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Due to the limitations of the existing methods (for example, the route binary tree method) that
can only automatically generate routes based on a single chart, a method for automatically gen-
erating the shortest distance route based on an obstacle spatial database is proposed. Using this
proposed method, the route between two arbitrary points at sea can be automatically generated.
First, the differences in accuracy and updating time of charts are quantitatively analysed. Next,
the mechanism for updating obstacles is designed, an obstacle spatial database is constructed,
and the obstacle data extracted from multiple charts are fused. Finally, considering the effect of
efficiency on the amount of obstacle data, a route window and an improved R-tree index are
designed for quickly extracting and querying the obstacle database. The experimental results
demonstrate that compared with existing methods, the proposed method can generate the short-
est distance between two arbitrary points at sea and eliminates the limitation of the area of the
chart. In addition, with data from multiple charts, the route generated by the proposed method is
more reliable than that of the existing methods, and it is more efficient.
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1. INTRODUCTION. A nautical chart, the fundamental carrier of marine geographical
information, is vital for the navigational safety of ships (Reed and Schmidt, 2016; Yu et al.,
2017; Ladue and Tetreault, 2017; Zhang, 2011). For the complex and changeable ocean
environment, an important application of the chart data is the effective design of an optimal
route (Chang et al., 2004; Zhang et al., 2011; Lin et al., 2013). The optimal route means
the route generated is the best under the existing conditions for ensuring the ship’s safe
navigation to a specific location (Zhang et al., 2008; Panigrahi et al., 2012; Montes, 2005).

To ensure a ship navigates safely and reaches its destination quickly, many scholars
have researched methods for discovering the shortest route. Some typical algorithms and
improvements that are used to solve this problem include the Dijkstra algorithm, the Puz-
zle algorithm, the A∗ algorithm, the Genetic algorithm and the Theta algorithm (Dijkstra,
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1959; Ye and Yu, 2003; Wang et al., 2005; Szlapczynski, 2006; Li et al., 2007; Ying et al.,
2007; Nash et al., 2014; Kim et al., 2014; Lee and Kim, 2014; Wijayaningrum and Mah-
mudy, 2016). However, the routes generated by these algorithms are optimal only for the
route network constructed on the basis of the chart, not for reality. Recently, considering
the unique advantages of the vector Electronic Navigational Chart (ENC) representation,
some scholars have explored building the shortest route based on this medium. Zhang et al.
(2011) proposed a method for building the shortest route by constructing rules of obstacle
avoidance based on vector ENCs. Wang et al. (2010) proposed a method for designing a
route based on a route binary tree to solve the “greediness” in Zhang’s (2011) algorithm.
Cao et al. (2011) further improved the route binary tree algorithm to improve the efficiency
and quality of the route. Then, Wang et al. (2016a; 2016b) considered the influence of the
ship’s beam and turning characteristics and proposed a solution based on the route binary
tree algorithm. Generally, the route binary tree algorithm is capable of designing a route on
a vector ENC. However, the current algorithms are limited to a single chart when designing
the route. Similar to the limitation of the scope of routes covered by a nautical chart, it is
generally difficult to cover the entire sea area that a ship navigates using only one nautical
chart. Therefore, a small scale chart should be utilised for generating a route automatically.
Obviously, the smaller the chart scale, the lower the chart accuracy, and accordingly, the
less reliable and safe the route.

To solve the above-mentioned problems, a method for automatically building the short-
est distance route based on an obstacle spatial database is proposed in this paper. The
mechanism for fusing and updating the obstacle data from different charts (in this paper, the
chart used is the ENC) is designed, and an obstacle spatial database for navigation is estab-
lished. Then, based on the algorithm of the route binary tree, a route window and improved
R-tree index algorithm are proposed for quickly searching and extracting obstacles, thereby
increasing the efficiency of building the route.

2. THE BASIC THEORY OF THE EXISTING METHOD.
2.1. Basic idea. In recent research on automatic route generation, the algorithm of

the route binary tree based on a single chart is one of the most common approaches and its
basic idea is as follows: First, a representation of the obstacles that threaten the safety of
ship navigation is constructed by analysing and modelling chart data. Then, the mechanism
of automatically keeping away from the obstacles is designed and thus, a feasible route is
generated.

2.2. Obstacle representation based on a single chart. To automatically generate safe
and reliable routes, the concept of obstacles is proposed and used to describe the sea area
where the ship cannot navigate (Zhang, 2011; Chang et al., 2004; Szlapczynski, 2006).
Based on the existing studies, the obstacles mainly include shallow depth obstacles (for
example, land area, island area, rocks) and man-made obstacles (for example, prohibited
area, shipwreck area) (Zhang et al., 2011). These obstacles can be extracted from the chart.
The specific method is as follows.

First, the shallow areas are extracted. Based on the sounding points from the chart,
a depth model can be constructed with a Triangulated Irregular Network (TIN) (Zhang
et al., 2008). Considering the ship’s draft, the safe depth contours are traced from the depth
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Figure 1. Representation of obstacles in the chart area.

model, and thus the shallow depth areas are acquired (Zhang, 2011; Zhang et al., 2008;
Peters et al., 2014; Guilbert, 2016).

Second, the man-made areas are extracted. According to the chart area data attributes,
man-made obstacles can be easily extracted from the chart.

The ocean environment is complex and changeable, and some factors (for example,
the ship’s circumflex radius and positioning accuracy) must be considered when designing
routes (Pietrzykowski and Uriasz, 2009; Jones and Rowe, 2016). Therefore, obstacle areas
should be extended with a certain buffer. As some obstacle areas may intersect after the
buffer is added, the obstacle areas need to be assessed and simplified to ensure the validity
of the topological relationships of the obstacle areas. As shown in Figure 1, the obstacle
areas are represented in one chart area.

2.3. Automatic route generation based on the route binary tree. After extracting
obstacle areas, the next step is to generate a route. The automatic generation of the shortest
distance route means finding the shortest path from the starting point to the destination, for
which the classic method is the route binary tree algorithm (Wang et al., 2005; Cao et al.,
2011; Wang et al., 2016a; 2016b).

As shown in Figure 2(a), the starting point is S, the destination point is T, and the
obstacle areas are O1 and O2. The basic principle of the route binary tree algorithm is
as follows:

(1) Take the starting point S as the current test point and find the nearest obstacle area
O1 from which the vessel at the current test point needs to keep away.

(2) Determine the left child node P1 and the right child node P3 and establish the route
binary tree.

(3) Regard the child nodes P1 and P3 as the current test points, and repeat steps
(1) and (2) until there are no obstacle areas from the test points to the terminal
point T.

(4) Build a route binary tree as shown in Figure 2(b), and then calculate the distance
between the nodes and store it in the data structure of the route binary tree.

(5) Search the data structure of the route binary tree from top to bottom and sum up
the distance of all optional routes and select the shortest one. For this example, the
shortest route is SP3P4P5P6T.
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(a)

(b)

Figure 2. Route Generation Based on the Route Binary Tree.

3. BUILDING THE SHORTEST ROUTES BASED ON THE OBSTACLE SPATIAL
DATABASE.

3.1. Basic idea. The existing binary tree algorithm can generate the shortest route
between any two points on a single chart. However, one chart alone is generally not enough
for a ship’s navigation. While two (or more) charts are utilised, the existing algorithms
cannot be adopted to generate routes. Therefore, a new method is proposed in this paper,
and its basic idea is as follows:

(1) Fuse the obstacle data extracted from different charts. Obstacle data extracted from
different charts are compared and analysed quantitatively, and the model fusing all
the obstacle data is constructed. Thus, the obstacles from different charts can be
represented together with a high accuracy.

(2) Building and updating the obstacle spatial database. A spatial database is built for
storing obstacle data fused from the different charts. In addition, considering the
influence of chart correction and reproduction, a mechanism is designed for sorting
and updating the obstacle data.

(3) Optimising the efficiency of the algorithm. With the obstacle data fused from multiple
charts, the amount of data may become increasingly large. Considering the influence
of the amount of data on the algorithm, a route window and an improved R-tree index
are proposed for quickly searching and extracting the obstacles.
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Figure 3. Representation of obstacles extracted from different charts.

3.2. Fusing the obstacle data extracted from the different charts. A small-scale chart
cannot accurately preserve all the data from a large-scale chart (Yan et al., 2016). Therefore,
a cartographic generalisation should be performed to simplify the data from the large-
scale chart to be compatible with that from a small-scale chart, and hence the accuracy
is decreased.

As shown in Figure 3, the obstacles extracted from two charts with different scales rep-
resent the same sea area. The obstacles extracted from the chart with a small scale are
shown in Figure 3(a), and the obstacles from the chart with a large scale are shown in
Figure 3(b). It can be concluded that, the larger the chart scale, the higher the chart accu-
racy, but the smaller the sea area covered; on the other hand, the smaller the chart scale, the
larger the sea area covered, but the lower the chart accuracy. In Figure 3, it is shown that
some navigable areas such as the narrow channel and waterway shown in Figure 3(b) are
represented as non-navigable areas in Figure 3(a), and even some non-navigable areas in
Figure 3(b) are represented as navigable areas in Figure 3(a), so that the navigational safety
of a ship might be threatened. If the distance between the start point and the end point is
so far that the chart with the large scale cannot overlay both points, the existing method
for generating a ship route only utilises the chart with the small scale, which can overlay
both the start point and the end point, thereby decreasing the reliability of the generated
route.
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For generating a route with high reliability, a model for fusing the obstacle data extracted
from different charts is constructed in this paper. The specific method is as follows:

(1) For quantitatively comparing the accuracy of two (or more) charts, an index of accu-
racy is defined. Usually, the chart accuracy is positively related to the chart scale. In
other words, the larger the chart scale, the higher the chart accuracy, which can be
expressed as follows: {

S(A) = F(ε1,μ1) = {a0, a1, a2 . . . am}
S(B) = F(ε2,μ2) = {b0, b1, b2 . . . bn}

(1)

where S(A) and S(B) represent the dataset of the obstacles from the charts A and B,
respectively. F(ε, μ) represents the obstacle function, and its parameters ε and μ

represent the sea area covered and the chart accuracy, respectively. In addition, ai and
bj represent the i-th and j-th obstacles extracted from charts A and B, respectively.

(2) The intersected area of two (or more) charts means the sea area is represented by
different charts. In this type of area, obstacles extracted from different charts are
usually different. Therefore, the obstacles need to be fused as follows:⎧⎪⎪⎨

⎪⎪⎩
ε0 = ε1 ∩ ε2

S(A0) = F(ε0,μ1) = S(A) ∩ ε0 = {ai, ai+1, ai+2 . . . ai+k}
S(B0) = F(ε0,μ2) = S(B) ∩ ε0 =

{
aj , aj +1, aj +2 . . . aj +h

} (2)

where S(A0) and S(B0) represent the set of obstacles from the intersecting areas from
charts A and B, respectively. ε0 represents the intersecting areas from charts A and
B. ax (x ∈ Z, i ≤ x ≤ i + k) and by (y ∈ Z, j ≤ y ≤ j + h) represent the obstacles ax
and by respectively, located inside the area ε0.

(3) On the other hand, for the area not intersecting with chart A or B (covered by only
one chart), the obstacles cannot be ignored and are represented as follows:{

S(A′) = F(ε1,μ1) − F(ε0,μ1) = {a0, a1, a2 . . . ai−2, ai−1 . . . ai+k+1 . . . am}
S(B′) = F(ε2,μ2) − F(ε0,μ2) =

{
b0, b1, b2 . . . bj −2, bj −1 . . . bj +h+1 . . . bn

} (3)

where S(A′) and S(B′) represent the obstacles extracted from the charts A and B,
respectively.

(4) Considering Equations (2) and (3), the obstacles fused from charts A and B can be
represented as follows:

S(C) =

⎧⎪⎨
⎪⎩

S(A′) + S(B′) + S(A0) = F(ε1,μ1) + F(ε2,μ2) − F(ε0,μ2) (ε0 �= 0, μ1 ≥ μ2)
S(A′) + S(B′) + S(B0) = F(ε1,μ1) − F(ε0,μ1) + F(ε2,μ2) (ε0 �= 0, μ2 > μ1)
S(A′) + S(B′) = F(ε1,μ1) + F(ε2,μ2) (ε0 = 0)

(4)

where S(C) represents the obstacle set fused from charts A and B.

By utilising this series of steps for more charts, obstacles extracted from different charts
can be fused.
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Figure 4. The flow diagram of obstacle data fusion and updating.

3.3. Construction and update of obstacle spatial database. After the obstacle data
extracted from different charts has been fused, the amount of data will increase. Therefore,
a method for managing the obstacle data is needed, and in this paper, an obstacle spatial
database is constructed. Considering the charts that need to be updated, the approach to
updating the obstacle spatial database is designed.

For quantitatively analysing the updating time of the chart, Equation (1) needs to be
further expanded as follows:

S = F(ε, μ, t) (5)

where t represents the index of the chart updating time, which is positively related to the
time of chart publication. The more recently the chart was published, the higher the index
of the chart updating time.

On the basis of the work in Section 2.2, considering how recent the chart is, the obstacle
spatial database needs to be updated regularly. As shown in Figure 4, the basic flow of
updating is as follows:

(1) Extract the obstacles from single charts and fuse them.
(2) If a chart is updated, delete the raw obstacles from the obstacle spatial database and

replace them with the new obstacles.
(3) If a chart is newly amended, extract the obstacles from the chart and fuse them with

the existing obstacles in the spatial database.

3.4. Efficiency optimisation. In the existing route binary tree algorithm, many topo-
logical calculations are conducted (Wang et al., 2005; Cao et al., 2011; Wang et al., 2016a;
2016b). For example, in the existing algorithm, all the obstacles need to be cycled many
times and calculated one by one. With the fusing and updating of the obstacle data from
many charts, the more the data increases, the lower the efficiency of the algorithm becomes.
To solve this problem, two ways for enhancing the efficiency of the algorithm are proposed
in this paper. The obstacle areas can be extracted quickly by route window and queried
efficiently based on the improved R-tree.

3.4.1. Obstacle areas quickly extracted by route window. As described in Sections 2.2
and 2.3, all the obstacle data for generating high-precision routes can be fused and updated
from multiple charts. However, the size of the area is large, the topological relationship is
complex, and the area of indication is wide. If the area can be limited to a certain degree

https://doi.org/10.1017/S0373463318000814 Published online by Cambridge University Press

https://doi.org/10.1017/S0373463318000814


NO. 2 AUTOMATIC SHIP ROUTING WITH HIGH RELIABILITY 437

Figure 5. Route window and obstacles inside.

for the algorithm of the route binary tree, the data size will be reduced for the calculation,
so that the efficiency of the route generation is enhanced.

According to the spatial theory of the rolling window, the route window is defined as
follows. First, the connection between the starting point and the ending point of the route is
established. Next, the line segment from the starting point to the ending point is regarded as
the diagonal of a certain rectangle in space. Finally, the rectangle defined by this diagonal is
called the route window. If there is a route that intersects with the route window topology,
the route window needs to be expanded to include that route. As shown in Figure 5, if the
starting point is S and the ending point is E, then the route window is the rectangle SHEG,
and the obstacles intersecting with the route window are A1, A2, . . . , A7.

The route window has the property that the route generated by the binary tree algorithm
must be located within it.

The above conclusion can be drawn by this method:
As shown in Figure 5, set the point S as the starting point and point E as the ending point.

Then, rectangle SHGE is a route window defined by diagonal SE. If the route contains a
point K out of the route window, which intersects with the window by points I , J , it is easy
to see that:

IK + KJ > IJ (6)

Additionally, the route IJ is navigable, which means the shortest route does not pass
through the point K .

In complex sea areas, route windows can reduce the number of obstacle courses
incorporated into the calculation, thus the efficiency of the algorithm is improved.

3.4.2. Efficient obstacle query based on the improved R-tree. The theory of the R-tree
index is usually utilised for quickly querying geospatial data. The conventional R-tree con-
sists of a root node, an intermediate node and a leaf node. The intermediate node represents
a rectangle in the spatial data, which is the Minimum Bounding Rectangle (MBR) of all its
“children,” not a geographical object in the real world. Leaf nodes are geographical enti-
ties with a practical significance. As the R-tree index is actually an extension of the B-tree
index in a spatial dimension and replaces the complex space object with an MBR, it not
only has the unique dynamic balance of a B-tree but also becomes flexible and efficient for
a large amount of spatial data.

However, the spatial query efficiency based on the R-tree index is positively correlated
with the overlap area of the MBR constructed, and the overlap of the MBR becomes larger
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Figure 6. Spatial query based on a traditional R-tree.

Figure 7. The model of a node split.

after the data is updated and inserted. During route generation, the spatial query operation is
usually performed linearly. When the spatial query is performed, the larger the overlapping
areas of the MBRs, the more child nodes are returned and the greater the number of the
sub-trees that need to be searched. As shown in Figure 6, the MBRs intersecting the line
SE during the spatial query include a, b, c and d. In accordance with the query algorithm,
all the child nodes in the four sub-trees need to be traversed. However, none of a, b or
d’s sub-trees contain the leaf node where the real object eventually needs to be located,
which greatly affects the time overhead of the spatial query. To solve the overlap problem
of MBRs, the conventional R-tree is improved through splitting child nodes to improve the
density of objects in the MBR.

In the process of node splitting, the main idea is to store the divisible boundary objects
in the child nodes in the regions of their parent nodes. Figure 7 shows the model before
and after node splitting. For detail, node A1 and its child node A2 are used as an example as
shown in Figure 7. In this figure, when object o needs to be queried, A1 and A2 both need
to be queried.

The method we used to reach the research objective is as follows. First, for node A2,
find the geographic objects (sometimes it may be a collection of objects with its own MBR,
similar to a small child node) that are far away from other child nodes. In this example, it
is object o. Next, split the objects from the original nodes and reduce the area of the MBR.
As shown in the figure, we get a smaller MBR for node A2, R2. Finally, store the object in
node A1, and store the new MBR in A2.
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Figure 8. The flowchart of obstacle querying based on an improved R-tree.

After node splitting, when querying object o, we only query node A1. This reduces the
area of the MBR and increases the spatial query efficiency.

It can be seen that after splitting A2, the MBR of the three new nodes is significantly
reduced compared to the original area. Of course, in practice, it is impossible to divide the
nodes blindly, so there is no difference between the formed R tree and the traversal data.
According to the characteristics of chart data, it is stipulated that the new features stored
after splitting cannot be less than M/4, where M is the maximum space of the nodes.

Spatial data indexed by the improved R-tree can be divided into a series of steps
as shown in the flowchart above when the topology operation is performed as follows
(Figure 8):

(1) Start from the root node R and perform the corresponding topology operation. If it
returns true, proceed to (2); otherwise, go to (5).

(2) Traverse the MBRs and boundary geographic objects represented by each child node
under the root node for the corresponding topology operation. If it returns true,
continue to step (3); otherwise, go to (5).

(3) Traverse the MBRs and boundary geographic objects represented by all the child
nodes at the next level of the child node for the corresponding topology operation (3)

https://doi.org/10.1017/S0373463318000814 Published online by Cambridge University Press

https://doi.org/10.1017/S0373463318000814


440 SHUAIDONG JIA AND OTHERS VOL. 72

Figure 9. Spatial query based on an improved R-tree.

until the leaf node at the bottom of the R tree (the real obstacle data in this paper) is
reached, proceed to (4); if it returns a null value, go to (5)

(4) Carry out the corresponding topology operation on all the real geographical entities
in the obtained sub-tree to get the data that meets the requirements and store it; if it
cannot be found, an empty set shall be returned.

(5) If the corresponding topology operation returns a null value, it is impossible for all
the real geographic entities corresponding to its child nodes and the child nodes to
intersect, and the search for the sub-tree is no longer performed.

For the area shown in Figure 6, for example, the spatial query diagram after the spatial
splitting is shown in Figure 9. The line ES only passes through the rectangle c, which
greatly reduces the number of sub-trees searched and improves the efficiency of the query
process.

4. EXPERIMENT AND ANALYSIS.
4.1. Comparison and analysis of obstacles. To compare and analyse the difference in

the obstacle representation between the existing algorithm and the algorithm proposed in
this paper, the two methods above are used for constructing the obstacles inside the exper-
imental area. The charts relevant to the experimental area are shown in Table 1. As the
existing algorithm cannot find one suitable chart with a large scale covering the experi-
mental area, only the data from the chart No. C1100104 (scale 1:2,300,000) can be used
for constructing the obstacle database. On the other hand, the proposed algorithm con-
structs the obstacle database for each chart and fuses the data from different charts, and
then, the obstacles relevant to the experimental area are extracted. The experimental results
are shown in Figures 10 and 11.

As shown in Figures 10 and 11, the small-scale chart used in the binary tree for gener-
ating the navigation route has a large amount of cartographic synthesis of all the elements
in the chart due to the limitation of the load carrying capacity of the map, and it is inexact.
Take the sea area shown in the dotted line box A as an example. Some actually existing
obstacle areas on the small-scale chart are not shown in the figure, which would threaten
the navigational safety of the ship. In the dotted line box B on the left of the sea area, there
is a situation in which the route is blocked in the navigation area after the cartographic
synthesis is completed, and the generated route is no longer the actual shortest route.

Compared with the existing method, the proposed method is more detailed in its con-
struction and expression of the obstacles, as shown in Figure 11. This is because the
proposed algorithm not only accurately represents the actual obstruction area (as shown
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Table 1. Charts relevant to the experimental area

Chart Number Chart Name Scale

C1100104 South China Sea 1:2,300,000
C1315700 Hailing Channel to Baohu Cape 1:250,000
C1415710 Dafangji to Weizhou Island 1:120,000

Figure 10. Obstacles extracted from a single chart.

Figure 11. Obstacles fused with multiple charts.

in the area A in Figure 11) by data fusion of the sea areas established from different
scale charts but also shows the navigable waterway in usable detail (shown as area B in
Figure 11).
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Table 2. Relevant charts for generating routes.

Does route intersect
No. Chart Number Scale with the chart area

1 C1100104 1:2,300,000 No
C1315700 1:250,000 Yes
C1415710 1:120,000 Yes

2 C1100103 1:2,300,000 No
C1210013 1:1,000,000 No
C1413370 1:150,000 Yes
C1413510 1:150,000 Yes

Figure 12. Comparison of routes generated by the different methods (Experiment No. 1).

4.2. Comparison and analysis of routes generated by different algorithms. Next, the
existing route binary tree method and the method proposed in this paper are further com-
pared and analysed for route generation. Two sets of electronic chart data are selected as
shown in Table 2 and using the above two methods to plan the route, the test results are
shown in Figures 12 and 13. For the ease of comparison, a partial area C of Figure 13 is
enlarged and displayed in Figure 14.

From the test results shown in Figures 12 and 13, when compared with the existing
route binary tree algorithm, the distance of the route generated by the proposed method is
obviously shorter than that of the existing algorithm. The proposed method is able to plan
the shortest distance route based on the presentation of a finer obstacle course to make full
use of the navigable space.

As further shown in Figure 14, which is an enlarged view of area C in Figure 13, the
route, which is generated by the existing binary tree algorithm using the small-scale chart,
goes across the obstacle area in the large-scale chart. This has the potential to hide dangers
to navigation safety.
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Figure 13. Comparison of routes generated by the different methods (Experiment No. 2).

Figure 14. Route in area C.

Generally, the results of the experiment show that compared with the existing route
binary tree algorithm, the shortest distance route generated by the method proposed in
this paper has been greatly improved both in distance and in safety. The feasibility and
reliability of this route can be concluded as shown in Table 3.

4.3. Comparison and analysis of efficiencies of different algorithms. The difference in
the efficiency between the existing route binary tree algorithm and the proposed method is
further compared and analysed. The two groups of the shortest distance routes are selected
as shown in Figure 11, the basic parameters of the PC used for the test are shown in Table 4,
and the efficiency of the test results are shown in Table 5.
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Table 3. Comparison of feasibility and reliability.

No. Methods Route Navigability Reliability Route Distance (nm)

1 Existing Method Un-navigable Low 28·72
Proposed Method Navigable High 25·71

2 Existing Method Un-navigable Low 88·56
Proposed Method Navigable High 86·62

Table 4. Hardware configuration for the test.

Hard Operating
Equipment Processor RAM Disk Graphics/Memory system

PC Intel core i5-3230 M 2.60 GHz 8GB 1TB AMD 7400 M/1GB Windows7 x64

Table 5. Comparison of efficiency.

No Obstacle Number Methods Running Time (s)

1 98 Existing Method 30·15
Proposed Method 5·62

2 153 Existing Method 62·30
Proposed Method 8·18

As seen from Table 5, when compared with the existing route binary tree algorithm, the
method proposed in this paper significantly shortens the route generation time. This is due
to the effective screening of the obstacle course data in the route window, the improvement
of the R-tree index and the efficient spatial query of the obstacle course data. Hence, the
efficiency is improved.

5. CONCLUSIONS. The analysis, calculation and comparison lead to the following
conclusions:

(1) Compared with the existing algorithm, which only represents obstacles extracted
from a single chart, the method proposed in this paper can fuse obstacles from dif-
ferent charts and represent them by analysing the differences in the accuracy and
updating time of different charts. Therefore, the obstacle databases constructed with
the proposed method are more accurate than those of the earlier method.

(2) As the accuracy of the obstacle database constructed with the proposed method is
better than the existing method, the route generated by the proposed method is more
feasible and reliable than that of the existing method.

(3) Compared with the existing method for generating a route automatically, the route
window and the improved R-tree approach proposed in this paper have greatly
improved the efficiency of automatic route generation under a large amount of
obstacle data, and the route generation time is greatly shortened.

It is worth mentioning that the method proposed in this paper can use all vector for-
matted charts, rather than merely Electronic Navigational Chart (ENC) data. Additionally,
the data fusion of the obstacles only considers the two basic elements of accuracy and
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the current situation. A data fusion with obstacles under more complex situations (such as
charts issued by different countries) remains to be further analysed. Moreover, if the route
is much longer and the data size of the obstacles is much greater, generating a route with a
high reliability and a high efficiency will need to be further studied.
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