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Underwater terrain-matching navigation technologies have become a popular
topic for the high-precision positioning and navigation of autonomous underwater
vehicles. This paper proposes an underwater terrain-matching positioning method
based on a Markov random field model, which is based on real-time terrain data
obtained using a multi-beam echo sounder. It focuses on the strong correlation
between adjacent terrain data, which can improve terrain adaptability and
matching accuracy. Playback simulation tests were conducted based on actual
sea trial data, and the results showed that the proposed method has good
positioning performance, which can correct the cumulative errors of inertial
navigation systems. The results demonstrated the usability of the proposed
method for positioning correction in underwater engineering applications.
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1 Introduction

Underwater terrain matching navigation (UTMN) technology has become a popular
research topic in developing an error correction method for inertial navigation systems
(INSs) for the underwater sailing of unmanned underwater vehicles (UUVs) (Huang et al.,
2019; Zhang et al., 2020a).

Several terrain-matching methods are available. Terrain contour matching (TERCOM)
and Sandia inertial terrain-aided navigation (SITAN) have been successfully used for
aircraft navigation (Feng, 2004). Unlike terrain matching methods applied in aircrafts,
UTMN has long been impeded by high-precision underwater terrain data. With the wide
use of underwater multi-beam terrain measurement technology, it has become possible to
create underwater digital terrain maps (DTMs) with high accuracy, enabling an in-depth
study of UTMN (Hagen et al., 2012; Li et al., 2018).
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In contrast to single-beam (Zhang et al., 2020b) and multi-line
(Salavasidis et al., 2019) measurement methods, hundreds or even
thousands of sounding data can be obtained simultaneously using a
multi-beam echo sounder (MBES), where the measured terrain is
the surface terrain, which can provide abundant sounding data as a
solid foundation for UTMN (Jalving et al., 2004). Generally, UTMN
methods based on MBES can be divided into two categories:
continuous terrain filtering methods (CTFMs) and underwater
terrain positioning methods (UTPMs). CTFMs include the
Kalman filter (Zhou and Zheng, 2012), particle filter (Zhao et al.,
2015; Teixeira et al, 2017), and point-mass filter (Bergman and
Ljung, 1997), which were developed using SITAN. Thus, CTFMs
have been widely researched to achieve good matching performance
and continuous navigation and positioning correction. However,
continuous navigation and positioning correction are dependent on
the continuous measurement of the terrain, and the measurement
sensor must operate continuously, which consumes considerable
amount of power. Owing to the poor energy reserves of UUVs,
CTFMs based on MBES are not suitable for engineering
applications unless the battery field has a major technological
breakthrough (Ma et al., 2020). Thus, CTEMs typically use low-
power sensors, such as the Doppler velocity log (DVL) and acoustic
altimeter, for water depth measurements (Salavasidis et al., 2021;
Jiang et al., 2022). Compared with CTFMs, UTPMs were developed
using TERCOM, which only requires multiple terrain-measured
profiles (ping), which is relatively more advantageous. Traditional
UTPM algorithms are based on terrain correlation estimations such
as least-squares (Chen et al., 2015a), maximum likelihood (Chen
etal, 2012; Peng et al., 2016), and Bayesian estimation (Chen et al.,
2019a). Theoretically, the terrain correlation estimations are
affected by “error averaging,” which can reduce the positioning
accuracy in terrain flat areas. Existing methods assume that depth
data are independent of each other, and the correlation of adjacent
terrain data is not considered. Thus, terrain features are not fully
utilized in existing methods.

The Markov random field (MRF) is an effective mathematical
model for describing the grayscale dependence between image pixels
and has been successfully applied in image matching (Shekhovtsov
et al,, 2008). The gridded DTM has properties similar to those of a
grayscale image (Ma, 2019), and neighboring terrain data also have
dependency relationships. Thus, the MRF model can also be used to
describe terrain features. Considering the strong correlation between
terrain data, this paper proposes a UTPM based on the MRF model.
Simulation results show that the proposed method has excellent
positioning accuracy and real-time performance, which are suitable
for UUV underwater navigation.

2 Terrain positioning model

The UTPM, which differs from the traditional terrain height
matching model, is presented as a terrain feature matching model in
this paper. Therefore, the relationship between terrain data is
considered. After filtering and gridding (Chen et al., 2015b; Chen
et al.,, 2021), a terrain data matrix is obtained based on real-time
multi-beam data, which have the same gridding space as the priori
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DTM (Arashloo and Kittler, 2011). The structure of the MRF
between the real-time terrain and the local priori DTM is shown
in Figure 1.

In Figure 2, Ip(x,y) and Ig(x’,y’) are the depth data distributions
of the local priori DTM and real-time terrain, respectively, and (x,y)
and (x’,y’) are the coordinates of the terrain data in the local priori
DTM and real-time terrain, respectively (Matthies and Okutomi,
1990; Xu and Chen, 2005),. From Figure 2, the underwater terrain-
positioning model can be expressed using Eq. (1):

Ip(x,y) = In(x", ") @
=Ig[x +di(x, ),y + d,(x,y)] + e(x, )

where d,(x, y) and d,(x, y) are the position deviations of the

real-time terrain, and e(x,y) is the measurement error. As shown in

Eq. (1), the basic concept of MRF-based UTPM is to calculate the

values of di(x, y) and dy(x, y). To establish an MRF-based

underwater terrain positioning model, the following assumptions
are introduced in this study:

/ Real-time terrain

/ \ DTM

Water Depth (m)

FIGURE 1
Schematic of UTMN.
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FIGURE 2
Structure of MRF.
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Assumption 1: The INS cumulative error obtained within a
short time can be ignored, which is significantly more accurate than
the multi-beam data error. Therefore, we assume that there is no
relative position error in the terrain measurement during UTPM.

Assumption 2: Because of the continuity of the underwater
terrain, there are strong correlations between adjacent terrain data.
Thus, the terrain data have a probability dependency, which can be
expressed by the MRF model.

Assumption 3: After grid processing, the locations of the terrain
data are fixed in the real-time data and local priori DTM]; d, and d,
are independent constants.

Assumption 4: The measurement error of MBES is not
Gaussian, however, the noise mean is much smaller than the
water depth, Thus, the measurement error can be can be
approximately considered as Gaussian white noise.

3 MRF-based UTPM algorithm
3.1 Gibbs distribution of terrain data

Based on the above assumptions and the maximum a posteriori
estimation principle, when the distributions of the local priori DTM
and real-time terrain are known, the MRF-based UTPM problem
can be described as determining the deviation (d, and d,) of the
real-time terrain data from the local priori DTM, which maximizes
the posterior probability distribution P(Ig|Ip) according to the
Bayesian function:

PUL TP
P(Ig|Ip) = 7”1‘)('}13) 5

)
= Pl oc p(Iy, — Iy)P(Iy)

As shown in Eq. (2), P(Ig|Ip) adheres to the MRF distribution,
and the estimated values of d, and d,, are related to the probability
distributions of the measurement error P(e) and the real-time
terrain P(I). Thus, the aim of MRF-based UTPM is to determine
P(e) and P(Ip). According to the Harmmersley-Clifford theorem
(Chen et al,, 2019b) and Assumption 2, P(Iz) can be expressed by
the Gibbs function:

MM=Z%WP%WM} 3)

where Z is a normalized constant, and T is a temperature
constant. U(Ix) is an energy function related to Iz. Based on the
Gibbs distribution model proposed by Geman (Geman and Geman,
1984), U(Ig) can be defined using Eq. (4).

2
Ir(x+doy+d) —Ig(x+m+d,y+n+d)

1
U(IR) = 2 2

EWomon = -1
[m|+|n| =1
4)

where W is a matching window, and m and n are used to
describe the four neighborhoods of the Gibbs distribution.
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3.2 Position deviation estimation

Let Wrand Wp, be matching windows of the same size, selected
in the real-time terrain and local a priori DTM. From Eq. (1) and
Assumption 3,

e(x’)’) :ID(xry)_IR[x+dx’y+dy] (5)

Using the Taylor expansion Ig[x+d.y+d,] at (x+d.,y+d,), Eq.
(5) can be expressed as
d] d]
d%w=bmw—&mw—@5f—@gf (6)
Assuming d,=0, and considering the positional deviation in the
x direction, let e(x) ~ N[0, 67] be based on Assumption 4 and Eq.
(6) can be written as a function of d,.

ol
qmw:mmw—&mw—agf 7)
and
ple) = [] plestey) (xy) € W
X yEW
o o leoy)P ®
- H chneXp[ x)}éw 20,
xXyEW

Let . = [] varo,, Ed)= 3 %; based on Egs. (2), (3), (4)

XyEW xyEW n
and (8), the following equation is obtained:

PIg|Ip) o Kiexp{_[g(dx) U] )

In Eq. (9), K, is independent of d,. Therefore, the aim of the
MREF-based UTPM is to determine a d, value that minimizes E(d,)
+U(Ig). The estimated value of d, is given by Eq. (10).

2
glx=argmin{ > %+ <D(x,y)} (10)

xyEW n
Where
1 2

D(x,y)= > > [Ir(x+de,y) = In(x + m+d,,y+n)
Wi = -1

|m| + |n| =1
(11)
Based on the same analysis, the value of d,, is given by Eq. (12).
2
gly :argmin{ > w+ ‘P(x,y)} (12)
X yEW n
1 2

Yoy = 3 >

EWim,n = -1

[IrCey + d) - Ip(x+my+n+ dy)]

Im| + |n| =1
(13)
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Therefore, the matching position results (x’,y’) are obtained as
expressed in Eq. (14).

(14)

3.3 Matching process
The matching process is conducted as follows:

1. Inputting the real-time sounding data and the local priori
DTM;

2. Filtering and gridding the real-time sounding data; let the
real-time terrain have the same grid spacing as the local
priori DTM;

. Calculating the Gibbs distribution using Eq. (4);

. Using Eq. (7), calculating e(x,y) and e,(x,p);

. Using Egs. (10) and (12), calculating ﬁxand ﬁy;

. Using Eq. (14), calculating the matching position (x’,y’);

NN U e W

. Outputting the calculation results to navigation.

The flowchart of the proposed method is shown in Figure 3.
In the proposed UTPM algorithm, terrain-matching
positioning considers only the navigation deviation of the INS in

:

/ / DTM extracting terrain /

Real-time Multi-
beam sounding data

Filtering and gridding

l

Real-time terrain

Normalized and established the terrain matching surface

.

Calculated the Gibbs distribution

.

Calculated the measurement error

.

Calculated the positional deviation

/ Output the result /

Local priori DTM

FIGURE 3
Algorithm flowchart.
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the east and north directions, and the angle and sky deviations can
be ignored. However, depth offset cannot be ignored. The reasons
are as follows (Nygren, 2005; Chen et al., 2019b; Salavasidis
et al,, 2019):

1. The UTPM is an MBES, and the matching results are
minimally affected by other sensor errors. The impact of
systematic errors in attitude (including heading, pitch, and
roll) on measurement data is virtually negligible in most
terrain-aided navigation methods if adequate motion
sensors are available.

2. Although the INS error is a combined effect of multiple
error sources in the velocity and heading measurements,
the drift in attitude is much smaller than the drift in the
position estimates.

3. In addition, both the pressure sensor and altimeter provide
accurate measurements to estimate the depth with an error
of less than 0.01% of the operation depth.

4. Because of unknown tides and random waves, the depth
offset cannot be disregarded. Therefore, it is necessary to
eliminate the reference depth deviation while normalizing
and establishing a terrain-matching surface.

4 Simulation and analysis
4.1 Simulation system

Simulation tests were conducted using an underwater semi-
physical simulation system. The system center was a PC104
embedded computer. The structure of the simulation system is
shown in Figure 4.

The simulation system comprised three parts: a monitoring
computer, environment simulation computer, and PC104
embedded computer.

The monitoring computer was an actual AUV monitoring
computer responsible for issuing task-level parameters and start-
up instructions. Additionally, the “AUV” status information could
be displayed. The environment simulation computer simulated the
AUV movement in the marine environment and the sensors carried
by the AUV. The PC104 embedded computer ran the AUV control
system and had the same parameters as the master computer of the
AUV. The difference was that the sensor information was the data
packet sent by the environment simulation computer, and the
actuator information was also sent to the environment simulation
computer via Ethernet. The primary parameters of the PC104
computer are listed in Table 1.

Based on the simulation system, the simulation test was divided
into two parts:

Test 1: Algorithm validation based on different terrain feature
conditions to verify feasibility of the proposed algorithm.

Test 2: Playback simulation test using complete MBES survey
line data to verify the applicability of the proposed algorithm in a
real marine environment.
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PC104 embedded computer
OS: VxWorks 5.5

Ethernet
TCP-IP protocol

FIGURE 4
Structure of the semi-physical simulation system.

TABLE 1 Specifications of the PC104 computer.

Entry Description

Brand (product model) SBS(PMI2)

CPU Intel Pentium M@2.0 GHz

Chipset Intel85XGME/ICH4

Memory 256 MB

LAN Ethernet Controller Integrated in ICH4

Operating System VxWorks 5.5

4.2 Simulation data source

During the simulations, the DTM data source was measured using
a GeoSwath Plus (GS+) during a sea trial (Figure 5). GS+ is a typical
MBES based on the principle of phase interference (GeoAcoustics
Limited, 2007), produced by Kongsberg GeoAcoustics Ltd., Great
Yarmouth, UK. The hardware composition of GS+ is shown in
Figure 5, and its main parameters are listed in Table 2.

The sea trial area (1000 m x 900 m), with a depth of 5-40 m,
was located close to Qingdao (Figure 6). After the filtering and

FIGURE 5
Hardware composition of GS+ (A. Data processing cabin; B. Transducers).

Frontiers in Marine Science 05

10.3389/fmars.2023.1201716

Monitoring computer
OS: Windows XP

Environment simulatioan computer
OS: Windows XP

gridding processes, a DTM with 1 m x 1m grid spacing was created,
as shown in Figure 7.

The path indicated by the black line in Figure 7B is an
independent survey line drawn using GS+, which can be used to
simulate the MBES data. After the calculation of the terrain
characteristics of the survey line that runs through the measured
region, eight positioning areas were selected; the size of each area
was 100 m x 100 m, and the center of the matching areas is shown
in Figure 7B. To compare the richness of the terrain characteristics,
the terrain entropies (Wang et al., 2007) of the selected positioning
areas were calculated as shown in Table 3.

The raw file of the GS+ contains the navigation data of the
measured terrain. The navigation data in the raw file are real-time
kinematic (RTK) data, and the theoretical positioning accuracy that
can be achieved is at the centimeter level. Therefore, real values of
terrain positioning can be used through RTK (Yao et al., 2016). Based
on the simulation system, the simulation test was divided into
algorithm validation and playback simulation tests. An algorithm
verification test was used to analyze the main factors affecting the
positioning effect by comparing it with typical terrain positioning
methods. A playback simulation test was conducted using sea trial
data to verify the applicability of the proposed algorithm in an actual

marine environment.
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TABLE 2 Main parameters of GS+.

Parameter name Value

Transducer size 5 cmx11 cmx6 cm
Working frequency of transducer 500 kHz
Maximum working depth 50 m

Maximum swath width 150 m

Maximum open angle of sector 150°

Maximum beam range 12xdepth
Maximum beam number >5000/ping
Maximum data update frequency 30 Hz

4.3 Algorithm validation

For algorithm validation, the real-time terrain was directly
intercepted from an independent survey line. For comparison,
other simulation tests were performed under same simulation
conditions using the UTPM method based on maximum

10.3389/fmars.2023.1201716

likelihood estimate (MLE), which was proposed in reference
(Chen et al.,, 2012). In this method, the maximum likelihood
algorithm is used for correlation analysis of terrain features; for
the influence from false peaks of likelihood function at flat bottom
area, the Fisher criterion is introduced, and the false peaks are
eliminated effectively, which can enhance the discrimination of
terrain flat area. The following simulation tests were executed to
verify the advantages of the proposed method and analyze the main
factors affecting it. The following simulation tests were executed,
and the simulation results were obtained based on the mean of the
results of 200 simulation tests.

Simulation 1. After the filtering and gridding processes, the size
of the real-time terrain was 40x30. By selecting different initial
positioning errors (IPEs), the simulation results are shown in
Figures 8, 9. The positioning accuracy of the MRF-based method
is independent of the terrain entropy, indicating that the MRF-
based method has good terrain adaptability. However, the MRF-
based method is sensitive to IPEs, and the positioning error
increases sharply with increasing IPE. When the IPE reached 30
m, the positioning results were divergent; thus, there were no
positioning results. Based on the sequential search principle, the

FIGURE 6
Measured area.

Depth (m)

FIGURE 7
DTM (A: 3D digital terrain B: Contour map).
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TABLE 3 Terrain entropy in matching area.

Matching area Terrain entropy

1 2.96
2 2.39
3 2.24
4 1.55
5 2.19
6 3.22
7 3.95
8 4.57

positioning accuracy of the MLE-based method does not worsen
with an increase in the IPE; however, it is affected by the richness of
the terrain characteristics.

Simulation 2. For an IPE of 15 m, different sizes of the real-time
terrain were selected; the simulation results are shown in Figures 10,
11. As the amount of real-time terrain data increased, the
positioning error of the MRF-based method decreased. This is
because an increase in the amount of data increases the range of
the real-time terrain, as well as the overlap ratio between the real-
time terrain and the local priori DTM, which can result in a more
similar neighborhood distribution. In comparison, when the
amount of real-time terrain data was relatively small, the
positioning error of the MLE-based method decreased as the
amount of data increased. Because of the “error averaging” effect,
the positioning error cannot always be reduced as the amount of
data increases continuously.

The above simulation and analysis show that the proposed
method is affected by the amount of real-time terrain and IPEs.
When the IPEs are small, the positioning accuracy of the proposed
method is high. However, as the IPEs increase, the positioning
accuracy decreases sharply. Therefore, to obtain higher positioning
accuracy, smaller IPEs and larger amounts of real-time terrain data

—&—I[PE=5m

—&—IPE=10m
—o—IPE=15m
—&—IPE=20 m

—o—IPE=25m

Positioning error (m)

hd ! | hd
1 2 3 4 5 6 7 8
Matching area

FIGURE 8
MRF-based results with different IPEs.
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FIGURE 9
MLE-based results with different IPEs
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FIGURE 10

MREF-based results with different real-time terrain

are required. In an actual scenario, owing to the cumulative error of
the INS, small IPEs are essentially non-existent. Thus, rough
matching positioning is required before the implementation of
the proposed algorithm. As a classic terrain correlation method,
the mean square difference (MSD) method (Feng, 2004) has the
advantages of easy implementation and good real-time
performance, and can be used for rough matching positioning.
Simulation 3. For an IPE of 30 m, the size of the real-time
terrain was 50x40; the simulation results are shown in Figure 12.
As shown in Figure 12, the positioning accuracy of the MSD-
based method is affected by the richness of the terrain
characteristics; the positioning errors ranged between 8 and16 m.
After the precise positioning based on the MRF method, the
positioning errors were less than 2 m. Simulation 2 showed that
the positioning results diverged when the IPE reached 30 m. Thus,
rough matching positioning is effective. As the covariance
calculation in the MLE-based method was not performed in the

frontiersin.org
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FIGURE 11
MLE-based results with different real-time terrain.
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FIGURE 12
Simulation results with MSD and MRF.

MSD-based method, the MSD-based method exhibited good real-
time performance. In simulation 3, the average positioning time of
MSD-based method was less than 0.1 s, and the MLE-based method
required about 0.4 s in the same simulation conditions. Thus,
the MSD-based method can be used for approximately
matching positioning.

4.4 Playback simulation test

The playback simulation implied that the sensor and
environmental data were obtained from the sea trials. Based on
the acquisition state in the sea trials, the data were read in real-time
during the simulation. Because the data were obtained from sea
trials, the playback simulation could simulate an actual marine
environment; thus, the applicability of the proposed method was
verified. The reference navigation data were independent dead-
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reckoning data with a low-precision DVL that were not corrected
using RTK. The playback simulation results are shown in Figure 13.

In the simulation, the UUV navigation information was
provided by a reference navigation system. When the UUV
navigated through the matching area, the terrain-matching
navigation system was activated, and the positioning results were
used to correct the cumulative errors of the reference navigation
system. As shown in Figure 12, after rough matching positioning
based on the MSD method, the positioning error was maintained
within 15 m, which effectively reduced the initial positioning error
for the MRF calculation. After the precise positioning based on the
MRF method, the positioning error was less than 2 m in each
matching area. Thus, the proposed method can effectively correct
the cumulative error of a reference navigation system that can be
used for underwater navigation.

60 .
Reference navigation errors
| ——MSD&MRE errors j
50 ——MSD errors
E 40
=
<]
=
5]
g 30
s
20
z 20
Z
10
0 \ \ \
0 200 400 600 800 1000 1200
Playback time (s)
FIGURE 13

Playback simulation results.

5 Conclusions

In this study, an MRF-based UTPM model that achieves high
positioning accuracy with small IPEs was developed. The following
conclusions were drawn.

1. The proposed method focuses on the strong correlation
between terrain data, which can be used to obtain good
terrain adaptability.

2. The positioning error of the MRF-based method decreases
with an increase in the amount of real-time terrain data.
Thus, as much real-time terrain data as possible are
required without affecting the real-time performance.

3. The main disadvantage of the MRF-based method is that
the initial positioning deviation cannot be extremely large;
otherwise, the matching accuracy decreases significantly.
Thus, rough matching positioning is required before the
implementation of the proposed algorithm.
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