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ABSTRACT Automatic Identification System (AIS) is an automatic tracking system based on reports
provided byAIS transponders, which can report the static and dynamic information of the ship, such as name,
call sign, position and speed etc. However, AIS can be manually turned off, making it impossible to find the
trajectory of the ship when AIS is turned off, which results in difficulties in maritime supervision. This
article uses shore-based radar trajectory data to present a new method of asynchronous trajectory matching
based on piecewise space-time constraints (PTSCTM), which is used to reconstruct AIS trajectory and
discover the abnormal behavior of ships. The Ramer–Douglas–Peucker (RDP) algorithm is used to extract
feature points of the trajectory, and the trajectory is segmented according to feature points. The method
uses space-time constraints to determine candidate trajectory matching points in each trajectory segment
and calculates the optimal matching point from the candidate set through the space and time distance. The
method asynchronously calculates the similarity of trajectory segments from multi-source trajectories and
calculates the trajectory similarity to achieve multi-source trajectory matching. The measured data show
that the model can effectively measure the similarity of multi-source trajectories to find the optimal radar
trajectory as a matching result when AIS is turned off, and the calculation accuracy and efficiency of the
model is higher than the existing methods. According to the asynchronous trajectory matching method,
the monitoring method of staying ships in the Qingdao lancelet reserve area is proposed. The result shows
that many ships stayed in the area through radar signals when AIS was turned off. The result can provide
auxiliary support for maritime supervisory and legal departments, which helps to strengthen maritime ship
supervision, detect maritime illegal crimes and protect the marine environment.

INDEX TERMS Trajectory similarity, trajectory matching, space-time constraints, ship supervision,
the monitoring of nature reserves.

I. INTRODUCTION
The development of shipping makes maritime traffic safety
navigation an important research topic and the AIS is the
basic means to guarantee the safety of ship navigation. The
AIS is an automatic tracking system based on the report of
the ship’s AIS transponder. It can provide dynamic infor-
mation such as the ship’s position and speed, as well as
static information such as ship’s type, name and country.
Ships with a gross tonnage above 300 gross tonnages in
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international voyages, ships and passenger ships with car-
goes over 500 gross tonnages that are not in international
waters must be equipped with AIS [1]. In addition, fish-
ing ships with a length of more than 15 meters and those
sailing within the jurisdiction of the European Union (EU)
require the AIS [2]. The AIS can represent a global, near a
real-time information source, with high accuracy, small con-
straints and global advantages. The AIS functions include:
identifying ships; assisting in tracking targets; simplifying
information exchange; providing other auxiliary information
to avoid collisions. The use of the AIS helps to strengthen
the safety of life at sea, improve the safety and efficiency of

224712 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0002-3452-9936
https://orcid.org/0000-0003-4991-2564
https://orcid.org/0000-0003-0026-5423


C. Liu et al.: Asynchronous Trajectory Matching Method Based on Piecewise Space-Time Constraints

navigation, and protect the marine environment. It has been
widely used in marine ship data mining [3], [4], marine ship
safety monitoring [5], [6], marine ecological environment
supervision [7], and marine search and rescue work [8].

However, given that AIS is a self-reporting system,
the crew can close the AIS resulting in the loss of the AIS
signal to prevent the surveillance system and its operators
from discovering its illegal activities. It has a negative impact
on water traffic safety. Since June 1, 2020, the Ministry of
Transport has launched a special rectification of the national
maritime radio order management to severely crack down on
the intentional shutdown of the AIS signal and other acts
in China [9]. The use of other sensor signals as a supple-
ment is widely used for the solution of the single instability
problem [10]. Shore-based radar can automatically detect the
target and return the target’s distance, bearing, heading, speed
and other information in real time [11]. Radar is an active
traditional means of target detection. Although it cannot pro-
vide attribute information similar to ship name and country,
it has advantages that AIS and other communication methods
based on self-reportingmethods do not have. Radar can detect
targets when the AIS report is turned off. Therefore, it is
significant to find dangerous targets and ensure the safety of
navigation at sea. Radar is easily affected by the environment,
so the accuracy is not high and the target resolution is also
difficult. But the active detection method can be used as a
supplement to AIS when the signal is turned off. As shown
in Fig. 1, when the AIS is manually turned off, the ship may
drive to the forbidden area during the course of driving such
as prohibited fishing areas, marine nature reserves and recla-
mation areas, etc. The ship tries to cover their movements
through the AIS report, which makes it unable to rely solely
on the AIS trajectory to identify its illegal activities. However,
the radar as an active detection method can scan and record
the trajectory of the ship within the radar detection range
when then AIS is turned off.

FIGURE 1. When AIS is turned off, the radar trajectory still finds that the
ship enters the prohibited area.

Many articles have studied multi-source trajectory match-
ing from the perspective of trajectory association. Accord-
ing to the association principle, it can be divided into two
methods, which are statistics-based and fuzzy mathematics.

The correlation methods based on statistical methods mainly
include NN [12], K-NN [13], MK-NN [14], double thresh-
old [15], the sequential method [16] and so on. Affected
by the complexity of the marine environment and the sys-
tematic errors, random errors and detection ranges of vari-
ous measurement methods, the similarity between the local
trajectories of different sensors has ambiguity, so ambiguity
can be used in related mathematical theories to judge the
relevance of trajectories. Chen et al. proposed a trajectory
association algorithm based on fuzzy similarity, in which the
concept of membership was used to describe the similarity
of two data and the fuzzy theory was used to calculate the
fuzzy comprehensive similarity between possible associated
trajectories [17]. Ou et al. proposed a multi-factor fuzzy com-
prehensive decision similarity method to calculate the corre-
lation between two sensors [18]. Guo and Zheng proposed
a method for evaluating the similarity of trajectories based
on topological information between targets [19]. Mao et al.
proposed a method to divide the detection target of the sensor
into several topological triangle structures combined with the
topological four-cross model to define the triangle similarity,
thereby measuring the similarity of the trajectory and achiev-
ing trajectory association [20]. However, these algorithms are
synchronous correlation algorithms and cannot handle such
inconsistent sampling data rates. When they are used, the
observations are first interpolated to make the data consistent
and then trajectory filtering and correlation operations are
performed.

The trajectory can be understood as a time series of
spatial positions, and there are more and more similarity
measurement methods of spatio-temporal trajectories. Typ-
ical methods include Frechet distance [21], Hausdorff dis-
tance [22], [23], Euclidean distance [24], [25], dynamic time
warping (DTW) [26], [27], longest common subsequence
(LCS) [28]–[30] and edit distance [31]–[33]. However, these
methods emphasize the similarity of spatial position or tra-
jectory shape, while ignoring the time dimension and regard
the trajectory as a sequence of points. In terms of spatial-
temporal similarity matching, the time-locking method cal-
culates the sum of the distances of two points with the
same timestamp but is prone to noise and outliers [34].
Kondor et al. proposed that the two points will be regarded
as a match only when space and time are close. If two points
are close in time, but far apart in space, they are considered
impossible to match. Then the unmatched trajectory pairs
are directly excluded [35]. Sun et al. proposed a trajectory
similarity model based on spatial and temporal constraints
(STCTS), it set the space-constrained distance and the time-
constrained distance for multi-source trajectories, then found
matching points, finally calculated the similarity of matching
points [36]. The greater the similarity is, the more likely the
two trajectories are multi-source trajectories. Gong et al. pro-
posed Time Weighted Similarity (TWS) and Space Weighted
Similarity (SWS) to calculate the spatial and temporal tra-
jectory similarity of different positioning accuracy, sampling
efficiency and length [37]. However, it is sensitive to noise
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points and is not suitable for signal loss using the linear inter-
polation method. It has been developed in recent years based
on these similarity measurement methods, which are suitable
for the cases where spatio-temporal trajectory matching and
where two trajectories are completely sampled and there is
no large loss. But it is not applicable when the signal is lost
for a long time. Therefore, it is not applicable to the situation
where AIS is turned off and the trajectory point is lost.

In identifying AIS erroneous trajectories by radar trajecto-
ries, Katsilieris et al. proposed a method based on statistical
hypothesis testing [38]. This method assumed that the false
alarm rate of the radar trajectory is 0, it is considered to be
completely correct. The correct trajectory reported by AIS is
considered a simple null hypothesis, while the wrong trajec-
tory reported by AIS is a composite alternative hypothesis.
By changing the deception jamming distance and the number
of radars, the corresponding ROC curve and the expected
number of required samples are obtained to make the correct
decision. But the ship can simply turn off its AIS signal
(perhaps periodically) instead of making an error report to
prevent the surveillance system and its operators from dis-
covering illegal activities. At the same time, this method is
only suitable for a single target, and cannot handle scenes
with multiple targets. At the same time, the interpolation
method is used to fill the AIS in the signal loss [39], [40].
The common one is cubic spline interpolation [41] that is
suitable for the case where the time interval is short and
the trajectory does not change significantly and multiple
turns.

This article proposes an asynchronous trajectory match-
ing method based on piecewise space-time constraints for
the characteristics of AIS self-reporting and the advan-
tages of radar actively detecting ships. The method uses
trajectory similarity based on piecewise space-time con-
straints (PTSCTS) to calculate the possibility of being the
same trajectory. It is intended to realize multi-source tra-
jectory matching between AIS trajectory and radar trajec-
tory when AIS is turned off. Fig. 2 shows the framework
of PTSCTM. Data storage uses AIS track data and radar
track data. After reading the data, track processing is per-
formed first. Coordinate axis projection is used to make
rough judgments and obtain possible matching multi-source
trajectories. The methods using RDP trajectory compression
algorithm are used to divide the original AIS trajectories into
short and non-overlapping sub-trajectories, and the radar data
are divided into corresponding sub-trajectories through time.
In asynchronous calculation, the trajectory matching points
are searched by the space-time constraint distance in each
sub-trajectory segment to generate a set of candidate match-
ing points. In the set of candidatematching points, the optimal
trajectory matching point is searched, and the space-time
distance of the optimalmatching point is used as the basic unit
for calculating the similarity. Then the method calculates the
similarity of each trajectory segment asynchronously. In track
matching, the overall similarity of the track is calculated
according to each track segment, and the maximum similarity

FIGURE 2. Framework of PTSCTM.

is used as the matching trajectory. The problem of AIS and
radar trajectory matching is verified by the actual situation
of AIS being artificially turned off. This method can be used
in practical marine surveillance applications, such as illegal
fishing, reclamation, illegal sand mining and monitoring of
nature reserves. This article applies the method to the mon-
itoring of the staying ships in the Qingdao lancelet reserve
area.

The contents of each part are briefly described as follows:
Section II mainly introduces the situation of the study area
and explains the data used in the study. Section III elaborates
on the related concepts of multi-source trajectory matching
and defines the symbols to be used subsequently. Section IV
describes the method of segmented trajectory matching in
detail. In section V, the experiment is carried out according
to the actual data and the performance of the segmented tra-
jectory matching is verified with the comparison experiment.
Section VI proposes a method for monitoring the staying
ships in the Qingdao lancelet reserve area. Finally, this article
is summarized.

II. RESEARCH DATA
The experimental data are AIS trajectory and shore-based
radar trajectory data near Qingdao city, Shandong province,
China on August 22, 2019. Fig. 3 shows the AIS and radar
position data on August 22, 2019 in the study area. The data
are stored in the ORACLE database in the form of relational
tables.

A. AIS TRAJECTORY DATA
The AIS trajectory data used in this article is provided by
the North China Sea Data & Information Service. There are
71743 points and 430 AIS trajectories in the study area on
August 22, 2019. The AIS data interval is based on the actual
upload time of the ship. AIS trajectory data contain dynamic
information such as course, speed, position, and navigation
status, as well as static information such as ship’s name
and call sign, International Maritime Organization (IMO)
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FIGURE 3. AIS and radar ship point data in the study area on August 22, 2019. The green point denotes the AIS trajectory point, and the blue
denotes the shore-based radar trajectory point.

number, MaritimeMobile Service Identify (MMSI), type and
antenna position.

B. SHORE-BASED RADAR TRAJECTORY DATA
Shore-based radar is usually responsible for sea and low-level
surveillance and completes the tasks of searching, tracking,
and navigating sea targets. The data used in this article is
the shore-based radar trajectory data in the study area on
August 22, 2019, from the North China Sea Data & Infor-
mation Service. The shore-based radar trajectory data are
returned every 4 minutes and the total amount of detection
point data is 268,788. These data have been correlated at
the sensor level. The shore-based radar data are used as
radar trajectory data in this article. Due to the complexity
of radar under multi-target tracking, a total of 62,163 tra-
jectories are obtained. There are 57,861 trajectories with
points below 0-10, accounting for 93%. As shown in Fig. 4,
the number of points in the radar trajectory is more than
10. Considering the application of maritime supervision, tra-
jectories with more than 30 points in each trajectory are
selected in experimental data, for a total of 1,183 trajecto-
ries. Since radar data is returned every 4 minutes, the tra-
jectory time of more than 30 points is more than 2 hours.
This article believes that 2 hours is the minimum time that

FIGURE 4. Statistic of the number of points in the shore-based radar
trajectory.

can be used to discover the behavior of the ship. If trajec-
tory time is less than 2 hours, it has little significance for
trajectory matching and ship supervision. Radar trajectory
data contain ID, longitude, latitude, speed, direction, and
target length. ID is the unique identification of the radar
trajectory.
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III. INSTRUCTION OF MULTI-SOURCE TRAJECTORY
MATCHING
A. DEFINITION OF MULTI-SOURCE TRAJECTORY
The trajectories generated in different systems have different
signs and paths, which is affected by the working princi-
ple, processing mechanism and internal mode of different
sensors [42]. At the same time, the trajectories affected by
the sensor will have different noise and errors in different
systems. The ship trajectory formed by multiple sensors for
the same target becomes a multi-source trajectory The shape
of the trajectory is different because the multi-source trajec-
tory time is different and the location is different. As shown
in Fig. 5, Tr is the detection trajectory of shore-based radar,
and Ta is the report trajectory of AIS. Obviously, the trajec-
tory data of different sensors are not uniform in time.

FIGURE 5. Schematic diagram of multi-source trajectory.

B. PRINCIPLE OF MULTI-SOURCE TRAJECTORY
MATCHING
The time interpolation method isn’t suitable for this situation
due to the sampling uncertainties such as noise and data loss
of multi-source trajectories. Multi-source trajectory points
represent the data sampling points of two trajectories with
the same motion behavior, and it is often impossible to record
the same motion synchronously. The main idea of space-time
constraints trajectory matching is to find as many ‘‘space-
timematching points’’ on the trajectory as possible. Although
the trajectory data may be affected by factors such as errors,
delays, noise, and losses, the target measurement results from
different sensors still have many associations [42]. Through
space-time constraints, trajectory matching is to find a similar
point between a trajectory and a related trajectory, use the
similar point as a matching point and use the matching point
as the minimum unit of similarity calculation. Only trajectory
points satisfying the space-time distance can be regarded as
approximate matching points. The matching point is within a

certain time range and space range.{
spaceDis

(
pai, pr j

)
,
∣∣pai, pr j∣∣ ≤ η

timeDis
(
pai, pr j

)
,

∥∥pai, pr j∥∥ ≤ ε (1)

where η represents the matching spatial distance of matching
points, ε is the matching time distance. i is the ith point on
Ta, and j is the jth point on Tr. |∗, ∗| is the spatial distance
function of the trajectory points of different sensors, using
Euclidean distance. ‖∗, ∗‖ is the time distance function of the
trajectory points of different sensors, using the time differ-
ence.

As shown in Fig. 6, the point time on Tr and Ta is not
synchronized. However, after passing the space-time con-
straint, the points within the constraint range can be regarded
as matching points. pr2 can match with pa2, pr3 can match
with pa3 and pa4, pr4 can match with pa5 and pa6. When a
trajectory is matched with a trajectory, there will be multiple
points that match this point within the space-time constraints.
In the next chapter, this article will analyze and solve the
problem.

FIGURE 6. Multi-source trajectory matching.

C. DEFINITION OF SYMBOLS
Trajectory: A collection of data points located by sensors in
chronological order. Since each trajectory is identified by a
unique representation, AIS is identified by aMMSI code, and
radar is identified by an ID code. AIS trajectory is written as:
Ta = {pa | pai, 1 6 i < m, m is the number of AIS trajectory
data points}, and the radar trajectory data are also written as:
Tr = {pr | prj, 1 6 j < n, n is the number of radar trajectory
data points}.

Trajectory segment: After passing through the segmenta-
tion process, the trajectory will be divided into a set of mul-
tiple trajectory segments. The original trajectory is written
as Ta = {Sa | Sal, 1 6 l < k, k is the number of trajectory
segments included in the AIS trajectory}, Sal = {pa | paq, 1
6 q < s, s is the number of points per trajectory segment }.
After segmentation, the number of AIS and radar trajectory
segments is the same, with Tr = {Sr | Srl, 1 6 l < k }.
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Candidate trajectory matching point set: Since there will
be multiple points matching the AIS points within the
space-time distance, the radar points matching the pai will
be set to Ci Ci = {pr | pri,p, 1 6 p < c, c is the number of
matching sets}.

Optimal trajectory matching point: pai and the point pri
that has the closest space-time distance in the corresponding
matching point set Ci are recorded as [pai, pri]. Matching
points are the concept of pairs.

The symbols used later are defined in Table 1:

TABLE 1. Definition of symbols.

IV. AN ASYNCHRONOUS TRAJECTORY MATCHING
METHOD BASED ON PIECEWISE SPACE-TIME
CONSTRAINTS
A. PRE-JUDGMENT OF SPACE-TIME PROJECTION
It is necessary to determine in advance whether the two
trajectories match to avoid unnecessary calculations when
the spatial range is large. Time overlap and spatial projection
intersection are used to judge in advance. The time overlap
judgment is to determine whether the trajectory matches by
judging whether the time of the starting coordinates of Ta and
Tr intersect. If Ta.st (the start time of Ta) is earlier than Tr.et
(the end time Tr) and Tr.st (the start time of Tr) is later than
Ta.et (the end time Ta), it means that Ta and Tr overlap in
time.

Ta.st < Tr .et && Tr .st < Ta.et (2)

In the judgment of similar trajectory space, it is judged by
whether the coordinate axis projections of Ta and Tr intersect.
First, the projections of the trajectories of Ta and Tr on the
X and Y coordinate axes are obtained. In the method, it is
assumed that the projection of Ta on the X axis is X1 and
the projection on the Y axis is Y1, corresponding to X2 and
Y2. If X1 intersects X2 or Y1 intersects Y2, Ta and Tr
may match. The projection X1 of Ta on the X axis and the
projection X2 of Tr1 on the X axis intersect, and there may
be a common trajectory. The projectionX2 of Ta on the X axis
and the projection Y2 of the Y axis do not intersect with the
projection X3 of Tr2 on the X axis and the projection Y3 of
the Y axis, indicating that Ta and Tr2 will not match. Fig. 7 is
a schematic diagram of the projection judgment.

B. DIVISION OF TRAJECTORY SEGMENTS
Because the traditional trajectory matching algorithm needs
to perform space-time constraints on all points in the tra-
jectory, the time complexity is o(mn). At the same time,

FIGURE 7. Pre-judgment by space-time projection.

the time and trajectory points increase, and the calculation
time increases rapidly. In order to reduce the computational
cost, this article uses the Ramer–Douglas–Peucker (RDP)
trajectory compression algorithm to divide the original tra-
jectories into sub-trajectories with shorter lengths and non-
overlapping. The RDP algorithm was first proposed by Urs
Ramer in 1972 [43]. Poiker and Douglas improved the algo-
rithm in 1973 [44], and the algorithm then gradually was
improved by many scholars. The RDP algorithm obtains
an approximation of the original polygon by extracting the
feature points of the polygon. It has been widely used in ship
trajectory compression [45], [46].

The RDP algorithm uses recursive thinking. First, a dis-
tance threshold is set, and then a straight line is connected
between the first point and the last point of the point set.
The farthest point is found in the offline segment of the
remaining points. If the distance between this point and the
line segment is less than the threshold, all points in the middle
are discarded. If it is larger than the threshold, the point is used
as an intermediate point to generate two line segments with
the first two points. The algorithm repeats the above process.
The algorithm ends when all points are used. The trajectory
matching algorithm performs trajectory point matching oper-
ations in sub-trajectories to reduce computational complexity
and support the characteristics of online computing. The steps
are as follows:

(1) The algorithm connects the starting point p1 and the
ending point p2, and then calculates the distance from
the remaining points to the line segment p1p2. The
remaining points sequentially calculate the distance
to the line segment p1p2, and obtain the maximum
distance dmax. The point p3 in Fig. 8a has the largest
distance p1p2, and the distance is larger than the thresh-
old θ . p3 is connected with the starting points p1 and
p2 to form a dotted line segment p1p3 and p3p2.

(2) When step (1) is performed on p1p3 and p3p2 respec-
tively, p4 is obtained. As shown in Fig. 8b;

(3) If dmax is not greater than θ , the algorithm ends. The
final result is shown in Fig. 8c. p1, p3, p5, p4, p2 are
used as trajectory feature points.
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FIGURE 8. Schematic diagram of the RDP algorithm.

C. CALCULATION OF OPTIMAL MATCHING POINT
In the course of trajectory matching, multiple points that meet
the time threshold and the space threshold will appear at the
matching point of the space-time constraint. Points that meet
the constraints of space-time constitute a set of matching
points. The optimal matching point is proposed to calculate
accuracy. By calculating the space-time distance of the points
in the set, the point with the smallest distance is taken as the
optimal space-time matching point. η is the space threshold,
ε is the time threshold, pai is the point on the Ta trajectory,
and Ci is the set of points matching the pai in time and space.
The formula for calculating the optimal matching point f(pai,
pri) is defined as follows:

f (pai, pr i,p) = (
η −

∣∣pai, pr i,p∣∣
η

∗
ε −

∥∥pai, pr i,p∥∥
ε

) (3)

where f(∗,∗ ) is the formula for calculating the space-time dis-
tance between the candidates of pai and pri. The value range
is [0, 1]. The larger the value is, the closer the space-time
distance is, indicating that the two points are closer. The
space-time distance is inversely related to the result of f(∗,∗ ).
The largest result in f(pai, pri,p) is the optimal trajectory

matching point. The optimal trajectory matching point indi-
cates that the two matching points are closest in time and
space. For the purpose of calculation, the spatial distance of
the similarity calculation in the optimal matching point is
used as the similarity calculation function. The calculation
of the optimal matching point is as follows:

[pai, pr i] = max{f
(
pai, pr i,1

)
, f
(
pai, pr i,2

)
, . . .

. . . , f(pai, pr i,p)} (4)

where [pai, pri] is the optimal matching point pair, and
max{∗,∗ , . . . ,∗} is the maximum value. p is the index in the
set of candidate matching points of the trajectory point, 06 p
< c. c is the number of the set of candidate matching points.

As shown in Fig. 9a, when the space-time constraints ε
and η are satisfied, the point pa1 in Ta matches pr21 in Tr2,
the point pa2 in Ta matches pr22 and pr23 in Tr2, the point pa4
matches pr25 in Tr2. Since f(pa2, pr22) > f(pa2, pr23), [pa2,
pr22] will be formed here as a matching point pair. In Fig. 9b,
Ta and Tr1 form a matching point [pa2, pr12]. Ta and Tr2 form
a total of 3 matching point pairs, [pa1, pr21], [pa2, pr22] and
[pa4, pr25].

D. CALCULATION OF TRAJECTORY SIMILARITY
On the basis of finding the optimal matching point, the sim-
ilarity of the trajectory formed by two different sensors is

FIGURE 9. (a) is the selection of trajectory matching points; (b) is the
selection of optimal matching points.

calculated, and then the matching is determined. Due to the
time threshold ε and the spatial threshold η, some points on
Ta do not match the relevant points on Tr. In this article,
the similarity calculation result of the points that Ta cannot
match on Tr is 0, to meet the final calculation needs. The
final similarity calculation formula for trajectory matching
similarity is:

Pscore,i
([
pai, pr i

])
=

1−
∣∣pai, pr i∣∣

η
, pri 6= NULL

0, pri = NULL
(5)

where [pai, pri] is the trajectory matching point pair, where
0 6 i < m, m is the number of AIS trajectory points. When
pri = NULL, it means that pai of the current ith point cannot
find a matching point on Tr under the time threshold ε and
space threshold η. When pri 6= NULL, pri is the best advan-
tage of pai calculation, and the spatial distance is used as the
basis of similarity calculation.

The calculation of the similarity between AIS and radar
trajectory is composed by adding the similarity score Pscore,i
(0 6 i <m) of each point. The formula for calculating the
similarity between AIS and radar trajectories is as follows:

Tscore =

∑m−1
i=0 Pscore,i

m
(0 ≤ i < m) (6)

where Tscore is the similarity score between AIS trajectory
and radar trajectory, m is the number of AIS points. It indi-
cates that the two trajectories are closer that the similarity
score Tscore of the trajectories is larger. Conversely, the lower
the similarity score is, the farther the two trajectories are.

E. SIMILARITY CALCULATION AFTER SEGMENTATION
After calculating the similarity between trajectory matching
points, it is necessary to calculate the similarity between
trajectory segments divided by feature points. The similarity
between the trajectory segments is determined by the degree
of matching of the trajectory points within the segments. The
point on Ta only matches the trajectory point on Tr in this
segment to reduce the time of finding the matching point
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FIGURE 10. The best matching point is found based on piecewise
space-time constraints.

after the trajectory is segmented. As shown in Fig. 10, after
Ta is divided by the RDP algorithm, Ta is divided into {Sa1,
Sa2, Sa3}, and Tr is {Sr1, Sr2, Sr3}. The points p1 and p2
on Sa1 are searching for points on Sr1, and cross-trajectory
segment matching is not performed. When the point p1 on
Sa2 is matched, the trajectory point can be matched on Sr1,
but not be matched on Sr2. However, this article believes that
these effects on the calculation results are slight in the long
trajectory.

Therefore, the similarity of the trajectory segment is
defined as the average value of each trajectory point in the
trajectory segment. This can avoid large errors in individual
jump points in the trajectory segment, and can also be used
as a quantitative indication of trajectory segment matching.
The formula for calculating the similarity of the trajectory
segment is obtained:

Sscore,l =
1
s
∗

s−1∑
o=q

Pscore,q (0 ≤ q < s) (7)

where Sscore,l represents the similarity score of the lth tra-
jectory segment in the trajectory T. For 0 6 q < s, q is the
index of the trajectory point in the trajectory segment. s is
the number of trajectory matching points of the trajectory
segment.

In the case of calculating the overall score of the trajectory
segment, the calculation formula of the similarity score of the
trajectory is modified to the average value of the similarity
score of each trajectory segment. The calculation is as fol-
lows:

Tscore =

∑k−1
l=0 Sscore,l

k
(0 ≤ l < k) (8)

where Tscore is the similarity score of AIS trajectory and radar
trajectory. k is the number of divided trajectory segments. l is
the divided lth trajectory, where 0 6 l < k.

F. ASYNCHRONOUS TRAJECTORY MATCHING PROCESS
After calculating the similarity between AIS and radar trajec-
tories, the possibility of two trajectories being the same tra-
jectory can be quantitatively evaluated through the similarity
between trajectories. This evaluation method can be used in
trajectory matching and association. TA and TR are the set of
target trajectories generated by AIS and radar respectively.

Tai ∈ TA and Trj ∈ TR respectively represent the ith AIS
trajectory and the jth radar trajectory. The algorithm steps are
as follows:

(1) The algorithm first traverses trj ∈ TR in the radar
set and judges whether the projections of Tai and Trj
intersect Tai ∩ Trj in time and space. If they intersect,
the algorithm goes to the next step. If they do not
intersect, the algorithm exits.

(2) The AIS trajectory Tai uses the RDP algorithm to
extract feature points and is divided into segments
through the feature point. At the same time, the radar
trajectory Trj is also segmented according to time.

(3) In each trajectory segment, matching points are found
resulting in candidate point combinations through time
constraints and space constraints. The optimal match-
ing point is calculated through the space-time dis-
tance. In each trajectory segment, matching points
are founded asynchronously resulting in candidate
point combinations through time constraints and space
constraints. The optimal matching point is calculated
through the space-time distance. The similarity score
pairs of eachmatching point are summed, and the aver-
age value is used as the similarity of each trajectory
segment.

(4) The similarity of each trajectory segment is summed,
and the average value is calculated as the similarity
score of the trajectory. The highest score is the trajec-
tory associated with Tai and Trj matching.

V. EXPERIMENT ANALYSIS
A. TRAJECTORY MATCHING WHEN AIS IS TURNED OFF
After judging the intersection of time and space, the multi-
source trajectory similarity is calculated for the intersecting
AIS trajectory and radar trajectory. In the following exper-
iment, the AIS trajectory whose MMSI is 413330760 and
the radar trajectory whose ID is 6569939253935038464 are
used to conduct the trajectory matching experiment when
the AIS is turned off. The name of the ship whose MMSI
is 413330760 is ‘‘TONG BAO 2’’. The minimum interval
of AIS adjacent trajectory points is 16s, and the maximum
interval is 11 hours and 38 minutes. The ship is located near
the Qingdao Sea, as shown in Fig. 11a. The AIS trajectory
is segmented by RDP, where the distance threshold θ of the
segment is set to 200m, and feature points are extracted. The
AIS trajectory extracts 14 feature points, divides the trajec-
tory into 13 trajectory segments, and also has a corresponding
radar trajectory. As shown in Fig. 11b.

After the trajectory segment is divided, the matching point
of the trajectory is calculated by the definition of multi-source
trajectory matching. The space constraint distance η is 500m,
and the time constraint distance ε is 4 minutes. When η =
500m and ε = 4min, the matching point is calculated from
each point in the AIS trajectory, and the optimal matching
point is calculated by the optimal matching point calcula-
tion function. Through the similarity of matching points, the

VOLUME 8, 2020 224719



C. Liu et al.: Asynchronous Trajectory Matching Method Based on Piecewise Space-Time Constraints

FIGURE 11. (a) is the ship’s trajectory data: The AIS trajectory with MMSI
of 413330760 and the radar trajectory with ID of 6569939253935038464;
(b) is the result of using RDP to divide AIS trajectory.

similarity in the trajectory segment is calculated, and finally,
the similarity of the two trajectories is calculated. When the
time interval is 4min, most of the points can find matching
points, and then the optimal matching point is calculated from
the set of candidate matching points. There are also some

FIGURE 12. (a) is The similarity of points of the optimal matching point;
The average similarity within the trajectory segment.

points that cannot be matched under the constraints of time
and space, and the value of these points is 0. Fig. 12a is the
similarity of points of the optimal matching point. Then the
similarity of each segment is calculated and many matching
points are found. This means that the trajectory of the same
target from different sensors will match more points within
the constraints of time and space. Fig. 12b is the average
similarity within the trajectory segment after the trajectory
is segmented according to RDP. Table 2 shows the calculated
similarity for each trajectory segment.

B. ANALYSIS OF SPECIFIC TRAJECTORY ROUTES
This section discusses in detail when AIS is turned off. After
completing the AIS trajectory and radar trajectory segment
trajectory matching, it is found that AIS has been turned
off for a long time. As shown in Fig. 14, the AIS trajec-
tory whose MMSI is 413330760 has a long period of clo-
sure from 2019-8-22 03:18:30 to 2019-8-22 08:45:33 and
from 2019-8-10:34:43 to 2019-8-22 22:13:06. However, the
radar trajectory whose ID is 6563939253935038464 can still
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TABLE 2. Similarity for each trajectory segment.

FIGURE 13. (a) is the point similarity of the time interpolation method;
(b) is the cumulative similarity of the trajectory by the time interpolation
method.

maintain signal collection when the AIS is turned off, and it
can completely record the actual route of the ship.

VI. EXPERIMENTAL COMPARISION
A. COMPARISON WITH TIME INTERPOLATION
The AIS trajectory whose MMSI is 413330760 and the
radar trajectory whose ID is 6569339253935038464 are also
used for comparison and explanation with the traditional

time interpolation method. The point similarity after time
interpolation using the same spatial threshold is restored
under the same conditions. When the AIS is turned off, the
similarity slowly decreases to 0, and then when the AIS is
turned on, the similarity returns to the normal range, as shown
in Fig. 13a. When the time is from 2019-8-22 03:18:30 to
2019-8-22 08:45:33, from 2019-8-22 10:34:43 to 2019-8-
22 22:13:06, the AIS report disappears. As a result, it is
impossible to match with the radar, and a large number of
point similarities are 0. As shown in Fig. 13b, the loss of
the AIS trajectory results in a far deviation from the radar
trajectory, and the calculated similarity is very slight, so tra-
jectory matching cannot be performed. When using the idea
of matching points at that time, this method avoids time
interpolation and only matches the points on the trajectory,
effectively avoiding interpolation errors and missing points,
which leads to erroneous calculations.

B. TRAJECTORY MATCHING ACCURACY VERIFICATION
In order to verify the accuracy of the algorithm, 12 AIS
trajectories and 13 radar trajectories are adopted in the dense
environment. Through the time interpolation method and the
proposed algorithm in this article respectively, the matching
results of radar and AIS trajectory are compared. As shown
in Fig. 15, there is a situation that the AIS is turned off in the
trajectory.

The calculation formula for the accuracy of the matching
result is defined:

ρ =
γ0

γ
× 100%

where ρ represents the accuracy of matching, γ is the number
of AIS tracks in the experiment, and γ 0 is the number of
correct matches. The matching result is compared with the
matching result of long-term observation. The larger the γ 0
value, the more correct matching trajectories and the higher
the accuracy.

As shown in Fig. 16, a is the matching result of the time
interpolation method, and b is the matching result of the
proposed algorithm in this article, and different colors are
marked according to different matching results. Matching
results belonging to a ship are represented by the same
color.

Based on the time interpolation method, the AIS trajec-
tory matches the adjacent radar trajectory when the AIS
is turned off. However, long-distance tracking found that
this is not correct. The accuracy of this method is ρ =
10
12×100% ≈ 83.3%. Through the proposed algorithm in
this article, it is found that when AIS is turned off, the AIS
trajectory can still match the correct radar trajectory. When
the AIS is not lost, the accuracy of AIS and radar trajec-
tory matching is still high. The accuracy of this method is
ρ = 11

12×100% ≈ 91.6%. From the analysis of the above
results, it can be seen that the proposed algorithm in this
article has good matching accuracy when the AIS is closed
and not closed. Under the same parameters, comparing the
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FIGURE 14. The detailed route of the ship whose AIS is turned off.

FIGURE 15. Trajectory data in accuracy verification. The red arrow points
to the closed AIS trajectory.

accuracy of time interpolation methods, the algorithm in this
article has higher accuracy. The specific parameter settings
and algorithm results are shown in Table 3 below.

C. COMPARISON WITH CALCULATING TIME
The experiment runs on a desktop computer. The operating
system is Windows10, the CPU is A10-7300 and the memory
is 8G. All algorithms are written in Java language, Java

TABLE 3. Comparison of parameter and accuracy of the two algorithms.

TABLE 4. Comparison of algorithm efficiency.

Development Kit (JDK) version is 1.8 and the software envi-
ronment is IntelliJ IDEA 2019.3.4. The experimental data use
the AIS trajectory whose MMSI is 413330760 and the radar
trajectory whose ID is 6563939253935038464 in section V
for experiments. The comparison experiment selects four
measurement models: MHD, DTW, LCSS, and STCTS. The
experiment takes the distance threshold η = 500m and the
time threshold ε = 4min. The experiment takes the average
time of 100 identical experiments to count the running time
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TABLE 5. Illegal ships information.

FIGURE 16. (a) is the matching result of the time interpolation method,
and (b) is the matching result of PTSCTM.

of the program. As shown in Fig. 17a, it is found that the
trajectory matching method based on space-time constraints
is more time-efficient than the methods of LCSS, DTW,
and MHD. Table 4 shows the detailed time of each method
under different point data volume. At the same time, the

FIGURE 17. (a) is the running time of each algorithm; (b) is the running
time comparison of SCTCS and PTSCTS.

performance of PTSCTS and SCTCS is compared for data
under different data volumes, as shown in Fig. 17b. When
the amount of data is small, the calculation time of SCTCS
is less than that of PSCTCS. However, the calculation time
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FIGURE 18. (a) is the location of the Qingdao lancelet reserve area; (b) is
the internal division of the area.

of using PTSCTS is less than that of SCTCS as the amount
of data increases. This is because it should take a long time
for points on the AIS to perform a matching calculation on
each point on the radar trajectory and calculate the optimal
matching point. However, after RDP segmentation, the points
on the AIS trajectory only need to find the matching point on
the trajectory segment, and then the optimal matching point
is calculated, which reduces the amount of global search data
and guarantees the calculation time.

VII. PRACTICAL APPLICATION
A. INTRODUCTION OF MONITORING AREA
In the above method, the AIS trajectory matches the corre-
sponding radar trajectory. The method can find the movement

FIGURE 19. This is the step of the monitoring of the ship’s stay.

trajectory and achieve good results when closing the AIS tra-
jectory for a long time. This article applies this method to the
monitoring of the Qingdao lancelet reserve area. As shown
in Fig. 18a, the Qingdao lancelet reserve area is located
in 61.85 square kilometers of sea area outside the mouth
of Jiaozhou Bay, northeast of Zhucha Island, and east of
Daqiao Island. The tides and ridges formed on the seabed
are rich in basic feed and are the best habitat for amphioxus.
But the habitat of amphioxus has been destroyed in recent
years for the phenomenon of excessive sea sand mining in
this sea area. The Qingdao lancelet reserve area is specially
established aiming at saving and restoring amphioxus in the
Qingdao waters. As shown in Fig. 18b, the nature reserves are
divided into core area, buffer zone and test area for the needs
of natural environment, resource conditions and protection
management.

B. STEP OF THE MONITORING OF SHIP’S STAY
It is conducive to discovering the ship’s stay in the nature
reserves and illegal or criminal acts at sea by monitoring the
status of ships. The conditions for ships to stay in the nature
reserves are first defined. Because trajectory points of the ship
aren’t only defined by the speed of trajectory points, but also
by the speed characteristics and time characteristics of the
trajectory points [47]. A ship that stays in a certain area has
usually a much lower travel speed in the area than the speed
outside the range, and the ship stays in the area for a certain
period of time. In this article, the average speed of the ship’s
trajectory is used as a limiting condition. If the ship’s speed
in the area is lower than the average speed of the ship and
the stay time exceeds the set minimum stay time threshold
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FIGURE 20. (a) is stay trajectories judged only by AIS reports; (b) is stay
trajectories judged by the radar trajectory matched by AIS.

ST, it is considered that the ship has stopped in the area. The
specific steps are shown in Fig. 19.

(1) Loading the Qingdao lancelet reserve area data and
AIS report data;

(2) If the AIS trajectory data satisfy the conditions of stay
in the nature reserve, the trajectory is considered to
stay in the area and exported;

(3) If the AIS trajectory do not stay in this area, the algo-
rithm loads the radar data to find the matching radar
trajectory;

(4) If the matching radar data stay in the nature reserve,
theAIS trajectory and the radar trajectory are exported.
Otherwise, the algorithm ends.

C. RESULTS
First, the AIS trajectory is used for the monitoring of ship’s
stay. As shown in Fig. 20a, four trajectories will be found
to stay in the nature reserve when only using the AIS tra-
jectory data to determine the stay. The MMSI is 412925000,
413207320, 413491230, and 413368430 respectively. Then,
AIS trajectory data that do not meet the monitoring con-
ditions for the stay of the nature reserve is matched with

FIGURE 21. The radar trajectories were found to stay in the area, but the
AIS trajectories were not found.

the radar trajectory. Then the corresponding radar trajectory
is monitored. Several ships are found staying in the area.
As shown in Fig. 20b, a large number of ships staying in the
area are found. The straight trajectory at the upper right in
Fig. 20b is trajectories recorded by AIS at other times.

In Fig. 21, the radar trajectory matching with the AIS
trajectory appears to stay in the nature reserve. It is found
that several ships turned off the AIS in the nature reserve,
including an anchored state. When AIS is turned off in the
nature reserve, the maritime supervisors cannot find their stay
status and their actions The radar trajectory matching with the
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AIS trajectory determines the ship’s stay in the nature reserve
with the advantages of active radar detection, and it will be
found that there are a large number of ships when AIS is
turned off in the nature reserve. However, AIS has identity
information such as the ship’s name, MMSI and IMO, etc.
The maritime supervision department can easily find related
ships. If the AIS trajectory data are only used to supervise the
nature reserve, it will not be found that ships have stayed in
the nature reserve. When AIS trajectory and radar trajectory
are matched, the stay monitoring through the matched radar
trajectory will find that many ships turn off their AIS in
this nature reserve. AIS and radar signals complement each
other to discover the staying behavior of ships in the nature
reserves.

In Table 5, the information of ships that haven’t found
staying through the AIS trajectory but found staying through
the matching radar trajectory is given to the Qingdao lancelet
reserve area. In the table, MMSI is the MMSI number of
the AIS trajectory, ID is the unique identifier of the radar
trajectory matched by the AIS trajectory, Name is the name
of the ship recorded by the corresponding AIS system, Type
is the type of ship recorded by the AIS system, and the IMO
number is the International Maritime Organization registered
number. Since some ships only travel in China and haven’t
registered IMO, the IMO number is empty.

VIII. CONCLUSION
This article proposes the asynchronous trajectory match-
ing method of AIS trajectory and radar trajectory based on
piecewise spatial and temporal constraints, and the method
is analyzed in detail. The radar trajectory data are used to
distinguish trajectories of ships where AIS is turned off to
discover the illegal driving activities of ships at sea. The main
contributions of this article are as follows.

(1) This article introduces the problems faced by the mar-
itime department after AIS is turned off and discusses
the necessity of radar as a supplement to the AIS and
the complementarity of radar trajectories.

(2) The calculation method of the optimal matching point
is proposed. The optimal trajectory matching point is
found in the set of candidate matching points with
time and space distance based on spatial and temporal
constraints, and it is used in the similarity calculation
of trajectory matching.

(3) A trajectory matching algorithm based on piecewise
spatial and temporal constraints is designed. The algo-
rithm uses RDP to segment the trajectory and cal-
culates the optimal matching point in the trajectory
segment. Then it calculates the similarity of each tra-
jectory segment asynchronously and the similarity of
the trajectory. The AIS and radar trajectory with max-
imum similarity are matched trajectories. The trajec-
tory matching algorithm proposed in this article has
a higher accuracy and efficiency compared with the
traditional way.

(4) This method is applied to the monitoring of the ship’s
stay in the Qingdao lancelet reserve area. It is found
that a large number of ships stayed in the nature reserve
by matching the radar trajectory when AIS is turned
off. It can provide decision support for the maritime
department to monitor the Qingdao lancelet reserve
area.

The asynchronous trajectory matching method based on
piecewise spatial and temporal constraints is used to match
the AIS trajectory with the radar trajectory. The radar tra-
jectory can effectively discover the ship’s driving behavior
when AIS is turned off. At the same time, AIS provides a ship
identification method that can realize long-term tracking and
monitoring of ships. This method is conducive to strength-
ening the supervision of marine ships and providing decision
support to the maritime supervision department.

In future work, we will further study the method of asyn-
chronous trajectory matching. (1) The ship’s speed and angle
and other characteristics will be taken as a part to the similar-
ity calculation apart from the ship’s positional relationship;
(2) As the study area expands and the amount of trajectory
data increases, the distributed trajectory matching method
based on MapReduce will continue to be studied.
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