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ABSTRACT Recently, with the development of marine space around the world, friction between maritime
traffic and various marine activities is intensifying. In particular, different recommendations are being made
for the buffer zone between offshore wind farms and maritime traffic, as the criteria vary significantly.
In order to respond to these changes in marine space, conducted this study on the change of maritime
traffic patterns before and after the installation of floating LiDAR (Light Detection And Ranging) in marine
facilities and apply it to future changes in maritime traffic patterns. The maritime traffic data was based on
Automatic Identification System (AIS) data, and it was targeted at cargo ships and tankers with regular traffic
patterns. A trajectory and spatial analysis were performed based on the AIS in the marine space. As a result of
analyzing the globally maritime traffic patterns targeting the location of the installation complex of LiDARs,
it can be confirmed that the existing maritime traffic patterns change into three maritime traffic patterns.
Furthermore, the study employed the Hausdorff-distance algorithm for clustering analysis, categorizing
vessels with similar trajectories. This approach facilitated a locally analysis of the buffer zone associated
with individual LiDAR, considering the length of the vessels. As a result, it was analyzed that each vessel
navigated at different buffer zone depending on the size of the vessel, and it is possible for safe navigation
and forecast the future maritime traffic patterns.

INDEX TERMS Maritime traffic, marine facilities, automatic identification system (AIS), spatial analysis,
buffer zone.

I. INTRODUCTION

The shipping industry is the most effective way to use the
space of the sea and transport cargo over long distances [1].
99.7% of Korea’s import and export volume is transported
through ships, which constitute a major cargo [2]. Accord-
ingly, ships operating in the coastal waters of Korea maintain
the customary traffic patterns, and most ships show similar
routes [3]. In addition, as the shipping industry continues
to develop and the demand for maritime transportation
increases, the size of ships has increased [4]. In accordance
with these circumstances, world organizations or national
levels are recommending the establishment of routes and
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the separation distance from marine facilities for the safe
operation of ships and the prevention of marine accidents.
In particular, Article 60 of the UN (United Nations) Maritime
Act suggested the safe separation distance between ships and
marine facilities in the beta economic zone as 500m [5].
In PTANC (The World Association for Waterborne Transport
Infrastructure) WG 161, the width of the patterns for offshore
wind farms and passing vessels is determined based on TSS
(Traffic Separation Scheme) or the end of the set route [6].
In the UK, 90% of traffic patterns is selected and set as a spare
water area to set a safe separation distance for wind farms
and passing ships [7]. The values of the various separation
distances or safety zone settings presented above represent
the results considering only the maritime traffic or the ship’s
maneuvering performance. That is calculation method that
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does not consider the change value after the installation
of marine facilities. Therefore, it is necessary to analyze
the patterns of maritime traffic that changes according to
the installation of floating LiDAR (Light Detection And
Ranging) in marine facilities and set the separation distance
and safe water area based on this.

On the other hand, according to the recent active progress
of marine spatial planning, marine space is classified spatially
and temporally and the marine environment and safety
are preserved [8], [9], [10]. In particular, friction between
maritime traffic and offshore wind farms in the marine
space is intensifying. In order to respond to the increasingly
complex maritime space, preemptively securing space for
maritime traffic and analyzing conflicting sea areas with
marine facilities [11]. The purpose of this study is to
predict changes in maritime traffic patterns in the future
maritime space depending on the presence or absence
of maritime facilities. Analysis of changes in maritime
traffic patterns before and after installation targeting the
sea area LiDAR for offshore wind generation are installed.
In the case of Korea, the analysis area of this study,
uncontrolled offshore wind farm development is planned for
most coastal areas [12]. Prior to the installation of offshore
wind farms, LiDAR is installed to measure wind resources
and is observed for several years [13], [14]. Therefore, any
facilities installed in the ocean unavoidable have an impact
on maritime traffic and bring about changes in navigation
patterns.

In order to perform efficient and quantitative analysis,
a trajectory analysis is performed based on AIS (Automatic
Identification System) data [15], [16]. The AIS data contains
information on maritime traffic operations and is widely
used for various analyses [17], [18], [19]. Here, the entire
area where LiDARs are installed is spatially and globally
analyzed to determine the overall change in maritime traffic
patterns. The Hausdorff-distance algorithm is used to remove
data such as outliers, abnormal tracks, and ship turning
included in the track diagram analysis and display only
similar tracks [20]. Similar tracks were clustered, and finally,
the buffer zone distance for individual LiDARs were analyzed
in detail locally [21], [22]. Recognizing changes in maritime
traffic allows for analysis of conflicts in different marine
activities, which can be applied to the marine digital twin
to proactively identify areas with high levels of conflict and
prevent potential issues [23], [24]. By analyzing the patterns
of maritime traffic according to the installation of marine
facilities, the purpose is to predict or apply future maritime
traffic patterns changes. In addition, the change value of the
actual maritime traffic patterns is used to prevent maritime
accidents to contribute to the preservation of the marine
environment.

Il. METHODS

Maritime traffic patterns are created for safety and economic
reasons over an extended period [25]. In other words, vessels
tend to use routes that were predominantly used in the past,
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and they are significantly affected by the installation of
marine facilities or offshore wind farms [26]. Particularly,
predicting changes in vessel navigation patterns becomes
more challenging as the installation area increases. Therefore,
this study aims to quantify the changes in maritime traffic
using spatial analysis, focusing on a location with 15 LiDAR
devices installed. The research on maritime traffic pattern
changes will help address the limitations of predictive
simulations and determine a safe buffer zone depending
on vessel characteristics. This offers a new perspective on
calculating the buffer zone between offshore wind farms and
maritime traffic, which differs from the approaches proposed
by PIANC and the UK.

A. ANALYSIS DOMAIN MODELING

The analysis method for identifying changes in maritime
traffic patterns according to the installation of floating LIDAR
is shown in Figure 1. First, the analysis area is set and the
corresponding AIS data is extracted. To extract AIS data,
a total of 3 years of data from 2018 to 2021 stored in the
database is utilized. This data has a capacity of approximately
1.5TB and is based on all AIS data from vessels that have
navigated along the coast of South Korea.

This process includes cleaning and pre-processing of the
data. AIS data is generally divided into static information
and dynamic information [27]. Static information includes
Maritime Mobile Service Identity (MMSI), name, type,
IMO number, callsign, length, draft, and gross tons (GTs),
while dynamic information includes MMSI, date, latitude,
longitude, SOG, COG, and heading [28]. In this process, the
dynamic data is combined with the static data, ensuring that
the AIS data for the vessels can be used comprehensively
and effectively [29]. Since the extraction of maritime traffic
data is basically composed of point data, it is displayed as
a track map by connecting it with a line [30]. To create
a ship’s trajectory, points logged over time can be linked
by establishing a field group named MMSI, enabling the
formation of the ship’s trajectory line [31]. Next, the
process involves modeling different layers of maritime spatial
information necessary for analysis and encompasses mapping
essential spatial analysis, aiming to discern alterations in
global maritime traffic patterns. For conducting spatial
analysis, the grid modeling was created with a 1km x 1km.
After that, based on the analysis results of the data, it is
a process of figuring out the overall patterns in the ocean
area where the LiDAR area shows the form of integration.
Then, a process of removing abnormal tracks, outliers, and
irregular navigation patterns included in the ship trajectory
map and clustering only similar trajectory is performed [32].
Here, the Hausdorff-distance algorithm is used and tracks
of similar shape are clustered. The result of track clustering
finally calculates the change in maritime traffic patterns in
the local space centered on LiDAR. Therefore, the maritime
traffic patterns in the future maritime space can be used to
apply the change value according to the presence or absence
of maritime facilities.
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FIGURE 1. Flow chart of changes in maritime traffic patterns.

B. ANALYSIS AREA MODELING

In order to understand the change in maritime traffic patterns,
the ocean area where LiDAR are installed in Korea was
targeted. The spatial range is latitude 35.12N ~ 35.63N,
longitude 129.84E ~ 130.60E, and the area is 5,890.73 km?.
The area is located in the exclusive economic zone of Korea.
To model the spatial information, the size of the grid is
set to 1, and 15 LiDARs included in the space are shown.
The positions of each LiDARs were provided to support
the research by governmental and wind farm stakeholders.
A buffer zone with an interval of 500 m and a radius of up to
5 km was created to effectively visualize the separation dis-
tance of ships centered on individual offshore facilities. The
minimum boundary including the 5 km buffer zone of these
LiDARs indicates a total area of 2,358.68 km?, confirming
a large-scale area, which is expected for the development of
offshore wind farm. In this way, the change in maritime traffic
patterns is analyzed through spatial modeling. Modeling of
the analysis area was created in ArcGIS Pro version 3.0.2, and
all information was generated for this study. The modeling of
the analysis area is shown in Figure 2.

The appearance of the LiDAR devices installed in this
ocean area is shown in Figure 3. Offshore wind farms
are planned to be installed in a floating format in this
area. Moreover, a total of 15 LiDAR installed between
2020 and 2021 for measuring wind resources, and if future
development is approved, the installation of offshore wind
turbines is anticipated.

C. ANALYSIS DATA MODELING

To analyze the changes in maritime traffic patterns according
to the installation of floating LiDAR, a process of modeling
the data to be utilized is performed. The maritime traffic
data used for analysis is based on AIS. The AIS data is
divided into static information and dynamic information.
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Static information includes ship type, ship length, ship width,
draft and tonnage. Dynamic information includes information
such as date, location, speed, course.

Here, a process of pre-processing to use ship AIS data
by combining static information and dynamic information is
included. In order to select AIS data for analysis, potential
impacts can be considered as follows:

1) COVID-19 was declared a pandemic by the World
Health Organization (WHO) from January 2020 to May
2023. Maritime traffic data could be influenced by global
issues [33]. Therefore, to explore a wide range of data, one-
month periods in December 2019, June 2020, December
2020, and June 2021 were selected for analysis.

2) Maritime traffic patterns can be disrupted due to major
maritime accidents or other reasons, resulting in vessels
halting operations or using alternative routes. For instance,
the grounding incident of the EVER GIVEN vessel in the
Suez Canal occurred from March 23, 2021, to March 30,
2021. This incident caused a disruption in maritime logistics
connecting Europe and Asia, causing changes in the flow
of maritime traffic [34]. Therefore, this specific period was
excluded from the data analysis.

3) Generally, vessels deviate to avoid adverse weather
conditions, such as typhoons. Therefore, it is important to
consider whether navigation warnings were in effect during
the analysis period. The provided data for December 2019,
June 2020, December 2020, and June 2021 were confirmed
to be less affected by weather conditions, obtained from
government weather agencies.

4) Maritime traffic patterns are influenced by the instal-
lation of Floating LiDAR. In the analysis area, a total
of 15 LiDAR installations were conducted from October
2020 to April 2021. Each LiDAR was installed differently
based on the circumstances and conditions of the developer
and operator.
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TABLE 1. Changes in ship’s type point data according duration.

AIS point data duration

in?
Ship’s Type 2019.12.01. ~2019.12.31. 2020.06.01. ~ 2020.06.30. 2020.12.01. ~2020.12.31 2021.06.01. ~ 2021.06.30.
Cargo Ship 743,664 1,192,493 698,079 808,099
Tanker Ship 344,633 485,446 263,283 205,594
Passenger Ship 0 4,906 4264 6,256
Towing Ship 7,162 135,975 110,122 182,223
Fishing 1,035,095 518,129 1,035,731 585,750
Other Ship 2,012,932 2,019,110 1,546,580 2,301,778
Total 4,143,486 4,356,059 3,658,059 4,089,700
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FIGURE 2. Analysis area modeling with LiDAR position.

FIGURE 3. The appearance of LiDAR devices installed in March 2021.

By analyzing various factors such as global issues,
maritime accidents, and weather conditions that can impact
maritime traffic, a more accurate data analysis can be
conducted.

As a result of extracting the AIS data of the analysis area,
it is composed of the data shown in Table 1. According
to Tsuji’s research, it is recommended to analyze maritime
traffic data for a period of 6 to 7 days. However, in this
study, a total of 4 months of AIS data were utilized [35].
Table 1 shows the duration of AIS point data for different
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ship types during specific time periods. The AIS point data
durations correspond to the periods of December 1, 2019,
to December 31, 2019; June 1, 2020, to June 30, 2020;
December 1, 2020, to December 31, 2020; and June 1, 2021,
to June 30, 2021.

The duration of AIS point data for Cargo Ships was
743,664 points in December 2019, 1,192,493 points in
June 2020, 698,079 points in December 2020, and 808,099
points in June 2021. Tanker Ships had AIS point data
durations of 344,633 points in December 2019, 485,446
points in June 2020, 263,283 points in December 2020, and
205,594 points in June 2021. There were no Passenger Ships
with available AIS point data in December 2019. However,
in June 2020, there were 4,906 points of data, followed by
4,264 points in December 2020, and 6,256 points in June
2021. Towing Ships had AIS point data durations of 7,162
points in December 2019, 135,975 points in June 2020,
110,122 points in December 2020, and 182,223 points in
June 2021. The duration of AIS point data for Fishing vessels
was 1,035,095 points in December 2019, 518,129 points in
June 2020, 1,035,731 points in December 2020, and 585,750
points in June 2021. Other ship types had AIS point data
durations of 2,012,932 points in December 2019, 2,019,110
points in June 2020, 1,546,580 points in December 2020, and
2,301,778 points in June 2021.

During this analysis, AIS data for various types of vessels
was explored over an extended period. To determine the
final data analysis period, potential factors that could have
influenced maritime traffic were considered. The data from
December 2019, which did not fall within the timeframe
of the COVID-19 pandemic, was excluded. Additionally,
the data from December 2020, when the installation of
floating LiDAR was taking place, was also excluded.
Maritime traffic data is extracted by dividing before and after
the installation of floating LiDARs. The before-installation
period of Floating LiDAR was from June 1, 2020, to June 30,
2020, lasting 30 days. The after-installation period occurred
one year later, from June 1, 2021, to June 30, 2021.

Table 2 shows the changes in maritime traffic before and
after the installation of floating LiDARSs, categorized by
ship length. The data is divided into four length categories:
L1 (Iess than 100m), L2 (100m to less than 200m), L3 (200m
to less than 300m), and L4 (300m or more). The number of
ships in each category is compared between the period before
installation and the period after installation.
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TABLE 2. Changes in ship’s length point data according installation.

Ship’s Length Before installation After installation
(20.06.01. ~ 06.30.) (21.06.01. ~ 06.30.)
L1(< 100m) 2,863,985 3,171,414
L2(100m <, <200m) 857,448 454,179
L3(200m <, <300m) 415,298 303,835
L4(300m <) 219,328 160,272
Total 4,356,059 4,089,700

In the L1 category, there was an increase in the number
of ships from 2,863,985 before installation to 3,171,414
after installation. In contrast, the L2 category experienced a
decrease in ship numbers from 857,448 before installation to
454,179 after installation. Similarly, the L3 category saw a
reduction from 415,298 before installation to 303,835 after
installation. Lastly, the L4 category also showed a decrease
in ship numbers from 219,328 before installation to 160,272
after installation. In total, there were 4,356,059 ships before
installation and 4,089,700 ships after installation. As a result
of analyzing the maritime traffic data by length unit of 100m,
it was determined that ships shorter than 100m increased, and
all ships longer than 100m decreased. As a result of analyzing
the type of ship and the length of the ship, it was confirmed
that a small ship for the protection of the facility near the
installation of the marine facility was newly added. For
efficient analysis of the relevant sea area, ships with regular
navigation patterns are extracted. For that reason, small ships,
fishing boats, and other ships have irregular maritime traffic
patterns depending on the purpose of operation. Therefore,
the data of cargo ships and tankers are extracted, and the
analysis is performed by dividing the ship length into units
of 100 m.

D. SPATIAL ANALYSIS MODELING

Spatial analysis is a comprehensive approach used in various
fields, such as geography, urban planning, environmental
science, and transportation, to study and understand complex
spatial relationships, patterns, and processes within data [36].
It involves the examination of spatial data, including
geographical locations, attributes, and features, to identify
and quantify spatial patterns, correlations, and trends [37].
By employing various quantitative methods, analytical tools,
and geographical information system (GIS) techniques,
spatial analysis helps researchers and decision-makers make
informed decisions based on the spatial characteristics of
the data [38]. When the maritime traffic point data of the
30-day analysis period is visualized as a track map, there
is a limit to quantitative analysis due to the overlapping of
the track results of a large number of ships. In particular,
some tracks have errors in AIS time data, and it is difficult
to measure changes in maritime traffic patterns due to ship
turning [29]. Therefore, the Hausdorff-distance algorithm
aims at clustering that connects similar ships and their
tracks to each other. This algorithm is also used as the
algorithm used to build maritime transportation networks in
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Europe [20]. In general, in the case of commercial ships,
economic and safety factors are combined and operated
according to the destination port, and the route created is
made into a customary route. At this time, it is efficient to
reduce data by clustering more similar tracks. Figure 4 shows
the concept of the Hausdorff-distance algorithm [20], [39].
This method can represent similar tracks as a matrix and
expresses the degree of similarity between individual tracks
numerically.

If the Hausdorff—distance is a subset of a non-empty metric
space, where T, represents trajectory a, and T} represents
trajectory b, dy (T, Tp) in the Hausdorff space is expressed
as follows.

dy (T, Tp) = max{d (Ty, Tpy) . d (Tp, Ta)} ey

here, T denotes the trajectory, T, = [a1, a2, - - ,an—1, An]
denotes the trajectory of ship a, and T, = [bl, by, -+,
bp—1, bn] denotes the trajectory of ship b. Given two sets of
points T, and T}, the Hausdorff—distance in one direction is
obtained as follows.

d(Ta, Tp) = max{min{||a; — bj||}} @)
d(Tp, Ta) = max{min{||b; — a;|} 3

here, |a; —ij and ”bj —a;|| use the Euclidean—distance
to define two trajectory points as the Hausdorff—distance.
An example of the Hausdorff-distance based on the ship
trajectory is shown in Figure 4. Figure 4 shows that the
shortest distance from T, to T} is d (a3, b3), and the shortest
distance from Tp to T, is d (b4, as). In other words, the
Hausdorff—distance calculates the largest distance among all
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TABLE 3. Classification AIS data to analyze changes in maritime traffic patterns (maritime traffic volume count).

Ship’s Length

Classification of AIS data Ship’s Type L1

L2 L3 L4

analysis (< 100m) (100m <,<200m)  (200m <,<300m)  (300m <) Total
e O T T
Qi Gt
e Cron
Total 335 1,134 973 388 2.830

distances from a point on one trajectory to the nearest point
on another trajectory.

IIl. RESULTS

A. AIS DATA PROCESING RESULT

In order to analyze changes in maritime traffic patterns,
the process of segmenting AIS data included in the spatial
range is performed. Here, cargo ships and tankers that
show regular maritime traffic patterns are the targets. Small
ships, fishing boats, and other ships show irregular operation
patterns due to the characteristics of ships, so they are
excluded from the traffic patterns analysis. Table 3 shows
the data changes of cargo ships and tankers before and after
the installation of LiDARs, and the changes in track data
clustered with the Hausdorff-distance algorithm. Analyze
the global maritime traffic patterns before and after the
installation of LiDARs, and analyze the local maritime
traffic patterns according to Hausdorff-distance clustering.
Table 3 presents the classification of AIS data used to analyze
changes in maritime traffic patterns. The data is classified
based on ship type and ship length, with four length categories
(L1: < 100m, L2: 100m <, < 200m, L3: 200m <, <
300m, L4: 300m <). The table shows the maritime traffic
volume count for cargo and tanker ships before and after
the installation of LiDARSs, as well as the count after using
the Hausdorff-distance algorithm to analyze the data. Before
installation, there were a total of 1,118 ships, with 148 in L1,
507 inL2,317 in L3, and 146 in L4.

After installation, the total number of ships decreased to
999, with 129 in L1, 387 in L2, 347 in L3, and 136 in L4.
After using the Hausdorff-distance algorithm, the total count
decreased to 713, with 58 in L1, 240 in L2, 309 in L3, and
106 in L4. Overall, there were 335 ships in L1, 1,134 in L2,
973 in L3, and 388 in L4, resulting in a total of 2,830 ships
analyzed.

B. SPATIAL ANALYSIS RESULT

AIS data is basically composed of points. If connected
in chronological order based on MMSI (Maritime Mobile
Service Identity), the track chart of the ship can be displayed.
First of all, the process of expressing the data by length
generated based on the cargo ship and tanker ship in the form
of alayer is performed. Changes in maritime traffic according
to the installation of LiDARSs can be confirmed through the
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track chart. Also, from the Hausdorff-distance clustering, the
process of compressing and reducing the trace diagram to a
similar one is performed.

Generated with a size of 1 km. Each track chart is
analyzed as a traversal spinal cord by counting the track
charts included in the cell. The results of spatial analysis
based on maritime traffic data are shown in Figure 5. Figure 5
is an effective method for visualizing changes in maritime
traffic patterns before and after the installation of LiDARs.
Using this method, it is possible to determine the direction
of traffic patterns changes. AIS point data was converted into
trajectory lines for each vessel and summarized within 1km
grids to calculate the number of vessels passing through. This
function overlays a grid layer on top of another layer in order
to generate a summary of line counts, line lengths within
each grid. It also calculates statistical attributes of the features
within the grids.

C. CHANGES IN GLOBAL MARITIME TRAFFIC PATTERNS
The area near Korea, which is the analysis space in this
study, is an integrated floating LiDAR complex with a total
area of 2,358.68 km” and a circumference of 148 km. This
measurement value is one large area created based on the
value of keeping the boundary line of radius Skm of each.
Therefore, we want to analyze how the overall patterns of
maritime traffic changes in one large area. This analysis
shows the values that change before and after the installation
of LiDARs. Figure 6(a) shows the results of the global traffic
patterns before the installation of LiDARs. The patterns are
based on cargo ships and tankers for the month of June
2020, and it is analyzed that maritime traffic is concentrated
diagonally in the analysis space. The gate line of 109 km
length was created in the center of the analysis area and
divided into three parts to analyze the number of traffic
vessels. As a result, the center maritime traffic route was
formed. The analysis after installation of LIDARS is shown in
Figure 6(b), targeting cargo ships and tankers for the month
of June 2021. It can be seen that the central maritime traffic
patterns divided into three maritime traffic patterns.

The North Maritime Traffic Route and the South Maritime
Traffic Route of the agglomeration complex were created,
and the spatial scope of the central maritime traffic patterns
was reduced. The global maritime traffic patterns moved
12 km from the center to the north and south, and the change
is shown in Table 4.
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FIGURE 5. Visualization of maritime traffic patterns through spatial analysis, (a) Before installation LiDAR (b) After installation LiDAR (c) Before
installation LiDAR with Hausdorff-distance.
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TABLE 4. Separate AIS to analyze changes in maritime traffic patterns.

Gate line Before After

(109km) (Avg./gate line) (Avg./gate line) Rate of change
North 28.4 24.0 44
Center 26.3 8.5 _17.8
South 12.1 24.4 1123

This table shows the results of separating AIS data to
analyze changes in maritime traffic patterns based on three
gate lines (109km). In order to analyze changes in maritime
traffic patterns, the average of ships passing through the
northern, central, and southern gate lines was analyzed in
30 days. The gate line in the North had an average of
28.4 vessels passing through before the installation and
24.0 vessels passing through after the installation. The central
gate line had an average of 26.3 vessels passing through
before the installation and 8.5 vessels passing through after
the installation. The southern gate line had an average of
12.1 vessels passing through before the installation and
24.4 vessels passing through after the installation. These
results suggest that the installation of LiDARs had a varying
impact on maritime traffic patterns, with significant decreases
in traffic observed in the central gate line, while an increase
in traffic was observed in the southern gate line. As a result,
after the installation of LiDARSs, the northern maritime traffic
decreased by an average of 4.4 vessels, and the central
maritime traffic decreased by an average of 17.8 vessels.
Meanwhile, the southern maritime traffic increased by an
average of 12.3 vessels.

D. CHANGES IN LOCAL MARITIME TRAFFIC PATTERNS

As aresult of the global analysis according to the aggregation
complex of LiDARs, the maritime traffic patterns changed
into north, central, and south maritime traffic patterns as
a whole. As a peculiarity, some vessels maintain a slight
central maritime traffic pattern. This Figure 7 shows the
analysis of the local maritime traffic patterns revealed that
different navigation patterns exist depending on the length
of the ships. The navigation pattern for L1 shows that traffic
is concentrated around the LiDAR positions EO1, E02, and
E06. Similarly, the navigation pattern for L2 indicates that
ships mainly operate around the LiDAR positions EO1, E02,
E03, E04, E06, E12, and E13. For relatively larger ships such
as L3 and L4, the maritime traffic pattern is in a northeast-
southwest route. It can also be seen that larger buffer zones
are formed from the central position of the LiDAR. Therefore,
the closest distances between each ship trajectory within the
Skm buffer zone of the LIDAR were measured, and the results
are shown in Table 5. This Table 5 shows the nearest buffer
distance of ships from each LiDAR position categorized by
ship’s length (L1: <100m, L2: 100m<, <200m, L3: 200m<,
<300m, L4: 300m<). The minimum distance of the table
shows the nearest buffer distance observed for each ship
length category (L1 to L4) at each LiDAR location. For
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example, the minimum buffer distance for L2 ships at E06
LiDAR was 125.75 meters. The maximum distance shows
the largest buffer distance observed for each ship length
category at each LiDAR location. The maximum buffer
distance observed was 4,987.97 meters for L2 ships at E10
LiDAR.

For instance, the SD for L2 ships was the highest among
all ship length categories. The average distance shows the
mean buffer distance for each ship length category at each
LiDAR location. For L1 ships (less than 100m in length) was
1,382.92 meters.

Similarly, the average distance LiDAR to L2 ships
(between 100m and 200m in length) was 1,738.78 meters,
while for L3 ships (between 200m and 300m in length),
it was 2,467.36 meters, and for L4 ships (more than 300m
in length), it was 1,996.81 meters. This study analyzed the
distance at which maritime traffic patterns change according
to the length of ships. As previously explained, various
methods were used to calculate a safe buffer zone, and the
standards for these calculations were not clearly defined. This
research proposes a safe buffer zone for navigation between
marine facilities, such as LiDAR, and ships, considering
the specific characteristics of different types of vessels.
Therefore, considering the maritime environment, buffer
distances of ships taking into consideration safety measures
would be helpful in promoting safe ship operations and
preventing maritime accidents.

IV. DISCUSSION

Ships serve as an efficient means of utilizing the vast ocean
space to transport the world’s cargo. Over time, shipping
routes have been developed and established as economical
and safety-efficient, reflecting conventional navigation pat-
terns. In recent years, the development of renewable energy
has been actively pursued in response to climate change,
expanding from the spatially limited land to the ocean.
In particular, offshore wind farms are emerging as major users
of large-scale marine space, leading to increased friction
with maritime traffic. While this paper acknowledges the
importance of maintaining shipping routes, it also recognizes
the need for coexistence with the development of offshore
wind farms. Therefore, conducted a study on the changes in
maritime traffic patterns due to the installation of LiDARs.
Table 6 presents the results of average distance divided by
ship length categories. The average distance for each length
category is calculated and compared to the maximum ship’s
length within the respective category.

The ratios of distance to maximum length are found to be
13.96L for L1, 8.73L for L2, 8.25L for L3, and 6.65L for L4.
This table provides insights into how the average distance
varies across different ship length categories. These results
show the changes in maritime traffic patterns depending
on the length of the ships. On average, all ships form a
buffer zone of more than 6. when navigating. However, this
distance does not indicate whether the ships navigated on the
starboard side or the port side of the LiDAR. Meanwhile,
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FIGURE 7. Locally maritime traffic patterns with Hausdorff-distance, (a) trajectory line of L1 (< 100m) (b) trajectory line of L2 (100m <, < 200m)
(c) trajectory line of L3 (200m <, < 300m) (d) trajectory line of L4 (300m <).

according to PIANC WG 161, the buffer zone between the maritime traffic patterns were compared for both the

maritime traffic and offshore wind farm facilities is proposed starboard side and the port side. Figure 8 shows the maritime
as follows [6]. If the offshore wind farm is installed on the traffic patterns of ships navigating through offshore wind
starboard side of the ship, it follows Equation 4, and if it is farms and buffer zones according to the PIANC guidelines.
installed on the port side of the ship, it follows Equation 5. In the case of ship size L1, the analysis showed a difference
Starboard side = 6L + 500m--0.3NM (4) of —272.62m for PIANC’s starboard and +282.98m for the

i port. For L2, the difference was —516.76m for starboard and

Port side = 6L + 500m ) +38.84m for the port. In L3, the difference was —388.18m

The turning performance of ships varies depending on the for starboard and +167.42m for the port. In L4, both
starboard side and the port side. Here, L represents the length starboard and port showed lower values, with —1,458.73m
of the ship, which is generally applied to the maximum ship and —903.13m, respectively. For L1 to L3, the changed
size that sails through the area where an offshore wind farm maritime traffic patterns did not satisfy PIANC’s starboard
is planned for development. Additionally, NM (1 Nautical criteria but met the port criteria. On the other hand, L4 had a
Mile = 1,852m) is represented and added separately for the very large ship size, so PIANC’s criteria appeared relatively
starboard side. Therefore, by applying the PIANC guidelines, high, and the changed maritime traffic patterns did not meet
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TABLE 5. Nearest buffer distance from LiDAR by ship’s length.

Position of

Nearest buffer distance from LiDAR by Ship’s Length

LiDAR L1 L2 L3 L4
EO1 1,114.83 m 972.52 m 2,060.45 m 3,735.57 m
E02 44524 m 783.33 m 1,131.78 m 2,194.55m
E03 1,115.12 m 732.63 m 1,647.90 m -
E04 - 752.71 m 3,592.79 m 3,712.0l m
EO05 138.18 m 508.22 m 891.38 m 1,436.16 m
E06 1,103.49 m 125.75 m 3,245.04 m 2,739.36 m
E07 - 3,850.99 m 1,207.35 m 3,587.77 m
E08 - 483.52 m 4,542.09 m -
E09 - 3,024.68 m 1,360.72 m 1,862.10 m
E10 3,649.58 m 4,987.97 m 4,300.66 m 859.79 m
Ell 1,259.13 m 569.23 m 2,21570 m 964.10 m
E12 1,814.56 m 795.94 m 2,091.84 m 1,051.25 m
E13 - 3,286.61 m - 1,025.95 m
El14 1,704.21 m 4,300.05 m 3,657.94 m 839.17 m
E15 1,484.88 m 907.58 m 2,597.45 m 1,950.77 m
Min. distance 44524 m 12575 m 891.38 m 839.17 m
Max. distance 3,649.58 m 4,987.97 m 4,542.09 m 3,735.57 m
SD 948.87 m 1,642.13 m 1,211.88 m 1,116.45 m
Average distance 1,382.92 m 1,738.78 m 2,467.36 m 1,996.81 m
TABLE 6. Results of average distance divided by ship length categories.
Length Categories L1 L2 L3 L4
(Max. Length) (<100m) (100m <, <200m) (200m <, <300m) (300m <)
Average Distance 1,382.92m 1,738.78m 2,467.36m 1,996.81m
Max. Length 99.9m 199.9m 299.9m 399.9m
Distance / Max. Length 13.96L 8.73L 8.25L 6.65L
Rort.lde | Starboard Side —-—lDistance by ship'silenglh(Buffer zoneI 3455?54
i 3,500 |- —e—PIANC(starboad side) »
@ —4— PIANC(port side)
et i Linear regression analysis
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FIGURE 8. Comparison of PIANC guidelines and changes in maritime
traffic patterns.

the criteria. In this study, we aimed to derive a suitable model
through linear regression analysis by analyzing the changed
pattern distances for each ship length based on the installed
LiDAR. To increase the number of dependent variables, the
ship length categories were divided into 50m increments
instead of 100m increments and calculated in the same way.
Ultimately, the results of the linear regression analysis were
analyzed as shown in Figure 9. This equation and statistical
summary represent the results of a linear regression analysis
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FIGURE 9. Determining buffer zones by ship’s length using linear
regression.

examining the relationship between ship length x and buffer
zone y. The equation is in the form of y = a + bx. The
intercept a is 1429.48m, with a standard error of 463.71m,
and the slope b is 284.29m, with a standard error of 103.68m.

The aim is to supplement PIANC guidelines and enable a
diverse range of approaches. The methodology employed in
this study shows promise in forecasting changes in maritime
traffic patterns. This indicates that as the ship’s length
increases, buffer zone distance also increases.
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The Pearson’s r, which measures the strength and direction
of the linear relationship between two variables, is 0.77.
This value suggests a strong positive correlation between the
ship’s length and the buffer zone distance. The R-Square
(Coefficient of Determination, COD) is 0.6005, which means
that 60.05% of the variation in the buffer zone distance can be
explained by the ship’s length. The Adjusted R-Square, which
adjusts the R-Square for the number of predictor variables and
the sample size, is 0.5206. This indicates that the model’s
explanatory power is relatively high when considering the
complexity of the model and the available data. Overall, this
analysis shows a significant positive relationship between a
ship’s length and the buffer zone distance, with the model
explaining a considerable portion of the variation in the data.
Therefore, the final buffer zones derived from this study
were determined to be 1,713.78m for L1, 2,002.31m for
L2, 2,282.37m for L3, and 2,661.43m for L4. Each of these
criteria includes a margin of error, and they offer scalability
that allows for their application in conjunction with various
other standards.

The implications and discussion points derived from this
study are as follows:

1) The installation of marine facilities such as LiDAR has
a significant impact on maritime traffic patterns. Therefore,
spatial analysis and the Hausdorff-distance algorithm were
utilized to analyze the buffer zone between ships and
marine facilities. In particular, the buffer zone derived varies
depending on the length of the ship, with longer ships
requiring a larger buffer zone.

2) The standards for calculating the buffer zone between
maritime traffic and marine facilities are differentiated by
the starboard side and port side of the ship, as described by
PIANC. These standards are based on the ship’s maneuver-
ability and experience. In this study, a new linear regression
equation was calculated using AIS data collected over a
month. As a result, the significance was secured, and the
possibility of calculating a new buffer zone was obtained.

3) Securing a sufficient buffer zone distance is an essential
prerequisite for preventing marine accidents. However, the
marine environment not only involves maritime traffic but
also necessitates coexistence with other marine activities such
as renewable energy.

On the other hand, the limitations and future research
directions of this study are as follows: The ship lengths were
divided into 100m units and analyzed as L1, L2, L3, and L4.
There is a need to analyze the distance between ships and
marine facilities in more detail by further dividing the ship
lengths. Additionally, the aim is to secure a large number of
independent variables for future linear regression analysis,
in order to achieve a high R-Square value. Moreover, the
limitation of this study lies in differentiating the types of
ships into cargo ships and tankers only. If various types
of ships are added to the analysis, the research results are
expected to yield new insights. Maritime traffic patterns can
be significantly influenced by global issues. Recent events
such as pandemics and canal accidents have demonstrated the
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potential for changes in maritime traffic. Therefore, there is
a need for maritime traffic pattern analysis that considers the
complexities of the maritime environment.

V. CONCLUSION

This study provides valuable insights into analyzing the
impact of floating LiDAR installations on maritime traf-
fic patterns, utilizing spatial analysis techniques. Marine
facilities can significantly affect the navigation patterns of
ships, making it crucial to examine changes in maritime
traffic. By analyzing buffer zone data for 15 LiDAR
systems installed at sea and ships navigating the area, this
study offers a basis for predicting changes in maritime
traffic patterns and suggesting quantitative modifications
for marine facility installations. Moreover, the presented
methodology for calculating the new buffer zone serves as
a valuable resource for deducing changes in maritime traffic
patterns, ensuring safe maritime traffic in complex marine
environments and promoting sustainable development. The
study is of utmost significance in understanding the impact
of marine facilities on maritime traffic patterns and their
potential implications on safe and efficient shipping.
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