that it is insensitive to the 
initial errors (Zhao et al., 2015; Han et al., 2017). 

In this study, we propose a terrain matching 
method to settle the localization problem without an 
acoustic positioning system at the maximum depth of 
the Earth oceans. To achieve this, we propose a high- 
precision pressure-depth conversion for bathymetry 
calculation, which provides data support for the 
maximum depth value recorded by Haidou. Terrain 
characteristic analysis is necessary. It is meaningful to 
select the appropriate terrain matching region based 
on topographic information. The key of the localiza-
tion method is to match the bathymetric data collected 
by Haidou against the a priori multibeam terrain map 
with the TERCOM algorithm. This approach has been 
applied in sea trials in the Challenger Deep of the 
Mariana Trench. Matching results provide the best 
estimate of position of the survey area and the global 
coordinates of the deepest recorded point. 

Fig. 1  General location of the Mariana Trench 
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2 Full-ocean depth localization problem 
formulation 
 

In this section, we give a brief description of the 
Haidou vehicle, and then introduce the localization 
problem at the full depth of the ocean. 

2.1  Haidou overview 

The Haidou vehicle was designed as a compact 
vehicle that can perform scientific research with 
in-situ sensors and a high-definition (HD) camera at 
the full-ocean depth of 11 000 m (Fig. 2). Basic pa-
rameters of Haidou ARV are listed in Table 1. The 
dimensions of Haidou are 0.85 m (length)×0.4 m 
(width)×1.2 m (height). Its weight is 260 kg in air. 
With a mission controller, the vehicle could work as 
an autonomous underwater vehicle (AUV) for broad- 
area survey. With a single microfiber optic cable of 
0.4 mm diameter, the vehicle can be operated as a 
remotely-operated vehicle (ROV) capable of close-up 
imaging of interested scenes and high-quality tele-
operation. Haidou vehicle is equipped with an HD 
camera and two LED lights for observation. The 
survey sensors include a Keller PA-33X pressure 
sensor, a Sea-Bird SBE49 CTD sensor, and a 400-kHz 
single-beam echosounder. The motion of Haidou is 
accomplished by four propulsion DC-brushless mo-
tors. Two vertical thrusters are used for depth control, 
and two other thrusters are used for horizontal cruis-
ing. The large metacentric height of the vehicle pro-
vides passive stability in roll and pitch. The fixed 
vertical tail provides passive hydrodynamic stability 
in heading. Haidou is a portable vehicle system that 
can be easily launched without dynamic positioning 
of the ship. 

2.2  Localization problem at the full depth of the 
ocean 

Acoustic systems are the standard for precise 
underwater positioning. Beacons are placed on vehi-
cles or areas of interest. Position fixes are calculated 
with the LBL or USBL technique. In general, the 
acoustic positioning system is reliable with bounded 
errors, but the range is limited by acoustic propaga-
tion of the transponder and beacons. For the range of 
the full-ocean depth, the acoustic units are bulky. The 
thick hull is required to resist the gigantic pressure of 
sea water. In addition, there is no market product, and 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
the 11 000 m class acoustic positioning system is 
customized, time-consuming, and expensive. From 
the available literature, acoustic positioning is the 
only application case of full-ocean depth positioning. 

As described in Section 2.1, Haidou was de-
signed as a compact testbed platform to verify the key 
technologies at the full depth of the ocean. It is un-
desirable and impractical for Haidou to carry an 
LBL/USBL beacon with a large size and weight. 
During a descent to about 11 000 m, horizontal drift is 
affected by hydrodynamics and uncertain ocean cur-
rents. Localization of the survey area is tough, and 
determining the precise location of the recorded 
deepest point is even more challenging. If an accurate 
a priori map of the environment is available, ba-
thymetry can be used to estimate the vehicle position. 

Table 1  Basic parameters of Haidou ARV 

Parameter Value/Illustration 
Maximum working  

depth (m) 
11 000 

Weight in air (kg) 260 
Dimensions (m×m×m) 0.85×0.4×1.2 
Operation models Autonomous and remotely- 

operated 
Sensors An SBE 49 CTD sensor, a PA-33X 

pressure gauge, and a single- 
beam echosounder 

Load capacity (kg) 5 
Sailing speed (knot) 1 
Battery Rechargeable lithium ion battery  

(2 kW·h) 
Thrusters Two in horizontal and two in  

vertical 
Unpowered descent  

and ascent speed 
No less than 50 m/min on average 

Other supporting  
equipment 

A fiber optic compensator near  
surface, a deck control and  
display station, and a transport 
platform 

 

Fig. 2  Haidou hybrid underwater vehicle designed to 
work at the full-ocean depth of 11 000 m 
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3  Terrain matching localization method 
 

In this section, we describe terrain characteristic 
analysis and high-precision depth calculation with 
in-situ sensors, and then introduce the TERCOM 
method. 

3.1  Matching terrain characteristic analysis 

False terrain matching localization may occur if 
the matching terrain is flat or repetitive without 
uniqueness. It is vital to classify the terrain and de-
termine the appropriate matching region. In a terrain 
matching system, terrain elevation standard deviation 
and topographic information entropy are often used to 
reflect the inherent characteristics of the terrain. 

Supposing that a region is divided into m×n grids 
and that z(i, j) is the topographic elevation of point  
(i, j), the terrain inherent characteristic parameters can 
be defined as follows: 

1. Terrain elevation standard deviation 
Terrain elevation standard deviation reflects the 

topographic fluctuation intensity of the terrain. The 
larger the standard deviation of the terrain elevation in 
the region is, the more dramatically the terrain  
fluctuates. 
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where z  represents the mean of the terrain elevation, 
D(z) the variance of the topographic elevation, and σ 
the terrain elevation standard deviation.  

2. Topographic information entropy 
Topographic information entropy reflects the 

amount of elevation information in the region, and 
can be used to depict a terrain feature. If the elevation 
value of a region changes rapidly, the fluctuation 
changes are large, the topography is specific, and the 
calculated local topographic entropy is small. Oth-
erwise, the calculated topographic entropy is large. 
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where Hf represents the terrain entropy and pij the 
normalized topographic elevation of the given point  
(i, j).  

3.2  High-precision depth measurement and cali-
bration with in-situ sensors 

3.2.1  Sensors for depth measurement 

Sensors carried by the Haidou vehicle for sea-
floor depth measurement include a Keller PA-33X 
pressure sensor, a Sea-Bird SBE49 CTD sensor, and a 
single-beam echosounder. The specific parameters of 
the PA-33X pressure, SBE49 CTD sensor, and single- 
beam echosounder are shown in Tables 2, 3, and 4, 
respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
 

 

Table 3  Specifications of the Sea-Bird SBE49 CTD sensor 

Property Temperature 
(°C) 

Conductivity 
(s/m) 

Pressure 
(dbar) 

Measurement 
range 

−5–35 0–9 0–10 500 

Accuracy ±0.002 ±0.0003 ±0.1%FS 
Typical stability 0.0001 0.000 05 oce-

anic water 
0.002%FS 

Resolution 0.0002 per 
month 

0.0003 per 
month 

0.05%FS 
per year 

FS: full scale. 1 dbar=1×104 Pa 
 Table 4  Specifications of the single-beam echosounder 

Parameter Value 
Maximum working depth (m) 11 000 
Weight in air (kg) 2.8 
Frequency (kHz) 400 
Beam width (°) 10 
Maximum range (m) 100 
Resolution (m) 0.3 

 

Table 2  Specifications of the Keller PA-33X pressure 
sensor 

Parameter Value 
Pressure endurance (MPa) 120 
Weight in air (g) 240 
Accuracy 0.01%FS 
Resolution 0.002%FS 
Storage/Operating temperature range (°C) −40–120 

FS: full scale 
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3.2.2  Depth calibration 

Calculation of the pressure depth in the ocean is 
based on the hydrostatic equation: 

 
,p ghρ=                                (6) 

 
where g is the local acceleration due to the gravity, h 
the depth, ρ the density, and p the pressure. In the 
ocean, the water column is not well-distributed. The 
density value is different at different locations and in 
different times. The value of acceleration due to the 
gravity varies with the depth and latitude. Deep-sea 
scientists are aware of the importance and difficulty 
of accurate depth calculations. 

The integral form of the hydrostatic equation is  
 

0 0
d ( , , )d ,

z p
g z v s t p p=∫ ∫                 (7) 

 
where v(s, t, p) is the in-situ specific volume of sea-
water with salinity s at temperature t under pressure p. 

Before the development of a full-ocean depth 
vehicle or lander, there were no efficient tools for 
direct in-situ measurement of a specific volume of 
seawater and its density. Simplification and approx-
imation of Eq. (7) was conducted, and the practical 
formula was proposed (Fofonoff and Millard, 1983). 
By solving Eq. (7), Fofonoff and Millard (1983) 
calculated the depth from the pressure and the latitude 
by the following equation: 

 

s ( , ) ,
9.8

DZ Z p θ D
= +                        (8) 

 
where Zs(p, θ) is a universal expression for calculating 
depth in the “standard ocean” (an ideal medium in 
temperature T=0 °C and salinity S=35 psu) and θ is 
the latitude. The term ΔD, called geopotential anom-
aly, accounts for the difference in the temperature and 
salinity structure from the “standard ocean.” 

The complete formulation of Zs(p, θ) is ex-
pressed as 

1 1 1 1{[( ) ] }
,
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i
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=               (9) 

 
where A1=−1.82×10−15, B1=2.279×10−10, C1=2.2512× 
10−5, and D1=9.726 59. 
 

2 2
2 2 2 2( , ) [1 ( sin )sin ] ,i iF p A B C D pθ θ θ= + + +  (10) 

 
where A2=9.780 318, B2=5.2788×10−3, C2=2.36×10−5, 
and D2=1.092×10−6. 

This procedure is an algorithm adopted in the 
SBE CTD instrument for pressure-to-depth conver-
sion, and this procedure is commonly used, here ab-
breviated as F-M. 

Haidou vehicle is capable of measuring the 
full-ocean density profile (a function of salinity, 
temperature, and pressure) in situ. So, there is no need 
to use the traditional F-M practical formula for sim-
plification and approximation. Instead, we directly 
calculate the depth by solving the integral form of the 
hydrostatic equation. 

The depth value Hi is described by 
 

1
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where hi represents the depth change between pi and 
pi−1, and can be calculated by 
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where ρi is the density and gi the gravity at pressure pi 
in the water column. 

According to Sea-Bird Electronics Inc. (2007), 
the density is influenced by salinity, temperature, and 
pressure, expressed as 
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The specific coefficients and the formula to 

calculate the salinity with conductivity, temperature, 
and pressure are given in Sea-Bird Electronics Inc. 
(2007). 

According to McDougall and Barker (2011), the 
acceleration due to the gravity in the ocean is related 
to the latitude and depth. With a known latitude θ and 
a calculated Hi−1, gi is calculated by 

 
2 2

0 3 3 3 1{1 [ ( 5sin )sin ]}(1 ),i ig g A B C Hθ θ −= + + − −  
(14) 

 
where g0=9.780 327, A3=5.2792×10−3, B3=2.32×10−5, 
and C3=2.26×10−7. 

3.3  Terrain contour matching based on the mean 
square difference 

TERCOM was originally developed for aerial 
platforms and first deployed in cruise missiles. It is 
one of the most popular matching algorithms and has 
been applied successfully in practice. TERCOM 
performs a batch correlation of the measured profile 
against the a priori map rather than individual recur-
sive measurement, thus reducing sensitivity to the 
initial position errors. The generally applied matching 
rules of TERCOM are cross correlation (COR), mean 
absolution difference (MAD), and mean square dif-
ference (MSD) (Wang KD and Yong, 2010). The 
definitions are as follows: 
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where dM is the measured depth sequence using 
in-situ sensors, dBT the background terrain map, and N 
the matching length.  

COR may lead to a mismatch to some extent. 
MSD correlation matching algorithm is an effective 
approach for ascertaining the most relevant position 
in the terrain map. Since the accuracy of MSD is 
slightly higher than those of COR and MAD, MSD is 
used in this study. The position where MSD is min-
imum fulfills the best matching with the background 
terrain map. 

 
 

4  Sea trials and terrain matching localization 
results 

4.1  Sea trials 

Sea trials were conducted in September and 
October 2018 from the R/V TANSUOYIHAO in the 
Challenger Deep of the Mariana Trench in the West-
ern Pacific Ocean. 

4.1.1  Reference terrain map with a multibeam sonar 

The R/V TANSUOYIHAO multibeam sonar 
(KONGSBERG EM122) was used to produce maps 
of the seafloor during the cruise. The EM122 is a 
12-kHz multibeam system that produces bathymetric 
data and seafloor acoustic backscatter imaging in the 
water depth up to 11 000 m. Fig. 3 shows parts of the 
EM122 bathymetric data around the Challenger Deep 
in a three-dimensional (3D) view. The reference map 
stretches about 23.8 km east to west and 17.7 km 
south to north, covering an area of about 421 km2 with 
a 20-m resolution. The bathymetric data varies from 
8346 m to 10 928 m. The bathymetric contour of the 
reference map is shown in Fig. 4. Triangle in Fig. 4 
represents the deepest point of the Challenger Deep 
from multibeam bathymetric data. 
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4.1.2  Terrain matching region selection 

To determine a suitable region for terrain 
matching localization, the reference map was divided 
into 44×60 grids. Then, the terrain elevation standard 
deviation and topographic information entropy of 
each block were calculated.  

The terrain elevation standard deviation of 
44×60 grid areas is shown in Fig. 5. The light color 
regions represent where the terrain matching algo-
rithm is more favorable and terrain suitability is better. 
Topographic change in the area containing the deepest 
point is small, indicating that the area is unsuitable for 
terrain matching. In the northeast direction near the 
deepest point, the high standard deviation value il-
lustrates that the terrain is undulating. 

The topographic information entropy of the 
44×60 grid areas is shown in Fig. 6. Light color parts 
indicate where the regions are poor in topography 
information and unsuitable for terrain matching lo-
calization. Dark color parts indicate large entropy 
regions that are rich in topography information and 
suitable for terrain matching localization. The topo-
graphic entropy implies that the region in the north-
east direction near the deepest point contains a lot of 
elevation information. 

 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Based on the terrain elevation standard deviation 
and topographic information entropy analysis, the 
launch point and the terrain matching region are se-
lected. The selected launch point must contain suffi-
cient bathymetric information, and the closer to the 
deepest point, the better. The terrain matching region 
can be large because the landing point drifts from the 
launch point after several hours of deep dive. As 
shown in Fig. 7, the selected launch point is located in 
the northeast direction of the deepest point in the 
terrain map. The selected matching region stretched 
about 5.8 km east to west and 3.7 km south to north. 
The region could supply decent bathymetric infor-
mation for the terrain matching method. 

 
 
 
 
 
 
 
 
 
 

 

 

Fig. 5  Terrain elevation standard deviation of 44×60 grid 
areas 
 

Fig. 3  Parts of the EM122 bathymetric data around the 
Challenger Deep in a three-dimensional view 
 

Fig. 4  Bathymetric contour of the reference terrain map 
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4.1.3  High-precision seafloor depth calculation with 
in-situ sensors 

The measured conductivity and temperature of 
the whole water column are shown in Fig. 8. From 
Sea-Bird Electronics Inc. (2007) and McDougall and 
Barker (2011), the salinity, density, and gravity ac-
celeration could be calculated. 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The high-precision calibrated sailing depth of 

the Haidou vehicle during the whole dive is shown in 
Fig. 9. The descent time was about 3 h and 35 min, 
and the ascent time was about 3 h and 16 min. It took 
about 3 h to carry out the scientific investigation near 
the seafloor. 

The bathymetric data consists of the depth 
measurement below the water surface and the altitude 
measurement above the seafloor. The vehicle sailed at 
a given altitude above the seafloor. The seafloor depth 
could be obtained by fusing the calibrated sailing 
depth with the sailing altitude from the single-beam 
echosounder (Fig. 10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

4.1.4  Bathymetric survey results of Haidou 

The Haidou hybrid underwater vehicle not only 
could be manually tele-operated from the ship, but 
also automatically works with an onboard computer. 
Normally, when Haidou is run automatically, it is set 
at a constant-depth or a constant-altitude mode like 
most AUVs. The planned trajectory was a U pattern. 
To sail near the seafloor given the rugged terrain in 
the Mariana Trench, the Haidou vehicle was set to 
work in a constant-altitude mode. On one hand, it 
could track the terrain well; on the other hand, it could 
avoid a collision. 

Fig. 10  Seafloor depth (c) obtained by fusing the sailing 
depth (a) with the sailing altitude (b) 
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Fig. 8  Measured conductivity (a) and temperature (b) by 
SBE49 CTD, calculated salinity (c), density (d), and grav-
ity acceleration (e) 
 

0           0.2           0.4          0.6          0.8          1.0

0            0.2          0.4         0.6           0.8          1.0

0           0.2          0.4          0.6          0.8           1.0

0            0.2          0.4          0.6          0.8          1.0

0             0.2          0.4          0.6          0.8          1.0
Depth (×104 m)

5
4
3
2
1
0C

on
du

ct
iv

ity
 (s

/m
)

30
25
20
15
10

5
0

Te
m

pe
ra

tu
re

 (°
C

)

35
30
25
20
15
10

5
0

S
al

in
ity

 (p
su

)

1060

1040

1020

1000D
en

si
ty

 (k
g/

m
3 )

9.805
9.800
9.795
9.790
9.785

G
ra

vi
ty

 a
cc

el
er

at
io

n 
(m

/s
2 )

(e)

(d)

(c)

(b)

(a)

Fig. 9  Calibrated sailing depth of Haidou during the 
whole dive 
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During the survey near the seafloor, the real-time 
perception data transmitted to the ship indicated that 
the explored terrain was flat. The real-time video 
taken by the HD camera proved that as well (Fig. 11). 
Hence, it is infeasible to obtain characteristic values 
for the terrain with a small gradient.  

 
 

 
 
 
 
 
 
 
 

 
 
In accordance with the multibeam bathymetric 

data, there were topographic fluctuations in the 
northwest direction. Thanks to the micro optical fiber, 
the new desired heading command was sent and ex-
ecuted by the onboard computer. With the increasing 
number of measurement points, the estimate of posi-
tion became more reliable. Subsequently, the depth 
value changed rapidly. Rocks and steep slopes ap-
peared one after another in the video images (Figs. 12 
and 13). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

The sailing trajectory in a relative coordinate 
frame is shown in Fig. 14. The 3D trajectory is de-
picted in Fig. 15. As can be seen, the seafloor depth 
fluctuation is small in the U pattern trajectory. When 
the sailing heading is modified to the northwest, the 
seafloor depth changes dramatically, providing the 
topographic characteristics of terrain matching  
localization. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

 

4.2  Terrain matching localization results 

The matching region stretched about 5.8 km east 
to west and 3.7 km south to north. To obtain the best 
estimate of position, the whole region was searched. 
The search interval was equivalent to the map reso-
lution. The Haidou-measured seafloor depth and the 
bathymetric data of the terrain matching region were 
processed in batches to calculate the corresponding 
MSD values. Based on TERCOM, the position where 
the MSD value was minimum fulfilled the best 
matching. As can be seen from Fig. 16, the matched 
position with the minimum MSD value made the 
multibeam bathymetric data consistent with the 
Haidou-measured depth. Generally, due to the un-
certain sound velocity in the whole water column, the 

Fig. 12  Rocks appearing in the camera when the Haidou 
vehicle is tele-operated to move in a northwest direction 

Fig. 13  Steep slopes appearing when the Haidou vehicle 
continues to sail northwest 
 

Fig. 15  Three-dimensional trajectory demonstrating the 
depth fluctuations 
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Fig. 11  HD camera image displaying that the exploring 
terrain of the U pattern trajectory is relatively flat 

Fig. 14  Sailing trajectory in a relative coordinate frame 
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multibeam bathymetric data was several meters 
deeper than the actual depth. The matched results 
provided more accurate in-situ depth measurement to 
calibrate the bathymetric data of the multibeam sonar. 
 
 
 
 
 
 
 
 

 
The matched results are displayed in Fig. 17. The 

cross marker represents the launch point. The Haidou 
vehicle was launched at 142°12.583′E, 11°20.227′N 
from the vessel. The initial position of the matched 
trajectory was 142°12.853′E, 11°20.339′N. The 
horizonal distance between the launch point and the 
initial trajectory point was 533 m, meaning that the 
Haidou vehicle shifted approximately 533 m in the 
horizontal direction when it dived about 11 000 m to 
the seafloor in a vertical direction. The deepest point 
recorded by Haidou at the Challenger Deep repre-
sented with the star marker was located at 
142°12.852′E, 11°20.282′N with a depth of 10 905 m.  

 
 
 
 
 
 
 
 
 

 
 

5  Conclusions 
 

The Haidou hybrid underwater vehicle has been 
one of the few vehicles that are capable of diving the 
full-ocean depth. Because of a lack of an acoustic 
positioning system, a terrain matching localization 
method has been proposed. The sea trials have been 
conducted in the Mariana Trench, where the Haidou 
vehicle succeeded in reaching the seafloor. Based on 
the TERCOM MSD rules, the matching results 
showed the best estimate of position in the multibeam 
terrain map. The recorded deepest point of the sea 

trials at the Challenger Deep was located at 
142°12.852′E, 11°20.282′N with a depth of 10 905 m. 
The collected video images and survey data in com-
pany with the matched global coordinates contributed 
to scientific exploration at the deepest area of the 
Earth oceans. 
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