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Abstract

Maritime radar and automatic identification systems (AIS), which are essen-
tial auxiliary equipment for navigation safety in the shipping industry, have
played significant roles in maritime safety supervision. However, in practical
applications, the information obtained by a single device is limited, and it is
necessary to integrate the information of maritime radar and AIS messages to
achieve better recognition effects. In this study, the D-S evidence theory is
used to fusion the two kinds of heterogeneous information: maritime radar
images and AIS messages. Firstly, the radar image and AIS message are processed
to get the targets of interest in the same coordinate system. Then, the coordi-
nate position and heading of targets are chosen as the indicators for judging
target similarity. Finally, a piece of D-S evidence theory based on the infor-
mation fusion method is proposed to match the radar target and the AIS tar-
get of the same ship. Particularly, the effectiveness of the proposed method
has been validated and evaluated through several experiments, which proves
that such a method is practical in maritime safety supervision.

Keywords

D-S Evidence Theory, Heterogeneous Information Fusion, Radar Image, AIS
Message

1. Introduction

Ship navigation safety has always been the most important problem in the ship-
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ping industry. In order to ensure the safety of navigation, the navigation envi-
ronment information of ships needs to be mastered as comprehensively and in
real-time as possible. Traffic information, natural environment information and
channel information together constitute navigation environment information of
ships, in which traffic information includes the position, heading and speed of
ships and other factors. Compared with natural environment information and
channel information, the randomness and rapidity of traffic information change
are the strongest, which also greatly increases the difficulty of accurately obtain-
ing real-time traffic information. On the other hand, the ever-changing traffic
information is the primary concern for navigators and channel supervision de-
partments.

Ship Automatic Identification System (AIS) is applied to maritime safety and
communication between ship-shore and ship-ship. It is a digital navigation aid
system and equipment integrating network technology, modern communication
technology, computer technology and electronic information display technology.
The use of the AIS system has been required by the International Maritime Or-
ganization (IMO) since December 31, 2004. The regulation requires AIS to be
fitted aboard all ships of 300 gross tonnages and upwards engaged on interna-
tional voyages, cargo ships of 500 gross tonnages and upwards not engaged on
international voyages and all passenger ships irrespective of size [1]. AIS system
is composed of communication controllers such as a VHF communicator, GPS
locator, shipborne display and sensor, which can automatically exchange impor-
tant information such as ship position, speed, heading, ship name and call sign
[2]. When the AIS installed on the ship sends out the information, it also rece-
ives the information of other ships within the VHF coverage, thereby realizing
automatic response.

In addition, as an open data transmission system, it can be connected with
radar, ARPA, ECDIS, VTS and other terminal equipment and the Internet to
form a maritime traffic management and surveillance network, which can effec-
tively reduce ship collision accidents. However, from the effect of practical ap-
plication, the performance of AIS is not unsatisfactory. First of all, the commu-
nication channels of aviation and navigation basically work in the VHF fre-
quency band, but the reduction of communication quality due to the influence
of environmental factors is the most fatal weakness of VHF. When ships sail in
inland rivers, high-quality AIS communication is often not guaranteed due to
the complex terrain along inland rivers and the influence of human activities.
AIS message loss and errors in parsing often occur. Secondly, in theory, AIS
needs to keep working from the beginning of launching to the end of scrapping.
However, in practical applications, AIS does not turn on from time to time, and
even some small boats sailing in inland rivers do not have AIS installed at all.
These situations invisibly increase the difficulty of obtaining accurate traffic in-
formation. In addition, according to the design requirements, the update rate of
AIS information will vary with the change of ship speed and heading. However,

the statistical results obtained from practical use show that the update rate of
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AIS information carried by ships during inland navigation is between 10 - 15
seconds, or even longer. Based on the above situation, the actual use effect of AIS
is often poor. If you want to simply use AIS to obtain real-time traffic informa-
tion, it will increase the safety risk of ship navigation.

Navigation radar is a major milestone in the development of navigation tech-
nology. Navigation radar plays an irreplaceable role in ship navigation and
channel management. In busy or complicated navigation channels, shore-based
radars are usually erected along the coast according to the actual situation to
ensure that channel supervisors can grasp the situation in the channel in real
time. When the navigation radar is working, it receives the electromagnetic echo
of the detected object and uses the plane position display of distance azimuth
polar coordinates to display the distance and azimuth of the detected object.
However, in actual use, the radar image may be distorted due to the influence of
the performance of the radar itself and the reflection characteristics of the de-
tected object. It is also possible that the radar image is not ideal or even impossi-
ble to image because of the interference of rain and snow clutter, sea wave clutter,
co-frequency clutter, etc. Or it may be blocked by some obstacles to form fan-
shaped shadows on the screen [3]. The above factors will greatly reduce the
working effect of marine radar.

AIS data and radar data have essential differences in data structure, but the
two different types of data can reflect the actual traffic information of ships in
the channel. The fusion of AIS and radar data can greatly reduce the disadvan-
tages of single AIS or radar data, and obtain more accurate traffic information in
the channel, so as to ensure the navigation safety of ships.

In this study, a fusion method of inland waterway AIS data and marine radar
data is proposed. The data used in this study are AIS data and radar image data
collected in the same time period. This method is the application of two hetero-
geneous data fusion of AIS system and marine radar image. The remainder of
this article is organized as follows. In section “Literature review”, the application
of data fusion based on D-S evidence theory is introduced. Section “The pro-
posed approach” presents a heterogeneous data fusion methodology. In the sec-
tion “Case study”, a case study is conducted to demonstrate and validate the
proposed methodology. The conclusions of this study are presented in section

“Conclusion”.

2. Literature Review

The concept of data fusion originated in the 1970s, and multi-sensor data fusion
technology emerged in the 1980s as a research hotspot that continues to this day.
The Gulf War in 1991 served as a proving ground for numerous research find-
ings and practical systems related to data fusion technology, which achieved ex-
ceptional results. Multi-sensor data fusion technology should not be considered
as a general signal processing technique, as it involves the integration of infor-

mation from multiple sensors and is distinct from single or multi-sensor moni-
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toring and measurement. Multi-sensor data fusion is actually a process of mak-
ing higher-level integrated decision based on the measurement results of mul-
tiple sensors. Multi-sensor data fusion can comprehensively analyze local data
provided by multiple sensors of the same or different types, eliminate possible
redundancy and contradiction among multiple sensors, reduce their uncertainty,
and finally obtain consistent interpretation and description of the measured ob-
ject, so that the system can obtain more adequate and accurate information [4].
Nowadays, by fusing data and related information from multiple sensors, it can
realize more accurate judgment than a single sensor. It is also widely used in envi-
ronmental monitoring [5], robotics [6] and medical technology [7] in non-military
fields.

Evidence theory [8] was first put forward by Dempster in 1967 and further
developed by his student Shafer in 1976. Evidence theory is an inexact reasoning
theory, which belongs to the category of artificial intelligence. As an uncertain
reasoning method, it has the ability to directly express “uncertainty” and “don’t
know”. The combination rules of evidence theory play an important role in tar-
get recognition, medical diagnosis and many other aspects that need to compre-
hensively consider the uncertain information from multiple sources and obtain
problem results. In the fields of target recognition and medical diagnosis, the
combination rules of evidence theory play a crucial role in comprehensively
considering uncertain information from multiple sources and deriving accurate
problem solutions.

In the aspect of transformer fault diagnosis, Yue ef al [9] used the improved
D-S evidence theory to combine three models: multi-class parallel vector ma-
chine, multi-class support vector machine and reverse transfer neural network,
and obtained more accurate fault diagnosis results by fusing the algorithm re-
sults. Similarly, in terms of fault diagnosis, Ji et al [10] proposed an intelligent
fault diagnosis method based on D-S evidence theory for a variety of faults of
hydraulic valves. Firstly, the signal segment containing fault information is se-
lected to construct the sample set. Then, the sample set is simultaneously input
into a single classifier including long-term and short-term memory network
(LSTM), convolutional neural network (CNN) and random forest (RF). These
intelligent classification methods summarize the fault characteristics through
spontaneous learning, and reveal the probability of each type of fault separately.
All probabilities are constructed as basic probability distribution functions, and
the basic probability distribution functions are further calculated in the process
of information fusion according to D-S evidence theory. Finally, the fault type is
identified according to the fusion result. In terms of deciphering the functions of
non-coding genomic regions, Zhang et al. [11] used four sequence derived fea-
ture representation methods, namely kmer, reverse complement kmers, mis-
match spectrum and pseudo dinucleotide combination to encode the sequence
based on the D-S evidence theory method. Then four sub classifiers based on
support vector machine are constructed by using these sequence features. Finally,

D-S evidence theory is applied to fuse the outputs of these four basic learners to
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get the final result. In the aspect of emergency decision-making, Li et al [12] put
forward some new PLTS algorithms on the basis of D-S evidence theory in order
to avoid terrible consequences caused by minor mistakes, and put forward a
probabilistic linguistic weighted average operator (DS-PLWA) based on D-S
evidence theory, which can keep the PLTS form and avoid information loss.
Wang et al. [13] proposed a new weighted evidence combination method based
on the distance between evidence and entropy function. Firstly, the weight of
each piece of evidence is determined by calculating the distance between the
evidence. Then, the entropy function is used to correct the weight obtained in
the first step. The results of numerical examples show that this method can deal
with highly contradictory evidence effectively and has good convergence per-
formance. Kushwah et al. [14] proposed a multi-sensor fusion method based on
temporal evidence theory for indoor activity recognition. This fusion method
adopts the incremental conflict resolution strategy under the framework of D-S
evidence theory. After introducing the time information, the proposed frame-

work is applied to the activity detection in smart home.

3. The Proposed Approach

Based on D-S evidence theory, the real-time acquired AIS data and radar image
data are fused to obtain more accurate channel traffic information. Firstly, the
AIS message is analyzed and its coordinates are converted. Targets in the radar
image are identified and the coordinates of the preliminarily determined targets
are converted. Then, two different types of data are fused and preprocessed. The
preprocessing process includes screening the AIS targets contained in the radar
images and screening the targets contained in the radar images based on the AIS
target time. After the fusion preprocessing is completed, the index selection of
the fusion target will be carried out. Finally, the mass function and fusion algo-
rithm are set and the results are obtained. The flow chart of this algorithm is
shown in Figure 1.

3.1. Radar Image Processing

3.1.1. Radar Target Recognition Based on Image

At present, most maritime radar echo signals are generally displayed in the form
of light spots, and the detected targets are usually represented by grayscale im-
ages or pseudo-color images. However, due to the influence of multipath effect
of electromagnetic waves and the background noise, a large number of light
spots will also be generated on the radar screen. These false targets are mixed
with real ship targets, which will greatly increase the difficulty of accurately
identifying traffic information in the channel.

In ship navigation and channel supervision, it is of great significance to accu-
rately identify the traffic information in the channel. Although the traditional
manual recognition of target attributes in radar images can ensure high accuracy,
it costs a lot of time and energy of radar operators. Especially for the highly

crowded inland waterways, a large number of radar spots of different sizes and

DOI: 10.4236/eng.2023.1512058

825 Engineering


https://doi.org/10.4236/eng.2023.1512058

C.Wuetal.

Radar image target
recognition and coordinate
conversion

AIS message parsing and
coordinate conversion

Radar target and AlS target fusion perprocessing

Index selection of fusion target

Mass function setting and fusion algorithm

result

Figure 1. Block diagram of algorithm principle.

shapes will cover the whole radar screen. This situation will consume the energy
of radar operators to a great extent, and manual recognition will reduce the rec-
ognition efficiency and accuracy.

With the help of intelligent algorithm, the work intensity of manual recogni-
tion can be reduced while the recognition efficiency is improved. Through the
research on the radar echo spots, it can be found that there are many differences
between the spot of the real target and the spot of the false target in the radar
image. Experienced radar operators can effectively distinguish real targets from
false targets in 10 consecutive frames of radar images, which is mainly based on
the displacement and shape of radar spot. Generally, in the time continuous ra-
dar image, the motion state of the ship spot under the navigation state is rela-
tively stable, and the displacement and movement direction of the spot can be
found regularly. The noise spots in the radar image or the spots of other targets
usually drift in a small range. Therefore, the displacement of radar spot in con-
tinuous frame time can be used as one of the characteristics to distinguish ship
target and false target, that is, the spot displacement is equal to the pixel value of

target motion in continuous time.
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In addition, in terms of appearance, there are also obvious differences between
the radar spot and the noise spot of the ship target, that is, the radar spot of the
ship is slender than the noise spot. The difference in appearance between the two
spots is shown in Figure 2. The left image is the noise spot, and the right image
is the ship spot. This feature can be used to distinguish real ships from false tar-
gets. This feature can be expressed by slender length, that is, the ratio of the spot

size to its circumscribed circle area.

3.1.2. Image Coordinate Conversion

Digital images are represented by arrays or matrices with pixels as the basic unit.
Thus, the pixel coordinate system of the image can be constructed, in which the
origin of the coordinate system is the vertex of the upper left corner of the image,
and the abscissa and ordinate correspond to the number of columns and rows in
the image array respectively. The image pixel coordinate system is shown in
Figure 3.

When the detection range of the radar is set, the center of the obtained radar
image is the location of the radar, and all targets in a plane circle with the range
as the radius will be displayed in the image. However, radar image is a special
form of real environment information. The difference between the size of the
object displayed in the radar image and its actual size is determined by the radar
detection range and the pixel size of the image. Therefore, in order to make the

pixel scale have physical meaning, that is, to calculate the real length of each pixel
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Figure 2. Comparison between noise spot and ship spot.
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Figure 3. Schematic diagram of image pixel coordinate system.
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based on the radar detection range, it is necessary to establish an image physical
coordinate system based on the image pixel coordinate system [15]. As can be
seen from the figure, the origin of the physical coordinate system is the center of
the image plane, that is, the point O(U;, V7). The conversion relationship be-
tween the image pixel coordinate system and the image physical coordinate sys-

tem is shown in Formula (1).

X
U=d—+ul

X (1)
v:l+v1

dy

where, dx represents the size of each pixel on the horizontal axis and dy
represents the size of each pixel on the vertical axis. Write Formula 1 in matrix

form, as shown in Formula (2).

1
— 0
ul | & X
1
vi=l 0 = v |y (2)
dy
1 1
0 0 1

Generally, in the process of converting the image physical coordinate system
to the world coordinate system, it also needs to undergo the conversion of the
camera coordinate system. The principle of the conversion process is shown in
Figure 4.

In the figure, x-y plane is the image plane. Point Ois the optical center of the

camera. X axis is parallel to the x axis of the image coordinate system. Y axis is

P(Xe, Yo Ze).

Ze

v

»
>

l .

Y.

Figure 4. Schematic diagram of image physical coordinate system converted to world
coordinate system.
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parallel to the y axis of the image coordinate system. Z; axis is the optical axis of
the camera. Z; axis is perpendicular to the image plane. fis the focal length,
which is equal to the length of OO.. The conversion relationship between the
physical image coordinate system and the camera coordinate system is shown in
Formula (3).

X= f&
Z (3)
YC
y="f_*%
ZC
Write Formula (3) in matrix form, as shown in Formula (4).
X
X f 000 ¢
YC
Z|y|=|0 f 0 O . (4)
1 0 010 1°

The world coordinate system is the O,-X,Y.,Z, coordinate system shown in
the figure. The conversion relationship between camera coordinate system and

world coordinate system is shown in Formula (5).

X, X X
A :{R t} Y L Y )
z.| |o" 1] x X
1 1 1

where, R is the rotation matrix, which is the product of the three axial rotation
matrices of x, y; z. T'is the translation vector, which is the translation distance in
the three axial directions. L, is a 4 X 4 matrix composed of rotation and transla-
tion.

From the above derivation, the conversion relationship between the image
pixel coordinate system and the world coordinate system can be obtained, as

shown in Formula (6).

1
— 0 u
X
uO‘X1 f 000, 4
ZJvi={ 0 — v (|0 f 0 0| (6)
dy o’ 1/ x
1 0 0 10
0 0 1 1

3.2. AIS Message Processing

3.2.1. AIS Message Parsing

AIS has played a great role in identifying ships, helping track targets, simplifying
and promoting information exchange, providing auxiliary information for colli-
sion avoidance and reducing oral mandatory ship reports. In the specific appli-
cation, AIS adopts the globally unique ship coding system, that is, MMSI code is
used as the identification means. From the beginning of construction to the final
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Table 1. AIS message format.

scrapping and disintegration, each ship only uses a globally unique MMSI code.

The water mobile communication service identification code used in AIS
message, 7.e. MMSI code, is a nine-digit code sent by the ship’s wireless commu-
nication system on its wireless channel, which can uniquely identify all kinds of
stations and group call stations. The actual AIS message format is shown in Ta-
ble 1. Generally speaking, AIS message is usually composed of header, total
number of statements required to transmit message, statement number, message
identification code, channel, ship information, number of filling bits and inspec-
tion code.

In the AIS message format shown in the figure, the seventh item represents
the encapsulated message. In its expression, the first character describes the type
of the message. The format of message will also vary according to different types.
In AIS information, the commonly used message types are shown in Table 2.

The ship trajectory in the vector space, which contains the MMSI number of
the ship, the timestamp, geographical position in the form of longitude and latitude

AIS message
1 2 3 4 5 6 7 8 9
! AIVDM 1 2 B 0 50
Number of  The statement Message identification Encapsulate
Symbol  Session ID § Channel psu Fill bits Check code
statements sequence number number message
Table 2. The common message types of AIS.
Message ID Designation Mlustrate
1 Position report Periodic position report
2 Position report Position report for allocation schedule
3 Position report Reply to inquiry
4 Base station report Base location, UTC, date
5 Static data Periodic static time report
9 Search and rescue Position report for use by air
aircraft location report stations operating on SAR only
10 UTC/date query Query the UTC and date
11 UTC/date of response UTC time
. o . Address communication
12 Edit security information o )
security information
Verify the addressi
13 Confirmation of safety information .erllfy ca . ressmgl
security information received
. . Class B position report is in the same
18 Class B terminal position report
format as class 1, 2, and 3 packets
Static and voyage data reporting for

19 Class B terminal static data vag P 8

class B terminal
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points of reference (LONG, LAT), speed (SOG), course (C), heading (H), etc
[16]. When parsing the AIS message, the contents of the first six items and the
eighth item can be directly extracted without any conversion. The content con-
tained in the seventh item is the difficulty in the whole AIS message parsing
process. The reason is that, on the one hand, different types of messages may
contain the same information, and on the other hand, the positions of the same
information in the messages may be different. It can be found from Table 1 that
the message IDs 1, 2, 3, 18, and 19 contain the longitude and latitude informa-
tion of the ship. However, the latitude and longitude information are located in
the 62nd to 117th bits of the message in the message IDs 1, 2, and 3, and the la-
titude and longitude information is located in the 58th to 113th bits in the mes-
sage IDs 18 and 19.

The parsing of AIS message is mainly the operation of Bit, that is, the infor-
mation in the message needs to be shifted and spliced several times in the pars-
ing process. In this study, when using the PC to parse the AIS message, the cha-
racters are first converted into 6Bit ASCII codes, then the converted 6Bit codes
are spliced to form a new character string, and finally the corresponding infor-
mation is extracted by installing Bits according to the format of the messages. In
the process of extracting information, it is necessary to constantly shift and

splice.

3.2.2. AIS Coordinate Conversion

After the completion of AIS data parsing, GPS data is one of the most important
information. The process of converting the radar image coordinate system into a
rectangular coordinate system has been discussed above. In order to perform
data fusion, it is necessary to perform coordinate conversion on the longitude
and latitude information of the ship, and the acquired GPS data of the ship is al-
so converted into the same standard rectangular coordinate system data.

Gauss-Kruger projection or equiangular transverse elliptic cylinder projection,
referred to as Gauss projection [17], is a kind of orthographic projection be-
tween ellipsoid and plane of the earth. The basic idea of the projection method is
that an elliptic cylinder is horizontally sleeved outside the ellipsoid of the earth
and tangent to a meridian (central meridian or axis meridian). The central axis
of the elliptic cylinder passes through the center of the ellipsoid, and the areas
within a certain range of longitude difference on both sides of the central meri-
dian are projected onto the elliptical cylinder, and then the cylinder is expanded
into a projection surface. Its schematic diagram is shown in Figure 5.

Gauss projection can be divided into 6-degree band and 3-degree band. Start-
ing from the meridian of 0-degree band, the Gauss projection c divides the band
from west to east every 6 degrees of longitude difference and it is numbered as 1,
2,3..

Assuming that the band number is expressed by n and the longitude of the
central meridian is expressed by Ly, the relationship between n and L, can be ex-
pressed by Formula (7).
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Figure 5. Schematic diagram of Gauss projection.

L, =6n-3 @)

The 3-degree band of Gauss projection is formed on the basis of the 6-degree
band. Part of the central meridian in the projection of the 3-degree band coin-
cides with the central meridian of the 6-degree band, and another part coincides
with the dividing meridian of the 6-degree band. Assuming that the band num-
ber is expressed by 7’ and the longitude of the central meridian is expressed by Z,
the relationship between 7 and L can be expressed by Formula (8).

L=3n’ (8)

Generally, topographic maps with a scale greater than 1:10,000 adopt 3-degree
band projection, and topographic maps with a scale of 1:25,000 to 1:500,000
adopt 6-degree band projection.

The Gauss projection is calculated as shown in Formula (9).

X=X +lzsin BcosBI" +L45in Bcos®B(5-t* +94° )"
2p" 24"

9)
cos® B(5—18t2 +t“)|”5

N N
=—cosBI"+ cos® B(1—t% + u® )1 +
y " 6 n3 ( H ) 120,05

0

After changing Formula (9), Formula (10) can be obtained, e

x=X +Ntcos? BI2 +ﬁt(5—t2 +94% +4u" )cos* BI* +lt(61—58t2 +t*)cos® BI°
2 24 720

(10)

_ N 2 2 3 3 N 2 4 2 242 5 5
y_NcosBI+E(l—t + u*)cos’ Bl +E(5—18t +t* +144° ~584°t* )cos® Bl

7 =3.1415926535897932
p =180+7
p'=180x60+m
p"=180x60x60+7

2 2
. . . a —b
" is the second eccentricity of the ellipse, &'=——,

=e'cosB, e
# b
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t=tanB,

L _ "
I = & , Ly is the central meridian longitude.

"

X = J.OB MdB , Xis the arc length of the meridian measured from the equator.

3
M = a(l— e? )(1— e?sin? B) 2 | Mis the radius of meridian curvature
1
N = a(l— e’sin’ B) 2, Nis the curvature radius of the unitary ring.

Ja? —p?
a

e=————— eis the first eccentricity of the ellipse.

3.3. Radar Target and AIS Target Fusion Preprocessing

Under normal circumstances, the shore-based surveillance radar set near the
important flight segment can monitor all the conditions in the channel in real
time and record it during operation. Radar images of all passing ships within the
supervised segment can be fully recorded. At the same time, the AIS data of the
passing ships during this time period can also be completely collected. However,
radar images and AIS data are two completely different types of information. In
order to verify the fusion effect of these two types of information, it is necessary
to perform necessary preprocessing on the premise of unifying the two informa-
tion coordinate system standards.

First, the starting and ending intervals of the recorded radar images should be
selected, that is, the radar images obtained during a certain working period of
the shore-based surveillance radar should be selected. When the working time
period of the radar is determined, the AIS data of all passing ships in this time
period are searched from the collected AIS data.

However, the working frequency of two different types of information is a
problem that cannot be ignored. Generally, the working frequency of shore-based
surveillance radar is 24 frames/min, that is, one frame of radar image is acquired
in 2.5 5. The emission frequency of ship-borne AIS terminal is closely related to
the ship’s speed. Class A does not exceed 2 s once, and Class B does not exceed 5
s once. The specific definitions are shown in Table 3.

It can be seen that the radar images are sampled at equal time intervals, and
the acquisition time of AIS data is generally not synchronized with the acquisi-
tion time of radar images. The AIS target data will appear between two consecu-
tive radar images with a high probability. In view of this situation, it is necessary
to judge whether the AIS data at a certain time match the previous radar image
or the next radar image. This situation is shown in Figure 6. As can be seen
from the figure, in order to obtain a better matching effect, the interval between
the time point of the occurrence of the AIS data and the time point of the occur-

rence of the radar image should be minimized.

3.4. Index Selection of Fusion Target

In terms of multivariate evidence fusion, it is the key to extract elements that
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Table 3. AIS emission frequency.

Class A state of motion

Anchor or berth at a speed not greater than 3 kn

Anchor or berth at a speed greater than 3 kn
0-14kn
Speed range 0 - 14 kn and change course
14 - 23 kn
Speed range 14 - 23 kn and change course
Speed greater than 23 kn
Speed greater than 23 kn and change course
Other class state of motion
Speed no more than 2 kn
Speed range 2 - 14 kn
Speed range 14 - 23 kn
Speed greater than 23 kn
Rescue plane
Navigational equipment

AIS base station

The report interval

3 min
10s
10s
35s
6s
2s
2s
2s

The report interval

3 min
30s
15s
5s
10s

3 min

10s

Target

|
AIS |-t b et e e o

N s . et -

ref Lo ___ @ --—- ,, ,,,,,, , ,,,,,,

Figure 6. Schematic diagram of radar image target matching with AIS target.

express the same meaning contained in the respective information for two com-

pletely different types of information: radar images and AIS data. The extraction

of elements with the same meaning in different types of information can be done

from the following aspects.

On the premise that the radar image coordinate system and AIS data coordi-

nate system are unified, the radar image target and AIS target after fusion pre-
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processing have their own coordinate distribution in the same coordinate system.
If the coordinate position of a target in the radar image in the coordinate system
is the same or similar to that of a target in AIS data, it can be considered as the
same target. The coordinate position is represented by the horizontal and vertic-
al parameters, so the vertical and horizontal coordinate parameters of the target
in the radar image and the vertical and horizontal coordinate parameters (x, y)
of the target in the AIS data can be used as two judgment bases.

In addition, in a unified coordinate system, the heading angle of the target in
the radar image and the heading angle of the target in the AIS data can be calcu-
lated. The heading angle fis also an important basis for judging whether the two
targets are the same ship.

Due to the good periodicity of radar images, the moving speed of a target can
be calculated according to the displacement and time interval of a target in con-
tinuous images. Although the actually acquired AIS data has irregular acquisi-
tion time, the moving speed of a certain target can still be calculated. Therefore,
the moving speed of the target in the two types of information is also an impor-

tant element in the fusion process.

3.5. Fusion Method Based on DS Evidence Theory

D-S evidence theory can treat and analyze propositions by transforming them
into mathematical sets. Different from the probability theory, which only con-
siders a single element, the set of evidence theory generally contains multiple
elements. It is precisely because of its fuzzy characteristics that it can better ex-
press the uncertainty of proposition.

Based on the D-S evidence theory, the two types of information of radar im-
age target and AIS target are fused. From the content of the previous section, the
recognition framework can be divided into three cases: matching, mismatching,
and indeterminate. Radar image and AIS data can provide the target’s coordi-
nate parameters, heading angle, speed and other fusion indexes, that is (x; y; 6,
v), and each indicator has its Basic Probability Assignment (BPA). The mass
function can be obtained by combining the probability judgments provided by
radar images and AIS data. The situation is shown in Table 4.

AIS target (X, V;,6,,V;)

ARPA target (x;,Y,,6;,])

© = {match, not match, uncertain}

m =1, (x-x), m="f(y-y), m="1,(6-6), m="f(v-v)

Table 4. Three recognition situations.

X ¥y 1% v result
Match
Not match
Uncertain
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After obtaining the above evidence, Dempster synthesis rule is used for evi-
dence synthesis. The process is as follows.
Recognition framework © ={&,a,b, X}, X ={a,b}

m(&)=0
1
(m ©m; )(A) == snc-po™(B) M (C) (11)
K=2 ancoM(B)m,(C)
K=a,a, +a,a, (12)
1
My, (A) =7 (Bud, + 8nd, + 2,3, (13)
1
mlz(B):ﬁ(anazz + 8583 +a31a22) (14)
1
m12(A’B):ﬁa31332 (15)

After calculation, the final result of D-S fusion is shown in Table 5.

4. Case Study

To validate the proposed approach, a field test was conducted at the Zhujiajian
Passenger Transport Center Terminal, Zhoushan City, Zhejiang Province, Chi-

na.

4.1. Experimental Platform and Experimental Process

The experimental water area and experimental platform are shown in Figure 7.
The experimental data collection point is located in Zhoushan City, Zhejiang
Province. The radar is broadband 4G™ and X band, and the radardetection range
is 4 nm. The distance from the AIS shore-based base station to the shore-based

radar is 0.4 Km. The data collection time is 60 min.

4.2. Experimental Process and Results

Step 1. Unified coordinate system of radar image target and AIS data.

In this study, although GPS information of suspected ship targets and some
ships in navigation can be obtained by processing radar images and AIS data
separately in the early stage, the coordinate system of targets in radar images is
pixel coordinate system, while GPS in AIS represents geographic coordinate sys-
tem. The targets in these two different coordinate systems are not comparable at
all. In order to fuse two different types of information, it must be unified into the

Table 5. The final result of D-S fusion.

ml m2 m3 m4
A all alZ a31 a‘41
B a’Zl a22 a23 a’24
A.B & &y 8y 8y,
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Figure 7. Satellite image of water area for experimental data collection.
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Figure 8. The radar image target and AIS data after unifying the coordinate system.
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same coordinate system. According to the method mentioned above, the target
in the radar image and the GPS coordinates in the AIS data are transformed into
coordinate systems respectively. Only the two different types of information dis-
played in the unified coordinate system can meet the preliminary conditions for
fusion. The radar image target and AIS data after unifying the coordinate system
are shown in Figure 8. Blue represents AIS data and black represents radar im-
age target.

Step 2. The fusion of radar image target and AIS target.

After preprocessing, the radar image target and AIS target can complete the
preliminary matching. In the unified coordinate system, the coordinate position
relationship of the two types of targets, the heading angle and speed of the ships
can be obtained. These parameters can be regarded as the basic probability dis-
tribution. After obtaining the mass function, the final fusion result can be calcu-
lated by using Dempster synthesis rule to synthesize evidence. Figure 9(a)-(j)
show a group of partial results after fusion. It can be seen from the figure that SN

Num =210, P=1,

SN = 324, MMSI = 413222560

Num =211, P=1, SN = 324, MMSI = 413222560

L o | o
5000 5 e 5000 5 AIS
4000 - © ARPA| | 4000 o~ O ARPA
o Match o O Match
3000 Ref1 3000 - +  Ref1
% Ref2 % Ref2
2000 + O 2000 * O
o N *
1000 0, © Q 1000 - 9 © Q
0 ) 9o 0 (o) 80
C & > ®
-1000 -1000 -
-2000 -2000 -
-3000 -3000 -
-4000 -4000
-5000 + -5000
-5000 0 5000 -5000 0 5000
(a) (b)
Num =212, P= 1, SN = 324, MMSI = 413222560 Num =213, P= 1, SN = 324, MMSI = 413222560
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4000 o © O ARPA 4000 - o ° © ARPA
) Match fe) Match
3000 - + Ref1 3000 | Ref1
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2000 - © 2000 Q
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-2000 - -2000 |
-3000 -3000 |
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Figure 9. Schematic diagram of fusion results.
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is the radar image target, represented by a black circle, MMSI is the AIS target,
represented by a red diamond, the red circle represents the fusion result, and P
represents the calculated probability after fusion.

The fusion algorithm proposed in this study can effectively fuse radar images
and AIS data, and the effect is good.

5. Conclusions

Maritime radar and AIS, as important aids to navigation safety in the shipping
industry, have played a great role in maritime safety supervision. However, in
practical application, the radar output image may be distorted, unable to image
or form fan-shaped shadow due to some special reasons, which will seriously af-
fect the working effect of maritime radar. Besides, in the process of AIS informa-
tion processing, the content presented in each received message is a reflection of
the state of the ship at a certain moment. These data may reflect the real state of
the ship, or abnormal changes may occur due to the problems of positioning
equipment or software. In addition, many factors such as topography, meteor-
ology and external electromagnetic environment will attenuate AIS information,
thus reducing its reliability. In order to further ensure the navigation safety of
ships, it can be considered to fuse the relevant indexes in the two types of infor-
mation, namely, maritime radar output images and AIS data, so as to increase
the effective identification of targets in the navigation channel.

In this study, the D-S evidence theory is used to extract relevant indexes for
fusion based on the two types of heterogeneous information: maritime radar
output images and AIS data. Firstly, the two kinds of heterogeneous information
are unified into the same coordinate system, and the new recognition results are
obtained by fusing the target’s coordinate position, heading angle, speed and
other indexes. Through the test of radar images and AIS data collected in the
field, this method is proved to be effective and the results are ideal.
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