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RESEARCH ARTICLE

Sea Ice Warning Visualization and Path Planning for
Ice Navigation Based on Radar Image Recognition

Tsung-Hsuan Hsieh “*, Shengzheng Wang °, Huijia Gong *, Wei Liu %, Ning Xu "

? Merchant Marine College, Shanghai Maritime University, Shanghai, China
b Polar Research Institute of China, Shanghai, China

Abstract

Ice navigation is currently one of the important issues in path planning studies. Most studies are using sea ice models
or ice charts for large-scale path planning, but the weather and ice conditions in the polar waters usually change quickly
and are not easy to predict. Under these conditions, small-scale path planning that can be adjusted in time for sea ice
collision avoidance is needed. This study uses marine radar imaging to reconstruct the ice navigation scene, and es-
tablishes a visualization function of sea ice warning on the radar image. We combine the bidirectional rapidly-exploring
random tree (B-RRT) algorithm and the greedy algorithm to propose a path planning algorithm that generates various
path planning schemes for ice navigation. After a number of path planning schemes are quickly generated, the path risk
index proposed in this study can be used to evaluate and choose a relatively optimal path planning scheme with lower

risk, as well as serve as an assistant reference for path planning decisions in ice navigation.

Keywords: Ice navigation, Path planning, Radar image, Risk index

1. Introduction

I n recent years, the polar regions have become
an international development hotspot. The
Arctic area has shorter shipping routes and a
wealth of oil, gas and mineral resources, and, in
addition to scientific research, tourism activities
in the Antarctic area have also increased year by
year. As the demand for navigation in the polar
waters increases continually, route optimization
and sea ice collision avoidance have increasingly

attracted the interest of researchers.

For ice navigation, in addition to the use of
searchlights, telescopes and other traditional
equipment to detect ice conditions, marine radar is
the second pair of eyes for navigators and an
important ice detection tool. The International Code
for Ships Operating in Polar Waters (Polar Code)
clearly states that radar equipped with enhanced ice

detection capability should be promoted [7]. The
Guidelines for Polar Water Operational Manual
published by the China Classification Society also
mentions that, although the ability of radar to detect
of ice floes with different characteristics has some
limitations under different sea and weather condi-
tions, it is still the most effective equipment for ice
detection at present [1]. Even though the thickness
and structure of the sea ice cannot be known from
ordinary marine radars, real-time sea ice coverage
conditions around the ship can still be obtained.
Compared with widely studied ship path plan-
ning, the problem of path planning for ice naviga-
tion has only recently drawn concern. Based on
various sources of sea ice data, scholars have used
different algorithms to solve navigation paths in
different regions. Most of the data sources for these
studies are sea ice models [12,2,19,5,3,20,11,18,15] or
ice charts [4,17], and the navigation areas are mostly
in large-scale spaces, such as the Arctic Ocean
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[2,19,3], the Baltic Sea [12,5,18,15], the Norwegian
Sea [20], the Barents Sea [11], the Canadian Arctic
[17], and the Gulf of St. Lawrence [4]. In addition,
most studies used algorithms that can quickly
obtain the solutions, such as the A* algorithm
[5,3,17,15], the Dijkstra algorithm [19], Powell's
method [12] and so on. [16] have done a detailed
collation and comparison of these studies.

Different from the large-scale path planning
studies, this study uses radar images as the source
of sea ice data, which belong to the small-scale
space problem of path planning for sea ice collision
avoidance. Most ships navigating in the polar wa-
ters have certain anti-ice capability, however, the
closer the ship is to sea ice, the higher the risk of
accidents, such as getting stuck, and suffering
various degrees of ice damage. Therefore, a ship
should still maintain a certain distance from the sea
ice as much as possible. Due to the smaller display
range of radar image, the computing time re-
quirements of the algorithm is shorter. At present,
there have been few studies on path planning for
ice navigation using radar images, Takagi et al. [21]
is one exception, however, unlike their study, this
study not only considers the distance between the
sea ice and the ship, but also considers the area of
sea ice. This study used the bidirectional rapidly-
exploring random tree (B-RRT) algorithm and the
greedy algorithm to plan the path, and the running
time of path generation was recorded and
compared in the subsequent demonstration
examples.

With the support from the Polar Research Insti-
tute of China, this study collected the radar play-
back video of the polar research vessel Xuelong
during China's 33rd Antarctic expedition, from
Shanghai to Zhongshan Station for 28 days
(November 2 to 29, 2016). The Xuelong approached
60° south latitude on November 27, 2016, where it
encountered obvious sea ice in the surrounding
waters. The subsequent examples used in this study
are from the radar image of that day. In this study,
path planning is based on the static timing point,
without considering the dynamic tracking and
clutter interference.

2. Reconstruction of the ice navigation scene

Based on image recognition technology, this study
reconstructs the ice navigation scene through five
steps, including radar image reading, key informa-
tion acquisition, circular display area capture, own-
ship position and short-term target position confir-
mation, and unknown obstacle area extraction.
These steps are specified as follows:

2.1. Radar image reading

According to the set frames rate (i.e., frames per
second, FPS), radar images at specific time points
can be captured from radar video. This study
collected the radar playback video of the polar
research vessel Xuelong during its Antarctic journey
in 2016, and used image software to capture the
radar image at 6:53 on November 27, 2016, as shown
in Fig. 1. The resolution of captured radar image was
1280 x 1024 pixels, which was then converted into a
high-dimensional pixel matrix, containing the RGB
color values assigned at all pixel positions of the
image.

2.2. Key information acquisition

According to the requirements of the Revised
Performance Standards for Radar Equipment [6],
the information that can obtained from the radar
image includes: display mode (including true mo-
tion mode and relative motion mode), display
orientation (including North-up, Course-up, Head-
up, own-ship position), the selected range scale, the
range ring interval, heading, speed toward water,
course over ground, speed over ground, and plan-
ning path.

2.3. Circular display area capture

The circular display area of radar image is the
region of interest (ROI), which is the main display
area of the ice navigation scene. In order to filter out
the redundant information of the other areas, a
mask region matrix is used to represent the ROI.
The values inside the ROI are set to 1, and the pixel
values outside the ROI are set to 0. By multiplying
the high-dimensional pixel matrix of the original
image by the mask area matrix, the image of a cir-
cular display area can be captured, as shown in Fig.
2.

2.4. Own-ship position and short-term target
position confirmation

As shown in Fig. 2, even if the image display mode
is off center on the screen, the own-ship position is
still a consistent common reference point (CCRP)
and the center of the range rings. The short-term
target position can be judged and known from the
heading, and the intersection of the planning path
and the bearing scale. The definitions and specifi-
cations of the appearance, color, and symbol of the
planning path are found in the Guidelines for the
Presentation of Navigation-related Symbols, Terms
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Fig. 1. The original radar image captured from radar playback video.

and Abbreviations [8]. Accordingly, the image soft-
ware can read the coordinates of own-ship position
and short-term target position on the radar image.

2.5. Unknown obstacle area extraction

When a ship enters the Arctic area at 60° north
latitude or the Antarctic area at 60° south latitude,

there is a high probability that the unknown
obstacle areas displayed in the circular display area
are sea ice. In order to extract all unknown obstacle
areas, as shown in Fig. 3, the unknown obstacle
areas are set where the pixel colors are close to
yellow, to 255 (which are displayed in white), and
the other areas are set to 0 (which are displayed in
black). From this, the binary image of all unknown

% own-ship position
(CCRP)

short-term \ =
target position NN . - T =

~

A -~
N

Fig. 2. The circular display area image captured from original radar image.
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Fig. 3. The binary image extracted from the circular display area image.

obstacle areas can be extracted. Finally, an image
filtering algorithm can be used to remove noise
from the image and make the unknown obstacle
areas smoother. The erosion and dilation methods
of the image processing technique can also be used
to adjust the size of the unknown obstacle areas to
reduce the phenomenon of the unknown obstacle
areas becoming smaller due to the image filtering
algorithm.

After these five steps, the own-ship position,
short-term target position and unknown obstacle
areas can be recognized from the radar image, and
the ice navigation scene can be reconstructed. This
lays a foundation for the sea ice warning visuali-
zation such as the one we constructed in Chapter
3, and the path planning for ice navigation in
Chapter 4.

3. Establishment of sea ice warning
visualization

In the appendix to the Guidelines on Methodol-
ogies for Assessing Operational Capabilities and
Limitations in Ice [9] can be found the Polar Oper-
ational Limit Assessment Risk Indexing System
(POLARIS), providing a risk index outcome (RIO) to
assess the limitation for operation in ice. However,
the RIO cannot identify the risk degree of each
unknown obstacle area displayed on the radar
image. Therefore, this study proposes a radar sea ice
risk index (RI) to identify the risk degree of each sea
ice area to the ship. Based on this risk index, we can
establish a visualization function of sea ice warning
on the radar image to assist the ice navigation.

The specific instructions are as follows:

Through the boundary tracing method of the
image processing technique, the exterior bound-
aries and label of each unknown obstacle area in the
ice navigation scene, reconstructed in Chapter 2, can
be obtained. However, the exterior boundaries and
labels of the unknown obstacle area, overlapping
with the CCRP, should be eliminated, because this
unknown obstacle is likely to be the ship itself. The
surrounding sea ice cover centered on own-ship
position can then be obtained from the ordinary
marine radar image.

Accordingly, this study creates a radar sea ice risk
index (RI) by taking the area of sea ice and the
distance between the sea ice and the ship as vari-
ables, as shown in Eq. (1):

RE=2 1)

in which RI; is the risk index of the ith sea ice on the
radar image; A; is the area of the ith sea ice, in pixels;
D; is the distance between the ith sea ice and the
ship, i.e. the distance between the centroid of the ith
sea ice and the CCRP, in pixels.

The area of sea ice is directly proportional to the
risk degree of the sea ice; the larger the area of sea
ice, the higher the value of the RI. The distance
between the sea ice and the ship is inversely pro-
portional to the risk degree of the sea ice; the closer
the distance between the sea ice and the ship, the
higher the value of the RI. The RI represents the
relative risk degree of a given sea ice area; the
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Fig. 4. Schematic diagram for the distribution of RI values.

higher the value of the RI, the higher the risk degree
of a given sea ice area. The thickness and structure
of sea ice cannot be known from the ordinary ma-
rine radar image, and the small areas of sea ice may
also be thick icebergs, but the sea ice with large
areas and in close proximity must be given special
attention and precautions taken during navigation.

In this study, sea ice areas with an RI value less
than 0.3 are defined as low-risk areas. Sea ice areas
with an RI value greater than or equal to 0.3 and less
than 0.6 are defined as medium-risk areas, and sea
ice areas with an RI value greater than or equal to
0.6 are defined as high-risk areas. Taking the ice
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Fig. 5. The visualization function of sea ice warning on radar image.

navigation scene reconstructed in Chapter 2 as an
example, 192 sea ice areas were marked after image
recognition and processing, including 145 low-risk
areas, 33 medium-risk areas and 14 high-risk areas.
The distribution of RI values is shown in Fig. 4. The
low-risk areas are shown in green, medium-risk
areas are shown in yellow, and high-risk areas are
shown in red.

Based on the RI, a visualization function of sea ice
warning is established on the radar image for ice
navigation. Taking the ice navigation scene recon-
structed in Chapter 2 as an example, as shown in
Fig. 5, the own-ship position is displayed in a blue
square, the short-term target position is displayed in
a blue circle, the boundaries of low-risk sea ice areas
(RI; < 0.3) are displayed in green; the boundaries of
medium-risk sea ice areas (0.3 < RI;<0.6) are dis-
played in yellow; the boundaries of high-risk sea ice
areas (RI; > 0.6) are displayed in red, and their RI
values are rounded to integers and marked in blue
numerics. From this, the relatively high-risk sea ice
areas can be quickly identified from the boundary
colors and marked numeric values of the sea ice
areas.

4. Generation and evaluation of path planning
for ice navigation

Through the five steps based on image recogni-
tion technology used in Chapter 2, and the radar sea
ice risk index (RI) proposed in Chapter 3, the ice
navigation scene can be reconstructed and the risk
degree of each sea ice area to the ship can be
identified. Within the scope of this ice navigation
scene, the own-ship position can be regarded as the
starting point, the short-term target position on the
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planning path can be regarded as the end point, and
the unknown obstacle areas can be regarded as sea
ice areas. By using the proposed path planning al-
gorithms, various path planning schemes can be
generated. According to the proposed risk assess-
ment index, a relatively optimal path planning
scheme can be chosen. The specific instructions are
as follows:

4.1. Generation of path planning for ice navigation

In this study, the bidirectional rapidly-exploring
random tree (B-RRT) algorithm and the greedy al-
gorithm are used for path planning for ice
navigation.

The rapidly-exploring random tree (RRT) algo-
rithm was proposed by [13]; and its basic idea is
shown in Fig. 6. At first, a point is generated
randomly in configuration space, i.e., the random
vertex (qunq), and the probability of the end point
(9goa) being used as a random vertex is set to 0.5.
Within all vertices, find the vertex closest to the
random vertex, i.e., the nearest vertex (¢e.r), and the
starting point (gi.:) is the nearest vertex at the
beginning, then use the collision detection function
to judge whether there are any obstacles on the
connection line between the nearest vertex (§ear)
and the random vertex (§,.,4). If there are obstacles,
regenerate another random vertex (§,4,4) and carry
out collision detection again until there are no ob-
stacles. If there are no obstacles, use a preset step
size (4q) to add a vertex in the direction of the
nearest vertex to the random vertex, i.e., the new
vertex (Gnew). Accordingly, a vertex and an edge
length will be added in the RRT, a new random
vertex (q,.nq) Will be regenerated, and the operation
will be repeated until the distance between the new
vertex (quew) and the end point (qgou) is less than the
set threshold value; and there the operation ends.

Based on the RRT algorithm, the B-RRT algorithm
adds new vertices to the configuration space from
the starting point and the end point simultaneously,
which enables the path to be generated more
quickly [13,14,10]. However, by using a preset step

Fig. 6. Schematic diagram for the basic idea of RRT algorithm.

qinit

Fig. 7. Schematic diagram for the basic idea of greedy algorithm.

size (Aq) to add new vertices, the RRT and B-RRT
algorithms are prone to generate redundant
vertices. To improve on this shortcoming, this study
also combines the greedy algorithm (Fig. 7). The
original path generated by the B-RRT algorithm is
shown as a blue dashed line. From the starting point
(qinit), carry out the collision detection of each vertex
on the original path sequentially, ie. judge in
sequence whether there are any obstacles on the
connection line between each vertex and the end
point (q¢0a1)- The vertex is then set so that it can pass
the collision detection earliest as the first vertex of
the new path (g1). Then, take this vertex as the new
end point of detection (i.e., instead of the gg,,). From
the starting point (g;sit), again carry out the collision
detection of each vertex on the path of the starting
point (i) to a new end point of detection in
sequence, and set the vertex so that it can pass the
collision detection earliest as the second vertex of
the new path (q,’). Next, take this vertex as the new
end point of detection (i.e., instead of the g;’). The
operation is repeated until there are no obstacles on
the connection line between the starting point (§ini:)
and the vertex, which is last set on the new path.
The new path generated by combining the use of
the greedy algorithm is shown in Fig. 7 as a solid red
line.

Taking the ice navigation scene reconstructed in
Chapter 2 as an example, a sea ice collision avoid-
ance path planning scheme is randomly generated
by using the B-RRT algorithm. The step size is set to
50 pixels, and the threshold value is also set to 50
pixels, as shown in Fig. 8. The B-RRT algorithm adds
new vertices to the configuration space (i.e., the
reconstructed ice navigation scene) from the starting
point (i.e., the own-ship position) and the end point
(i.e. the short-term target position) at the same time.
The new added path segments from the own-ship
position are shown as blue lines, the new added
path segments from the short-term target position
are shown as red lines, and the intersecting path
segments are shown as green lines.

After combining the greedy algorithm to remove
redundant vertices from the obtained path planning
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-

Fig. 8. Example of the operation of B-RRT algorithm.

scheme, as shown in Fig. 9, the original path plan-
ning scheme generated by the B-RRT algorithm is
shown as a blue dashed line, with a total of 21
vertices. A new path planning scheme generated by
combining the greedy algorithm is shown as a solid
red line with six remaining vertices.

Under the premise that the original path planning
scheme generated by the B-RRT algorithm is

-

Fig. 9. Comparing the paths of B-RRT algorithm and greedy algorithm.

Fig. 10. Schematic diagram for the basic idea of PRI

feasible, the redundant vertices can be removed by
combining the greedy algorithm, thereby making
the new path planning scheme simpler and more
direct.

4.2. Evaluation of path planning for ice navigation

In order to evaluate the risk degree of the path
planning for ice navigation on a radar image, based
on the concept of radar sea ice risk index (RI) pro-
posed in Chapter 3, this study proposes a path risk
index (PRI) as shown in Fig. 10.

There is a path segment S;;; between the way-
point X; and X;;1. On the path segment §; 4, set a
number of datum points (such as di. dz. ds, etc.) at
fixed intervals (the distance of this study is set as 1
pixel), and establish a number of square test frames
with each datum point as the center (the size of this
study is set as 100 x 100 pixels). The exterior
boundaries of each sea ice is marked within each
square test frame (for example, the exterior
boundaries of each sea ice within the d; square test
frame are marked in red), and the distance calcu-
lated between the exterior boundaries of each sea
ice and the datum point within the same square test
frame to find the closest value and the closest point.
By comparing these to the results obtained by other
square test frames, the distance to the closest point
within the scope of the S;,1 path segment (DCP; 1)
and the area of the sea ice covering the closest point
within the scope of the S;;; path segment (Area; )
can be obtained.

Accordingly, this study proposes a path risk index
(PRI) by taking the distance to the closest point and
the area of the sea ice covering the closest point as
variables, as shown in Eq. (2):
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-

Fig. 11. Example of the calculation of PRI

PRI— "~ Area; 2)
= DCP;

in which PRI is the risk index of the path planning
on the radar image. Areq; is the area of the sea ice
covering the closest point within the scope of the jth
path segment, in pixels. DCP; is the distance to the
closest point within the scope of the jth path
segment, in pixels.

The area of the sea ice covering the closest point is
directly proportional to the risk degree of the path;
the larger the area of the sea ice covering the closest
point, the higher the value of the PRI. The distance
to the closest point is inversely proportional to the
risk degree of the path; the closer the distance to the
closest point, the higher the value of the PRI. The

) (1)

PRI represents the relative risk degree of a given
path; the higher the value of the PRI, the higher the
risk degree of a given path. The PRI value of the
entire path can be obtained by summing the PRI
value of each path segment.

Taking the ice navigation scene reconstructed in
Chapter 2 as an example, as shown in Fig. 11, the
entire path is displayed on the radar image. On each
path segment, the position closest to sea ice and its
PRI value (rounded to integers) are respectively

- marked in orange crosses and numerics, and the

corresponding position of the sea ice is marked in
red. In this example, the PRI value of the entire path
is 71 (i.e., 4 + 9+ 4 + 43411 = 71).

5. Example demonstration

In order to demonstrate the effectiveness of the
proposed path planning algorithms and the path
risk index (PRI), we took the radar image captured
from the radar playback video of the polar research
vessel Xuelong on its Antarctic route at 6:53 on
November 27, 2016 as an example. This study re-
constructs the ice navigation scene and generates
ten path planning schemes, as shown in Fig. 12.

Table 1. Comparing the generated path planning schemes.

Path Running Number of Distance PRI
Time (sec) Vertices
1 3.9 5 851.0 343
2 4.4 5 927.0 34.5
3 4.6 7 909.9 38.2
4 7.1 5 887.2 21.9
5 10.9 6 876.2 70.3
6 10.7 6 870.2 43.8
7 14.0 4 866.2 44.5
8 5.3 4 874.7 23.1
9 3.9 6 862.8 80.5
10 8.6 6 909.4 68.8
average 7.3 5.4 883.4 46.0

®) .

® .

() 3 (©))

6)

(10) . A

Fig. 12. Generating the ten path planning schemes.
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4)

(10) . »

Fig. 13. Evaluating the ten path planning schemes.

Asshownin Table 1, the generation time of each path
is in the range of 3.9 seconds to 14 seconds, with an
average time of 7.3 seconds. The demonstration results
show that the path planning algorithm this paper
proposes can generate ten path planning schemes
within two minutes, which meets the requirements of
computing time. Since the display range of the radar
image is smaller, the navigation time of the small-scale
path within this range is only about half an hour, and
the computing time should not be too long. In addition,
the number of vertices of each path is in the range of 4
to 7, with an average of 5.4. The unnecessary vertices
can be removed by combining the greedy algorithm.
Furthermore, the distance of each path is in the range
of 851.0 to 927.0, with an average distance of 883.4. The
demonstration results show that the difference in dis-
tance of each path is not significant, and the distance is
not a primary consideration for choosing the path inice
navigation. Finally, the PRI value of each path is in the
range of 21.9 to 80.5, with an average of 46.0. Compared
with the distance, the PRI value directly affects the
safety of navigation, and is a more important factor in
ice navigation. The higher the value of the PRI, the
higher the risk degree of a given path. In this example,
path 4, with the smallest PRI value, should be chosen as
the relatively optimal path planning scheme.

As shown in Fig. 13, the recommended relatively
optimal path planning scheme (path 4) and other
path planning schemes are displayed on the radar
image. In each path segment, the position closest to
sea ice and its PRI value (rounded to integers) are
respectively marked in orange cross and numerics.

6. Conclusion

In this study, we used a marine radar image to
generate a small-scale path planning scheme for sea
ice collision avoidance in ice navigation. At first, we
used image recognition technology to recognize the
own-ship position, short-term target position and

unknown obstacle areas from the radar image, and to
reconstruct the ice navigation scene. Next, we pro-
posed the radar sea ice risk index to identify the risk
degree of each seaice area to the ship, and established
a visualization function of sea ice warning on the
radar image to assist the ice navigation. In addition,
we used the bidirectional rapidly-exploring random
tree (B-RRT) algorithm to generate the path planning
scheme for sea ice collision avoidance, and then
combined the greedy algorithm to remove redundant
vertices of the path planning scheme to make the plan
simpler and more direct, Finally, we proposed a path
risk index to evaluate the given generated path
planning schemes to choose the relatively optimal
path planning scheme with lower risk. It is hoped that
the results of this study will be helpful in path plan-
ning decisionmaking for ice navigation.
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