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Abstract
Terrain matching accuracy and real-time performance are affected by local underwater terrain features and structure of matching
surface. To solve the extraction problem of local terrain features for underwater terrain-aided navigation (UTAN), real-time data
model and selection method of beams are proposed. Then, an improved structure of terrain storage is constructed, and a fast
interpolation strategy based on index is proposed, which can greatly improve the terrain interpolation–reconstruction speed.
Finally, for the influences of tide, an elimination method of reference depth deviation is proposed, which can reduce the reference
depth errors caused by tidal changes. As the simulation test shows, the proposed method can meet the requirements of real-time
performance and effectiveness. Furthermore, the extraction time is considerably reduced, which makes the method suitable for
the extraction of local terrain features for UTAN.

Keywords Underwater terrain modeling . Beam selection .Mixing resolution . Terrain storage model . Index extraction

1 Introduction

With the increasing demands for long-time, precise long-
range underwater navigation capabilities of autonomous
underwater vehicles (AUVs) (Su et al. 2013; Carreno
et al. 2010), studying underwater terrain-aided navigation
(UTAN) in depth as a correction method for the cumula-
tive error of inertial navigation systems (INSs) is neces-
sary (Hagen and Anonsen 2014; Chen et al. 2015; Nygren
and Jansson 2004).

The UTAN process aims to collect depth data in matching
areas limited by INS, extract the local underwater terrain fea-
tures, and then identify the matching position in a digital ter-
rain map (DTM) using terrain matching algorithms. The
matching result is used to correct the INS cumulative error
(Bergman and Ljung 1997). Local underwater terrain consists
of two elements: (1) real-time underwater terrain and (2) ref-
erence terrain provided by DTM. The depth measuring equip-
ment of AUV can be divided into two categories: acoustic
altimeter and multi-beam echo sounder (MBES) (Tian
2007). These categories have the same principles. The acous-
tic altimeter can obtain point-line terrain information, and the
MBES can obtain line-surface terrain information. Using
acoustic altimeter, one depth data can be obtained in an acous-
tic pulse (ping), such that data acquisition time is extremely
long and navigation performance is low. Through MBES,
hundreds and even thousands of depth data can be obtained
in each ping (Eleftherakis et al. 2014; GeoAcoustics 2007).
Furthermore, data acquisition time is reduced, which makes
MBES suitable for UTAN (Anonsen and Hagen 2010).
Extracting and modeling underwater terrain features in
matching areas from DTM is called terrain interpolation re-
construction (Meduna et al. 2010); this method is extremely
beneficial to matching operations to rapidly and accurately
obtain local terrain information. Owing to tidal influence, de-
viations occur between depth data measured at different times
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(Gao et al. 2003), and eliminating the effects of reference
depth deviation is a key problem.

Based on an analysis of the characteristics of MBES data, a
real-time surface terrain matching model is established by
selecting beam combiner modes. Then, a tree structure-based
underwater terrain storage and the fast interpolation–
extraction model is proposed. In addition, an elimination
method for reference depth deviation is created. A simulation
test shows that the proposed method meets UTAN
requirements.

2 Real-Time Terrain Modeling

2.1 MBES Data Modeling

Hundreds and even thousands of depth data can be obtained in
each ping using MBES, where the data acquisition mode is
developed from point line to line surface. Figure 1 shows a
schematic of underwater terrain measurement with MBES
(Carlstrom and Nygren 2005).

As shown in Fig. 1, MBES can obtain a terrain profile
formed by depth data. In most instances, terrain features pro-
vided by one terrain profile are not enough (Sun et al. 2009).
Therefore, matching operations need multiple terrain profiles
(generally 4 to 10) along sailing direction, which are used in
constructing real-time surface terrain. Based on the AUV co-
ordinate system, all depth data consist of incidence angles of
beams and slant distance between footprints and transducers.
The depth data model involves a single-ping data model and
multi-ping combination model:

The single-ping model is defined as follows:

Hma ¼ a1 a1 ⋯ an½ � ð1Þ
Hmt ¼ t1 t2 ⋯ tn½ � ð2Þ

In the preceding functions, Hma is angle matrix, Hmt is
slant-distance matrix, an is beam incidence angle, and tn is
slant distance.

Similar to the single-ping model, the multi-ping combina-
tion model is defined as follows:

Hma ¼
a11 a12 ⋯ a1n
a21 a22 ⋯ a2n
⋮ ⋮ ⋮ ⋮
am1 am2 ⋯ amn

2
664

3
775 ð3Þ

Hmt ¼
t11 t12 ⋯ t1n
t21 t22 ⋯ t2n
⋮ ⋮ ⋮ ⋮
tm1 tm2 ⋯ tmn

2
664

3
775 ð4Þ

Dmr ¼
Δx1;Δy1ð Þ
Δx2;Δy2ð Þ

⋮
Δxm;Δymð Þ

2
664

3
775 ð5Þ

where m is the number of terrain profiles and n is the number
of depth data in each terrain profile. The matrix Dmr is called
relative-distance matrix. (Δxi,Δyi) is the relative distance be-
tween the first terrain profile and ith terrain profile. Thus,

Δx1 ¼ 0 Δy1 ¼ 0
Δx2 ¼ x2−x1 Δy2 ¼ y2−y1
Δxi ¼ xi−x1 Δyi ¼ yi−y1

A large number of depth data can be obtained in one ping
using MBES. Thus, the distance measurement error of line-
surface terrain is much smaller than that of the point-line ter-
rain obtained by acoustic altimeter, such that the terrain accu-
racy is high. As the spatial location and depth can be obtained
by beam incidence angle and slant distance, the terrain model
based on MBES data is presented as follows:

P
m
¼

t11sina11 t12sina12 ⋯ t1nsina1n
t21sina21 t22sina22 ⋯ t2nsina2n

⋮ ⋮ ⋮ ⋮
tm1sinam1 tm2sinam2 ⋯ tmnsinamn

2
664

3
775þ Dmr ð6Þ

Z
m
¼

t11cosa11 t12cosa12 ⋯ t1ncosa1n
t21cosa21 t22cosa22 ⋯ t2ncosa2n

⋮ ⋮ ⋮ ⋮
tm1cosam1 tm2cosam2 ⋯ tmncosamn

2
664

3
775 ð7Þ

where Pm and Zm are the location and depth matrices, which
have m terrain profiles.

The description of MBES data is the terrain informa-
tion from line to surface. Figures 2 and 3 show the line
terrain and surface terrain. In Fig. 2, a line terrain is
formed by tone terrain profile, and the lateral center
distance length is 80 m. Figure 3 shows a surface ter-
rain consisting of 10 terrain profiles, and the distance
between adjacent profiles is 10 m.Fig. 1 Real-time measuring using a MBES
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2.2 Selection Method of Beam Mode

A large amount of depth data can be obtained using MBES.
The data amount increases rapidly when multiple terrain pro-
files are needed. If all data were used for terrain matching, the
calculation amount would increase rapidly, thereby seriously
affecting the real-time UTAN. With the increase of incidence
angle, the accuracy of MBES data is also reduced. Thus,
selecting suitable beams is important, which can improve the
navigation accuracy. To solve the beam selection problem and
considering the characteristics of MBES, a selection method
for beam combination mode is proposed in this paper. Based
on the beam incidence angle and matching distance, the spe-
cific process is as follows:

Condition 1: Beam Incidence Angle

The accuracy and density of MBES data in terrain profile
center are low (Zhu and Li 1998) because the center of terrain

profile is only at the position of maximum incidence angle. To
reduce the influence of depth measurement accuracy, the in-
cidence angle is restricted in [−α, α], and the size of α is
determined by data quality. When the approximate depth of
navigation area is known, the range of incidence angle can be
transformed into the length of side-to-center distance.

Condition 2: Spacing of Side-to-Center Distance

When the range of incidence angle is restricted, a series of
depth data with high density can be obtained. If all data were
used for matching, the calculation amount would be increased
rapidly. Data are selected self-adaptively based on terrain fea-
ture function. In other words, the side-to-center distance is
considered as a function of terrain profile undulation. By cal-
culating the extent of terrain undulation, we can restrict the
distance between the two adjacent beams in the terrain profile,
and then the depth data can be selected self-adaptively.
Through test selection, the relationship between side-to-
center distance with terrain standard deviation σ is expressed
as follows:

Δy ¼ μ1 þ μ2σ; Δy < d
d; Δy≥d

�
ð8Þ

In Eq. (8), Δy is the side-to-center distance in data selec-
tion, σ is the terrain standard deviation, μ1 and μ2 are the
adjustment coefficients determined by grid spacing and mea-
surement accuracy, and d is grid spacing. As shown,Δy is the
linear relationship with σ; the larger σ is, the longer is the
distance between selected data. However, we have to ensure
that more than one depth data is in a grid.

As shown in Fig. 4, the terrain profile has been restricted by
beam incidence angle and spacing of the side-to-center dis-
tance; the number of original beams is 2889, which is reduced
to 43 after beam selection. The beam selection method can

Fig. 4 Selection of depth data

Fig. 2 Line terrain profile of single ping

Fig. 3 Surface terrain profiles of 10 pings

336 Journal of Marine Science and Application



greatly reduce the data amount and the influence of redundant
data.

3 Fast Interpolation Method

3.1 DTM Storage Format

Traditional underwater terrain data are sequentially stored in
the DTM file according to the order of grid nodes. When the
local terrain needs to be extracted and remodeled, the required
data are found by loop search. The traversal operation for all
terrain data is required every time, which not only is time-
consuming but also takes up computer resources greatly, and
the real-time performance is affected. Therefore, designing an
effective storage model and a fast interpolation–reconstruction
method of massive DTM data is significant.

To ensure that the interpolation operation is efficient, a
special structure is needed to store the terrain data. Based on
the reorganization of original terrain data, a mixing resolution
(MR) model is used for terrain data storage. Then, an index-
based interpolation–reconstruction strategy is proposed,
which can achieve fast terrain interpolation.

The terrain storage model can be divided into hierar-
chical structure-based (HSB) model and consistent grid
model (CGM) (Tan et al. 2003; Wang and Zhu 2012).
The tree structure model is the typical representative of
the HSB model, which is often used for terrain drawing
and image processing (Lu 2003). Owing to the simple
structure and high model production efficiency, the
quadtree model has been widely used. Through constant-
ly aliquot terrain data, the quadtree model can build the
contact between leaf nodes and root nodes recursively,
and the terrain modeling and real-time visualization can
be achieved. The basic quadtree model is shown in
Fig. 5, where each root node can be subdivided into four
leaf nodes, and then the terrain detail components can be
built gradually.

As shown in Fig. 5, compared with CGM, the HSB model
can be classified for every layer, which can compress the
search space effectively. However, the HSB model is incon-
venient for data operation and has poor search efficiency. To
improve the search efficiency, based on the hierarchical idea
of quadtree and grid storage mode, an MR storage model is
proposed, which aims to restructure and sort terrain data.

The terrain model is based on the following hypothesis: all
depth data stored in DTM are true value, the accuracy does not
change with grid spacing diversification, and the terrain with
under large grid spacing is called low-resolution terrain, and
the terrain with under small grid spacing is called high-
resolution terrain.

The high-resolution terrain is divided into a combination of
low-resolution terrain and high-resolution terrain in MRmod-
el. The low-resolution terrain is an explicit feature, and the
high-resolution terrain is an implicit feature. As shown in
Fig. 6, the nodes marked B□^ are the explicit terrain feature
nodes, and the nodes marked B●^ are the implicit terrain fea-
ture nodes.

When storing terrain data, the terrain feature data with dif-
ferent resolutions are stored at the same time, and one tree
structure can be composed by an explicit node and a set of
implicit nodes, which are stored as a data packet. Among
them, the explicit node is a root node and the implicit node
is a leaf node. The explicit nodes are stored as CGM and the
implicit nodes are stored as a matrix.

The storage form is shown in Fig. 7. In this figure, the file
head contains grid size (both explicit and implicit grids) and
range of terrain latitude and longitude. The explicit node in-
formation contains the index number and depth value, and the
implicit node depth value are stored as a matrix. For the fixed
storage format, the local terrain information can be easily ob-
tained by the index number and latitude and longitude infor-
mation. All data are stored as a binary file that can reduce the
storage space. For example, a DTMwith 1 m × 1 m grid spac-
ing and 5 km × 5 km range contains 25 010 001 depth data.
The storage space is approximately 286 MB using traditional

(a) Consistent grid model (b) Quad-tree model

Fig. 5 Storage structure of digital terrain. a Consistent grid model. b Quadtree model
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storage format and approximately 95 MB using the MR mod-
el. If the MR model is used for DTM, the file size is com-
pressed effectively, which is favorable for search and interpo-
lation operation.

3.2 Index-Based Fast Interpolation

The MR-based DTM contains two types of resolution
nodes: the explicit nodes are used for fast location and
the implicit nodes are used for high-resolution interpo-
lation. The interpolation nodes can be quickly located
by index number and then interpolated by implicit node
values. We suppose that the latitude and longitude of
the interpolated point is (x, y), and the process is divid-
ed into two steps.

3.2.1 Local Terrain Block Extraction

According to (x, y) and the range of latitude and longitude, the
index numbers of explicit nodes can be calculated. Then, the
implicit nodes can be extracted by determining the location of
nodes in the DTM file. The calculation functions of index
number (Ixe, Iye) are as follows:

Ixe ¼ x−xminð Þ=dxe þ 1 ð9Þ
Iye ¼ y−yminð Þ=dye þ 1 ð10Þ

In the preceding functions, xmin and ymin are the minimum
values of latitude and longitude and dxe and dye are the grid
spacing sizes.

3.2.2 Enlargement of Local Terrain Blocks

To ensure that the local terrain has high resolution, the local
terrain needs secondary positioning, which can obtain the im-
plicit index number (Ixi, Iyi). Then, the high-resolution terrain
can be interpolated as follows:

Ixi ¼ x−xeð Þ=dxi þ 1 ð11Þ
Iyi ¼ y−yeð Þ=dyi þ 1 ð12Þ

where xe and ye are the values of explicit node at (Ixe, Iye) and
dxi and dyi are the implicit grid spacing sizes.

The interpolation terrain can be restricted to an effective
range by the proposed method. Then, the high precise terrain
interpolation can be achieved by extracting the high-
resolution terrain and releasing the local terrain in this range.
Based on the indexmechanism, the local terrain can be located
fast and reconstruction time is greatly reduced.

3.3 Interpolation Simulation Test

During interpolation simulation, the DTM has 5 km × 5 km
range, 10 m × 10 m explicit grid spacing, 1 m × 1 m implicit
grid spacing, and approximately 25 million nodes. The com-
puter configurations for the simulation test are an Intel I5 3210
m CPU, 2.5 GHz master frequency, and 8 GB memory. The
DTM is stored using CGM and the MR-based model, the
searching methods are traversal and index search, and the
number of interpolation data is set from 10 to 1000. The re-
sults are presented in Fig. 8.

As shown in Fig. 8, using CGM-based DTM and traversal
search for interpolation, the time is line increasing with the
number of interpolation data increasing. It consumes 2 s with
600 interpolation data, and 3 s with 1000 interpolation data.
The computing performance of AUVismuchweaker than that
of personal computers, so that the interpolation time is longer,
which seriously affects the real-time performance of terrain
matching. When the MR storage model and indexFig. 7 Storage structure

Fig. 6 MR model
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interpolation are used, the interpolation time is almost unaf-
fected by the number of interpolation data, and the proposed
method has good stability. As Fig. 8 shows, the interpolation
time is approximately 0.02 s.

4 Eliminating Reference Depth Deviation

In terrain matching using MBES data, reference depth devia-
tion occurs because of the different reference horizontal planes
between DTM and real-time depth data affected by tide data.
The effect of the reference plane by real-time tide measure-
ment and tide prediction can be reduced, but eliminating it
completely is difficult. We suppose that zkt

� �
is MBES real-

time depth data, hkm
� �

is local DTM interpolation data, dr is
the reference horizontal deviation, and the terrain correlation
function is as follows:

T xtð Þ ¼ ∑
N

k¼1
zkt −h

k
m

� �2 ¼ ∑
N

k¼1
zkt −~h

k

m þ dt−dmð Þ
� �2

ð13Þ

where ~zkt and ~h
k
m are terrain data after unified reference

plane. Owing to the different reference plane, N is the
number of depth data, and the error term dt − dm is
added into the terrain correlation function. In flat areas,
the results are affected and the matching uncertainty is
increased. To reduce the effect, based on the mean val-
ue method of different colors in image matching pro-
cessing, the eliminating function of reference depth de-
viation is as follows:

T xtð Þ ¼ ∑
N

k¼1
zkt −h

k
m

� �2 ¼ ∑
N

k¼1
zkt −zt− hkm−hm

	 
	 
2
ð14Þ

In function (14), zt is the mean value of real-time depth data

and hm is the mean value of DTM interpolation data. Figure 9

shows the comparison between real-time depth data and local
DTM interpolation data.

5 Simulation and Result Analysis

To verify the proposed method, an underwater terrain area
measured by MBES is used for playback simulation, and the
maximum likelihood estimation (Peng et al. 2016) is used for
the matching algorithm. The matching real-time performance
and matching accuracy are compared. The matching

(a) Without depth deviation elimination

(b) With depth deviation elimination

Fig. 9 Comparison between real-time depth data and local DTM interpo-
lation data. aWithout depth deviation elimination. bWith depth deviation
elimination.

Fig. 8 Time comparison with different model
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algorithm is the same in simulation, so the main influencing
factor is the local underwater terrain features.

The area is 1000 m long, 900 m wide, and 5–40 m deep.
The original data are made up of 20 beam lines. After the
filtering and gridding process, the following three DTMs are
obtained:

DTM-1: terrain storage is based on the MR model, ex-
plicit node spacing is 10 m, and implicit node spacing is
1 m;
DTM-2: terrain storage is based on CGM and node spac-
ing is 1; and
DTM-3: terrain storage is based on CGM and node spac-
ing is 5 m.

The path indicated by the arrow in Fig. 10 is an indepen-
dent multi-beam survey line that is used to simulate real-time
sounding data. The survey line is perpendicular to the lines
marking the DTM; thus, data independence is ensured. Five
matching areas are selected sequentially along the survey line
for simulation.

In playback simulation, the real-time measurement of
MBES can be simulated by reading the original depth data
from the independent survey line, and then the terrain
matching simulation can be conducted. As the GPS data in
the file of the multi-beam original data are the real-time kine-
matic data, the theoretical positioning accuracy can reach cen-
timeter level, which can be used for the reference position of
terrain. The simulation parameters are shown in Table 1.

The real-time MBES data filtering method is based on the
dynamic clustering model. The following five conditions are
selected for terrain matching:

1) No beam mode selection, DTM-1 is used, and reference
depth deviation is eliminated;

2) Beam mode selection, DTM-1 is used, and reference
depth deviation is eliminated;

3) Beam mode selection, DTM-1 is used, and reference
depth deviation is not eliminated;

4) Beam mode selection, DTM-2 is used, and reference
depth deviation is eliminated;

5) Beam mode selection, DTM-3 is used, and reference
depth deviation is eliminated.

After filtering, over 3000 depth data are obtained in each
terrain profile. A simulation test is conducted under each con-
dition, with the interval distance between two adjacent ping
samplings being 20 m after 100 simulation tests. The simula-
tion results are presented in Table 2.

The matching operation by Condition 1 is not completed
after 100 s, and the matching fails. The reason is that without
beammode selection, the depth data used for terrain matching
are too many, such that the calculated amount is extremely
large and the computing power is exceeded. When the results
between Conditions 4 and 5 are compared, the terrain
matching accuracy is determined by the DTM grid spacing
size. By reducing the DTM resolution, the matching time
can decrease, but the real-time performance is not high enough
with Condition 5. Comparison of Conditions 2 and 4 shows
that the matching accuracy is similar, but the matching time of
Condition 2 is much less than that of Condition 4. Between
Conditions 2 and 3, the matching time of Condition 3 is sim-
ilar to that of Condition 2, but the matching accuracy is lower.
As shown by the terrain matching results in five matching
areas, the proposed method enables self-adaptive selection
of the beam mode, and the matching accuracy and real-time
performance can be ensured.

6 Conclusions

For the extraction of underwater local terrain features
for UTAN, we studied the real-time underwater terrain
modeling, and then built an MBES-based DTM and
interpolation–reconstruction method for UTAN. Finally,
a tide correction method was proposed. The following
conclusions were reached:Fig. 10 DTM based on MBES data

Table 1 Simulation parameters

System parameters Value

Initial error of INS/m 50

Drift error of INS/(km·h−1) 1

Speed of AUV/(m·s−1) 1

Multi-beam bathymetric error N(0, 0.2)

Other noise errors N(0, 0.2)

Time interval of two adjacent positioning/s 200
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1) The DTM format affects the matching accuracy and
speed, and the matching accuracy is only related by grid
spacing size. The proposed DTM storage format and
index-based interpolation method can improve the inter-
polation speed effectively, which is favorable for UTAN.

2) The beam mode selection method is feasible. With beam
mode selection, the number of depth data is reduced sig-
nificantly, such that the matching speed meets the perfor-
mance requirements.

3) The tide correction can improve the matching accuracy,
and the real-time performance is scarcely influenced.

4) Although the file size of DTM has been greatly com-
pressed, the DTM storage space is still extremely high be-
cause of the low computer performance of AUV. How to
further reduce the DTM size and improve the local terrain
extraction speed remains a meaningful research direction.
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