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Abstract

:

The development of autonomous ships has begun. Artificial intelligence (AI) is expected to be partially responsible for navigation; nevertheless, the importance of human intervention is higher than ever. Human intervention in the control of an autonomous ship via the remote operator requires navigation proficiency. The education method for the remote operators that is presently considered is simulation training. However, the simulation training does not take long enough time for enabling trainees to develop their navigation proficiency equivalent to that of conventional ships navigators. In addition, the simulation training should contain various navigation scenarios to train the trainee properly. Therefore, this paper suggests the methods to generate the massive and practical navigation scenarios by extracting navigation elements’ distribution from actual ship trajectory data and applying them to the permutation of navigation elements. The results demonstrated the advantages of the proposed methods by comparing the sample navigation scenario and an example of an impractical navigation scenario. In conclusion, it is expected that the massive generation of practical navigation scenarios using the proposed permutation model will positively affect the simulation training of the maritime autonomous surface ship remote operators.
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1. Introduction


The coexistence of autonomous and conventional ships invokes questions about the safety of autonomous ships when operating in the same areas as conventional ships [1]. Concerns about the reliability of navigation safety and legal issues [2] have resulted the application of shore remote control systems in the degree of autonomy levels 2 and 3. Presently, the training of remote operators is recommended to be conducted in the simulation [3] due to the similar aspects between the simulation and the remote controlling.



Remote controlling includes rapid assessment of a ship’s situation and making effective decisions regardless of the ship’s location [4]. Accordingly, the training of remote operators should be compact and effective for trainees to obtain navigation proficiency within a relatively short period of training time. Thus, massive situational education is required for the training of the remote operator. In addition, the simulation training has to reflect real-life situations for a better content of training [5] and effectiveness.



The application of reality to the simulation education method has been an important matter in other industries as well. In the case of aviation training, challenges to reduce the gap between reality and simulation practice have been focused on by the developers of the training system in designing simulation for realism [6]. The practices of trends from the real world were considered to be included in the training simulation by replicating substantial aspects of real situations [7]. In this perspective, we used the trajectory data of actual ships as the real world’s trend of navigation situations.



The ship’s trajectory data has been used in various researches. The subjects of the research were such as navigation risk identification or assessment [8,9] and ship traffic analysis [10,11,12]. These researchers conducted the statistical analysis of the ship’s trajectory data, which is similar to this research, but for a different purpose. The other research that used ship trajectory data was focused on the route generation for an autonomous ship [13]. The research took the ship’s trajectory data as the historical data of mariner’s experience and used various algorithms for route recommendation. The basic idea of taking historical data as a trend of actual navigation was similar to our research. However, instead of using the ship’s trajectory itself, we extracted the distribution of navigation elements and applied them in the massive generation of practical navigation scenarios.



The practical navigation scenarios that this research aimed to generate are the realistic and proper ones for the training. In the real world, the possible navigation situation would be unlimited, but not all cases are proper for the training. For example, the large multiple altering cases or circling cases can happen in the real world, but rarely. Therefore, this research analyzed the distribution of navigation elements from trajectory data and applied them to the permutation to generate massive and practical navigation scenarios to improve the simulation training of autonomous ship remote operators.




2. Materials and Methods


The proposed methods gathered and selected appropriate navigation elements and extracted the distribution from the collected ship trajectory data to generate practical navigation scenarios. Figure 1 shows the workflow of the proposed method with an illustration.



Each step of the workflow is described in detail in the illustration, from the “Navigation elements selection” step to the “Navigation scenario generation” step. We selected two elements as Figure 1 showing elements A and B, extracted the distribution of each element’s values, then applied to components of the permutation.



2.1. Navigation Element Selection


Navigation elements are the factors that comprise any given navigation situation. In this study, we collected navigation elements that have been used previously in other simulated navigation-related studies. The collected navigation elements were such as “distance between waypoints,” “course altering at waypoints” [14], “speed acceleration” [15], “heading,” “safe passing distance” [16], and others. Among the various navigation elements, we selected the “course altering angle at the waypoint” and “distance between waypoints.” The reason for selecting these particular navigation elements was that they are both components of a navigation route, able to compose a basic form of navigation scenario, and considered to be sufficiently independent of each other.




2.2. Navigation Element Distribution Analysis


2.2.1. Data Collection and Preprocessing


In this study, Automatic Identification System (AIS) trajectory data from South Korea from August 1 to 31 in the year 2020 were collected. The AIS data include static ship data (e.g., Maritime Mobile Service Identify (MMSI) number and gross tonnage) and dynamic ship sensor data (e.g., date, time, and GPS data with latitude and longitude). The size of data was 30 million rows, and the number of ships was 5000 to 9000 per day. Data preprocessing involved sorting the data according to the designed experimental conditions, as shown in Table 1.



The purpose of the designed experiment conditions (Table 1) was to extract the distribution of actual usage of the selected navigation elements. Thus, data for small crafts, anchored ships, drifting ships, and berthed ships were excluded. The covered area was the southern water area of South Korea, where dynamic ship movements are expected. The covered area is marked in orange in Figure 2.




2.2.2. Navigation Element Extraction


The features used from the data included “course over the ground (COG)” and the “date and time.” Since the GPS position data points are connected continuously without decided waypoints, the experiment had to use certain windows and thresholds to extract the element values. The time-series data were used as a window, and the standard deviation of the COG in the window was used as a threshold. In this study, a 10-minute window and 5-degree threshold for the standard deviation of COG were used for element extraction. In other words, when the ship had over five degrees of COG standard deviation in each 10-minute period of navigation, the “course altering angle at the waypoint” and the “distance between the waypoints” were extracted. The process is illustrated in Figure 3 to support the explanation of element extraction.



The selected element’s values are the actual ship’s actions, including the decisions of the ship’s operators for all moments. Note that the size of the window and the threshold values can be optimized through repeated experiments; however, in this study, only the suggested window and threshold value were used in the element extraction process.




2.2.3. Navigation Elements Distribution Fitting


The selected navigation elements had plenteous values, showing the distribution. Since the frequency distribution was composed of discrete numbers, the distribution result was fitted in a probability density curve. Here, the “course altering angle at waypoints” element was fitted to the normal distribution, and the “distance between the waypoints” element was fitted to an inverse Gaussian distribution. Fitting was performed solely to convert discrete values to continuous values.





2.3. Navigation Elements Distribution Applications


2.3.1. Representative Value Decision


Once the distributions of the selected navigation elements were derived, we decided on the representative values. Since the distributions were fitted to the probability curve, we were able to calculate the occurrence probability for a certain range of distribution. Therefore, we divided the distributions of selected navigation elements into five with equal ranges. The median value of each division was decided as the representative value, and the probability for each division was calculated to determine the proportion of values.




2.3.2. Application of Proportion


The generation of navigation scenarios used the permutation. The permutation requires a certain number of components to calculate the outcomes. When the number of components is designated, the corresponding number of “Course altering angle” values and “Distance between waypoints” values are to be prepared as components of permutation. Once the number of components is decided, the representative values are designated with different proportions upon the occurrence probability. The representative value with a larger occurrence probability took the larger proportion of components. Figure 4 shows an example of designating representative values upon the different proportions for ten components.





2.4. Permutation of Values in Different Proportions


When the values were prepared in different proportions, the permutation was conducted. The permutation calculation using Figure 4 is presented below.


   N s  =   ∏   k = 1    N e      E k  N c  !     E k  P A  ×  N c    !   E k  P B  ×  N c    !   E k  P C  ×  N c    !   E k  P D  ×  N c    !   E k  P E  ×  N c    !      








where “   N s   ” is the number of generated scenarios, “   N e   ” is the number of navigation elements, “   N c   ” is the number of components, and “  E k  P  A − E    ” is the proportion of representative values from A to E of navigation element k. As a result of generation, the example of a navigation scenario using the “course altering angle” element and “distance between waypoints” element is shown in Figure 5.



The navigation scenario in Figure 5 involves three components for each selected element. At the first waypoint, the “A1” degrees of altering and “D1” miles of proceeding are to be made, then second and third waypoint accordingly. The generation of navigation scenarios using the permutation model can derive a massive number of practical outcomes in the different shapes.





3. Results


The result obtained by the proposed method using the selected navigation elements is described in this section. The distribution of the selected elements was extracted and fitted in probability density curves, and the representative values with different proportions were prepared for the permutation. The comparison of the sample navigation scenario result from proposed methods and the sample navigation scenario from the other research was then conducted.



3.1. Distribution Analysis of Selected Navigation Elements


Here, we selected the “course altering angle at waypoint” element and the “distance between waypoints” element. The values of each element were extracted from a determined range. The “course altering angle at waypoint” element was extracted from negative 90 degrees to positive 90 degrees, and the “distance between waypoints” element was extracted from 1 nautical mile to 20 nautical miles. The extracted frequency distributions of the selected elements were then fitted to the probability density distributions. Figure 6 and Figure 7 show each distribution of each selected navigation element.



Figure 6 and Figure 7 show the different shapes of distribution for each navigation element. As can be seen, the distribution of the “course altering at the waypoint” element was fitted in the normal distribution in a symmetrical shape, because the course altering has two directions of portside and starboard side. The distribution of the “distance between waypoint” element was fitted in the inverse Gaussian distribution of right-skewed shape, because the distance has positive values only.




3.2. Distribution Application of Selected Navigation Elements


3.2.1. Representative Values and Proportion


The five divisions with equal ranges in the distribution results have a representative value and its proportion in percentage. The results of the selected navigation elements are presented in Table 2.




3.2.2. Proportion Difference in Navigation Elements


The number of components was set as eight, and the representative values in Table 2 were designated for the eight components considering the proportion. The proportion of each division is visualized in Figure 8.





3.3. Permutation of Prepared Components and Sample Scenario


The representative values for the eight components for the permutation are presented in Table 3 upon the proportion of each division.



Note that the “course altering angle at the waypoint” element involved two directions, “port side” and “starboard side,” so the number of permutation results considered the directions as well. Thus, the number of the permutation results for the “course altering angle” element is 1680, and the “distance between waypoint” element is 336. Therefore, the number of possible navigation scenarios in a permutation is 564,480 cases. The advantage of generating navigation scenarios using proposed methods is that every shape of generated navigation scenario is practical and applicable to the nautical chart in simulation because of the usual angle and distance value extracted from the actual trajectory data. Figure 9 illustrates the difference between the outcome of the proposed methods and an example of an impractical navigation scenario with multiple large altering courses.



The sample navigation scenario generated by the proposed methods is similar to an actual navigation situation and suitable for training, but the example of an impractical navigation scenario is unsuitable for training.





4. Discussion


We have proposed methods to generate navigation scenarios in consideration of the real-world distribution of values. Our findings are discussed in the following subsections.



4.1. Distributions of Angle and Distance Elements


The selected elements “course altering angle at the waypoint” and “distance between waypoints” were extracted under the experimental conditions. The designed experimental condition focused on large ships, which are similar to autonomous ships that are currently under development. The distribution of navigation elements in Figure 6 showed that ships in actual navigation situations tend to use smaller angles or shorter distances frequently than larger ones. Hence, the proportion of values had comparable differences.




4.2. Distribution Application of Selected Navigation Elements


We divided the distribution results into five divisions. The number of divisions can be any number, but if the number was higher or lower than five, the choices of value would be too plenteous or too few to suggest the concept of our proposed methods. The representative values and proportion of each division showed rather larger differences than expected ones. For example, the proportion of 9 degrees in “course altering” was 48.8%, which is almost half of possible course change, but 81 degrees was only 0.5%. In the same way, the proportion of 2 miles in “distance between waypoints” was 65%, but 18 miles was 3.2% only. Since the proportion was derived from the data-driven analysis, we had to take the results. However, we found the necessity of advanced methods for the selection of representative values.




4.3. Permutation Method of Navigation Scenario Generation


The permutation of the prepared values could result in massive outcomes of navigation scenarios that are practical and applicable for actual nautical chart information. As Figure 9a shows, the sample of proposed methods was practical, and none of the permutation results was impractical as in Figure 9b. The practical navigation scenarios that we are focused on were the usual and general navigation situations to train the remote operators of the ship’s handling. In this perspective, the multiple large altering navigation situations in Figure 9b was considered impractical. The generation of navigation route was already conducted in other researches to design the ship’s route for coastal seas [17] or ship’s route design between two ports using data-driven approaches [18]. However, those researches were concentrated on the larger scale of navigation situations across the ports, not on the single altering scale. On the contrary, we used the distribution of plenteous values of the mariner’s decision in the ship’s handling on a relatively small scale. In addition, the massive generation of navigation scenarios is hard to be obtained manually, and if the general combination method is applied to the navigation elements, the outcome will include massive impractical navigation scenarios as well. Upon the proposed permutation methods, all of the outcomes are various, practical, and suitable for navigation training.





5. Conclusions


The background of research was the appearance of maritime autonomous surface ships and remote operators. When autonomous ships occupy a larger ratio of ships at sea, more remote operators will be needed. Accordingly, the training of remote operators should be effective enough to obtain navigation proficiency. The navigation proficiency requires a long period of training time as the conventional training of navigators takes months. In order to overcome the shortage of simulation training, we suggested the permutation model for a massive generation of navigation scenarios. When the systematical training of massive, various, practical navigation situations is conducted to the trainees of the autonomous ship remote operators, the experiences of the ship’s handling will be similar to the conventional navigators’ ones. Additionally, the permutation does not make the same results; the negative learning effects of trainees can be avoided as well. In future research, we hope to broaden the scope of this study by considering additional navigation elements and generating navigation scenarios for the training of remote operators.
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Figure 1. Workflow and detailed illustration. 
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Figure 2. Data coverage area (orange-colored). 
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Figure 3. Navigation element extraction from ship trajectory data. 
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Figure 4. Example of applying different proportions for the components. 
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Figure 5. Example navigation scenario using selected navigation elements. 
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Figure 6. Distribution of “course altering angle at waypoints” element. 
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Figure 7. Distribution of “distance between waypoints” element. 






Figure 7. Distribution of “distance between waypoints” element.
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Figure 8. The proportion of divisions for each selected navigation element. 
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Figure 9. (a) Sample navigation scenario in nautical chart background; (b) Example of an impractical navigation scenario. 
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Table 1. Experimental conditions.






Table 1. Experimental conditions.





	Criteria
	Condition Range
	Unit





	Gross tonnage
	5000–300,000
	Metric tons



	Speed
	5–25
	Knots



	Covered area

(Latitude)
	33–35
	Degrees



	Covered area

(Longitude)
	126–130
	Degrees
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Table 2. Element value range divisions and representative values.
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Divisions

	
Course Altering Angle at Waypoint

	
Distance between Waypoints




	
Range of Value (deg)

	
Representative Values (deg)

	
Proportion

(%)

	
Range of Value (NM)

	
Representative Values (NM)

	
Proportion

(%)






	
1

	
0–17

	
9

	
48.8

	
1–4

	
2

	
65.0




	
2

	
18–35

	
26

	
32.8

	
4–8

	
6

	
18.6




	
3

	
36–53

	
40

	
13.7

	
8–12

	
10

	
8.2




	
4

	
54–72

	
63

	
3.8

	
12–16

	
14

	
4.7




	
5

	
73–90

	
81

	
0.5

	
16–20

	
18

	
3.2
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Table 3. Representative values are designated for the eight components.






Table 3. Representative values are designated for the eight components.





	
Selected

Element

	
Representative Values Eight Components






	
Course altering angle

	
9

	
9

	
9

	
9

	
26

	
26

	
40

	
81

	




	
Distance between waypoint

	
2

	
2

	
2

	
2

	
2

	
6

	
10

	
14
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