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Abstract

:

The successful implementation of Vessel Traffic Services (VTS) relies heavily on human decisions. With the increasing development of maritime traffic, there is an urgent need to provide a sound support for dynamic risk appraisals and decision support. This research introduces a cellular automata (CA) simulation-based modelling approach the objective of which is to analyze and evaluate real-time maritime traffic risks in port environments. The first component is the design of a CA model to monitor ships’ behavior and maritime fairway traffic. The second component is the refinement of the modelling approach by combining a cloud model with expert knowledge. The third component establishes a risk assessment model based on a fuzzy comprehensive evaluation. A typical scenario was experimentally implemented to validate the model’s efficiency and operationality.
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1. Introduction


Currently, with the increasing development of the maritime economy favored by globalization, port water vessels tend to be large-scale, have relatively high-speeds, and are intensive, which undoubtedly brings great pressure to a port VTS monitoring center. VTS is recognized internationally as a navigational safety measure through the International Convention on the Safety of Life at Sea 74/78 (SOLAS) [1]. A VTS is based on a multi-technology fusion system that integrates radar, internet, radio communications, AIS (Automatic Identification System), CCTV (Closed-Circuit Television), and other technologies. It provides a complete set of ship traffic service systems used by many maritime departments to control and supervise ships. A VTS system has the capability to monitor ship dynamics and provide information, advice, or instructions to ships, and can also effectively control traffic flow and minimize the risk of ship traffic accidents. The VTS has recently played an important role in traffic safety at sea although operators are often exhausted from heavy work and long periods watching real-time situations. Over the past few years, many novel systems and approaches supporting decision-making processes in VTS centers have been introduced as part of integrated support systems [2,3]. Over the past few decades, research on the impact of changes in technology and navigation aids on maritime work practices has been ongoing [4,5,6,7,8,9,10]. The results of several projects of the European Union (EU) have specifically discussed various aspects of the e-Navigation concept, the proposed solutions, (i.e., MarNIS (2004-2008), ACCSEAS (2007-13), (MONALISA (2010-EU-21109-S), MONALISA 2.0 (2012-EU-21007-S), EfficienSea2 (H2020-EU. 3.4), STM (2014-EU-TM-0206-S)), and the potential impact on the technical systems of shipping society. However, researchers still need to develop real-time information and decision-aided systems to assess the risks associated with a single ship and the risks in relation to other ships acting in a specific sea area. This will make a significant contribution to improving the safety and decision-making of VTS operators and thus to the work of VTS operators. A risk assessment system that provides dynamic risk information and is constantly updated can improve the awareness of developments during workload peaks at Vessel Traffic Service (VTS) centers [11].



The objective of the research presented in this paper was to develop a dynamic risk appraisal system for VTS based on a CA simulation prediction mechanism. The whole approach is based on a ship’s behavior in real-time and fairway traffic that constitute the input of the CA to construct a real-time risk index system for port waters. The CA supports the derivation of a channel prediction model at a lower level of resolution, as well as a definition of the behavioral rules that reflect a ship’s motion in the channel. Risk factors are weighted by combining the CA with an expert-based questionnaire. A combination of cloud models and expert scores is used to determine the weight of each risk indicator. Finally, the risk assessment model is enriched by a fuzzy comprehensive assessment.



The rest of the paper is organized as follows. Section Two briefly introduces related work while Section Three develops the principles behind the CA-based traffic simulation. Section Four describes the risk weighting, the appraisal approach and the experimental evaluation, while Section Five concludes the paper and draws some perspectives for further work.




2. Related Work


The development of a successful and ‘intelligent’ VTS is still a challenging task. Besides the common E-Navigation projects that are most often oriented towards information integration and exchange rather than real decision-making systems, there is a novel trend which progressively searches for reliable and operational solutions oriented to track prediction and dynamic risk assessment.



2.1. Dynamic Risk Management


Dynamic risk management can be interpreted as identifying and analyzing events that may have an impact on individuals or the environment, assessing the consequences and communicating them to decision-makers [12]. A risk can be roughly evaluated by an analysis of the impact of an accident, which should denote the expected accumulation of negative consequences of a particular activity in a predetermined area and period. The main objective of the VTS monitoring center is to provide real-time forecasts of risks (probabilities and consequences) for the target sea area. Such an envisaged regime should implement the following evaluations [13,14,15]:




	(1)

	
Calculate and estimate the probabilities of individual ship collisions, groundings, and near-contact situations dynamically and gain a comprehensive understanding of ship traffic situations;




	(2)

	
Estimate the consequences of possible accidents based on the characteristics of the vessel and the sea area;




	(3)

	
Provide automatic warnings and guidance to VTS operators for risk assessments in real-time and at sea. VTS can be viewed as a decision-making process related to the implementation of maritime safety measures to mitigate risks. Therefore, VTS operators should provide optimal navigation advice and guidance to vessels in and out of the surrounding waters through VHF communications.









However, a sound integration of the above objectives is not a straightforward task. Although ships currently rely on many automated sensors and automated systems that should favor navigation processes and decisions, the final decision are fully controlled by humans and are therefore still error-prone. Similarly, VTS decisions are also made by humans, and this explains the complexity of maritime risk assessment and decision-making. As the number of ships at sea increases, VTS operators are under high pressure and this generates a high workload and then an increase in traffic risks at sea [16,17]. In particular, it has been observed that the increasing complexity of local maritime traffic conditions can lead to many situations of near misses and near collisions at sea [15]. In a related work, a model of possible conflicts at low resolution was suggested based on AIS data and was applied to the Dutch part of the North Sea [18]. It was observed that worse situations happened when multiple ships converged, and it was recommended that such a situation should be monitored at lower spatial and temporal resolutions. The need for the development of low-level dynamic traffic management has been suggested as a required development as such situations cannot be resolved at the individual ship level as there is indeed a need for a global view of a given situation, real-time information, and decision-making assistance to help VTS operators [19]. Van Westrenen et al. used the concept of complexity to analyze traffic. In the research, it was assumed that a certain threshold in the complexity beyond which the system, in relation to a set of ships within a certain navigable area, may no longer be able to resolve the conflict itself using current regulations, technology, and expertise. The analysis of three actual collisions on the high seas showed that situations of high complexity, which decrease human reliability, can be predicted well in advance, allowing for a safe resolution [20]. Based on the above-mentioned theories about VTS and shore-based services, there have been many studies that have discussed the future research directions of VTS [21,22]. The Sea Traffic Management (STM) Validation Project is a European-based initiative with ambitions to improve maritime safety and efficiency through information sharing in real time. Katie Aylward et al. discussed the role of STM service integration in changing the role of VTS operators in traffic conditions and the potential impact of STM service individuals on VTS operations from the perspective of social technology systems [22].



Two recently developed dynamic risk management projects are IWRIS [23] and BaSSy [24]. IWRIS is a developed technology based on real-time Automatic Identification System (AIS) data for vessels to support the operative decision-making of VTS operators. The core of this method is a data model, which takes real-time AIS data as the input and provides risk estimates to remind VTS operators of possible dangers in a given monitored traffic area. The concept of a computer-based decision support system is implemented for the VTS operator in the BaSSy project, which includes the detection of abnormal vessel conditions that could lead to collision and grounding. The system uses real-time AIS data, and the method is mainly based on geometric data, without considering additional statistics. Decision support tools can predict the movement of the ship, and based on the prediction results, give warnings of possible close encounter situations. This decision support system can perceive and identify abnormal traffic behaviors in advance. Despite their interest, these two approaches still focus more on ship collisions or grounding alarms themselves rather than a systematic evaluation of traffic safety at large.




2.2. Track Prediction


Track prediction is an issue of research significance because it plays a vital role in the basic traffic management and decision-making processes. So far, various traffic prediction methods have been proposed. The main algorithms developed for traffic prediction can be divided into three groups: point-based, which only predicts the next step and can only be used for small-sized ships; trajectory-based orbit prediction; and simulation-based algorithms [25].



	
In points-based algorithms, the target maritime area is divided into different nonoverlapping two-dimensional cells. When given the current state of the ship, this type of algorithm determines the probability that the ship will occupy other nearby units after a given short time. The algorithms estimate the probability of the next state based on historical data (i.e., training set). This type of algorithm is usually used to predict the position of vessels on a small scale [26,27,28,29].



	
Trajectory-based algorithms cluster historical data to extract and classify maritime routes. These routes are modeled, and waypoints are optionally considered for different purposes. Waypoints include harbors, offshore platforms, entries, and exit points in the area [30,31,32].



	
Simulation-based algorithms are based on either cellular automata [33,34] or intelligent agents [35,36]. Each ship can be regarded as a definite particle, and the interaction between these particles is determined by the interaction of the vessels’ motions. Thus, the cellular automata approach appears to have a better renewal performance, which may be critical in many maritime contexts, especially in areas with high computational loads.






As far as marine traffic prediction is concerned, ships may impact each other while navigating, and the obliged ship should give way to the priority ship according to the International Regulations for Preventing Collisions at Sea 1972 (COLREGs) [37]. This process is nonlinear and complicated. The point-based algorithms and the trajectory-based algorithms do not take into consideration ship interactions. Due to the high number of iterations of computation, it appears that cellular automata methods, which are more efficient computationally, provide better implementation perspectives than the agent approach.



Considering maritime navigation risks from a global perspective can more effectively assist VTS operators in proper navigation management. The objective of this paper is to develop a systematic dynamic risk model based on an integration of different safety factors, which could enhance the accuracy of the system risk appraisal and management. This paper introduces a cellular automata (CA) and simulation approach supported by the Python development framework that first integrates real input data for traffic flow simulation, and secondly brings the simulation results into a risk assessment model for a dynamic risk assessment. The main computational component of the proposed method is the traffic flow simulation based on CA, while the risk assessment is a multicriteria evaluation based on the simulation results. Because the number of ships in the water area is limited, under the framework of the CA algorithm, ships only need to calculate the distance from the ships in and before their own channel and the ships before and after their adjacent channel. The computational efficiency of the proposed method can be used in practical maritime and traffic applications. The overall working idea of the paper is shown in Figure 1.





3. CA-Based Traffic Simulation


Simulating traffic in restricted sea areas is not an easy task. All traffic components including ships, the maritime environment, and sailors make up a nonlinear complex system. Any of the ship’s behaviors may generate a change of status and impact, and this potentially generates an unsafe situation and possibly major incidents. Moreover, such traffic updates might be unavoidable, such as a vessel anchored asking for heaving up and proceeding to its berth. Therefore, VTS operators should anticipate the risks that might arise from a behavior change and should be in the position to decide if that request should be approved or not. This leads us to introduce the principles behind a hybrid simulation system model, the objective of which is to simulate the behavior of a traffic system. The whole approach is based on a CA design and update regulations.



The cellular automata algorithm is a dynamic and discrete system controlled by straight local rules. Since cellular automata can simulate the behavior of a complex dynamic system with relatively simple local update rules, the cellular automata theory has been widely applied to the simulation of complex dynamic systems, including traffic systems.



3.1. Fairway and Sensitive Area Modeling


As a regular square grid is not always the most appropriate, especially as a given channel is very unlikely to fit such a regular area, a context-based spatial structure was retained and based on the main channel axis as illustrated in Figure 2b. Figure 2a is the overall waterway map of Gulei Port in Zhangzhou, in which the red is the main waterway of Gulei Port. The quadrangle longitude and latitude coordinates of each small grid were generated according to the common ship footprint; this is appropriate for the modelling approach as well as being convenient for ship visualization. Considering that small fishing boats at sea are about 7 m long, the length of the grid along the channel axis was set as 5 m for computational and accuracy purposes.




3.2. Cellular Model


In order to reflect the behavior of ship traffic in a port and channel, the cellular-oriented ship model was initiated by two formulas as follows.



(1)→A normal navigating ship and on overtaking ship



We applied the navigation principles of the Fujii model, which is considered as a reference for navigation modelling [38], with a narrow waterway of 6 L long and 1.6 L width. The Fujii model was processed as a regular rectangle for modeling convenience, then the ship domain model was defined as follows:


   R  f o r e   =  R  a f t   = 3 × [    L s     L c    ]  



(1)




where Rfore is the long axis of the front ship, Raft is the long axis of the bound of the ship, and Ls and Lw denote the ship’s length and width, respectively. Lc and Bc are the cellule’s length and width, respectively (Figure 3).



(2)→The domain of crossing ships



In common navigation, a ship should try to keep the true course perpendicular to the channel as soon as possible according to the International Regulations for Preventing Collisions at Sea 1972 (COLREGs). Without loss of generality, we assumed that a ship will cross the whole channel vertically, which will have an impact on ships entering and leaving the port within the channel. Accordingly, the ship domain was also treated as a regular rectangle. For the short axis crossing the domain, this model set it as four cells, which are equal to the channel width. The major and minor axes crossing the ship’s neighborhood were derived as follows:


   R  c r o   = [    W   V  c r o     ×  V  a v e   +  D  s a f   +  B  c r o      L c    ]  



(2)




where Rcro is the long axis of the crossing ship domain and W is the fairway width. This model defines this as four cells, which is the width of the channel. Vcro is the crossing ship’s speed, Vave is the average speed of the traffic in the fairway, Dsaf is the length of ship domain in the traffic lane, Bcro is the width of the crossing ship domain and Lc is the cellule length.




3.3. Updating Regulation


This modelling approach is based on the assumption that no congestion is yielded in the maritime area. A regular traffic flow of ships in the channel can be evaluated by the following scenarios:




	(1)

	
Free navigation: a current ship is the first ship or the distance between the current ship and the ship in front is greater than the safe distance, which is not affected by the driving status of the ship in front and maintains a constant speed according to its maximum speed. When the initial state is lower than the maximum speed, it accelerates to the maximum speed [39].




	(2)

	
Following navigation: the following navigation includes an active and a passive following. Active following means that the current driving status can meet the demand of the ship driving, and the ship is willing to follow the ship ahead. Passive following means that the current driving cannot meet the demand (such as the speed of the forward ship is too slow, or does not meet the economic speed, etc.), overtaking safety conditions are also not satisfied (such as blocking in the opposite direction of the traffic lane, the distance between the current ship and the forward ship is too short, etc.), and the ship can only be forced to slow down to follow the forward ship and sail at the previous speed.









1)→Free Navigation Rules



Free navigation means that the distance between the current ship and the fore ship is greater than the safe distance. This is not affected by the running status of the fore ship and maintains a constant speed according to its normal speed. When the initial status is lower than the normal speed, it accelerates to the normal speed.


             v n  ( t + 1 ) = min (  v n  ( t ) + 1 ,  v  max   )     i f : g a  p n  ( t ) <  d  s a f  n  ( t )           g a  p n  ( t ) =  x  n + 1   ( t ) −  x n  ( t ) − 0.5 (  L n  +  L  n + 1   ) + (  v  n + 1   −  v n  )        d  s a f  n  ( t ) =  R  f o r e  n  +  R  a f t   n + 1          



(3)




where   g a  p n   t    is the gap between the current ship and the fore ship taking into consideration the so-called membership degree and the speed difference,    d  s a f  n   t    denotes the safe ship domain,     L n    and    L  n + 1     are the number of cells occupied by the current ship n and the forward ship n + 1, respectively.



This formula is a mathematical model that describes the iterative relationship between the ship’s speed at the next moment and the ship’s speed at the current moment. In this discrete power system, the speed of the own ship at the next moment is determined by the current relative position and the relationship between the current own ship and the front and rear ships, the captains of the own ship and the front and rear ships, and the speed of the own ship and the front and rear ships.



2)→Following Navigation Rules



As shown in Formula (4),   ∆ v   is the speed difference between the own ship and the previous ship, r is the difference between the distance between two adjacent ships and the safe distance at time t. If   ∆ v > r  , the ship should decrease its speed in an emergency until the speed is not higher than the ship ahead, or should increase the speed to overtake. If   ∆ v < r  , the ship will decrease its speed gradually. However, if   ∆ v < 0  , the ship’s speed is less than the ship ahead; therefore, the ship’s speed could be increased gradually by the free navigation rules. P is a constant greater than 1. The specific size will be discussed in the follow-up research.


             v n  ( t + 1 ) =  v  n + 1   ( t )     i f : 1 <    v n  ( t )    v  n + 1   ( t )   ≤ P                        v n  ( t + 1 ) = min (  v n  ( t ) + 1 ,  v  max   )     i f : Δ v < r           r = g a  p n  ( t ) −  d  s a f  n  ( t )           Δ v =  v n  ( t ) −  v  n + 1   ( t )           1 <    v n  ( t )    v  n + 1   ( t )   ≤ P        



(4)







When the ship is close enough to the previous ship, the ship can no longer follow the rules of free navigation. In this case, it is necessary to add variables to judge the positional relationship between the own ship and the preceding ship, and the navigation state in discrete time segments to avoid accidents. The two variables r and P were added here to refine the judgment standard of the relative relationship between the two ships, making the follow-up rules more stringent.



3)→Overtaking Regulation



A two-way fairway includes two traffic lanes. The right channel is the default channel, and the left is the overtaking channel. After overtaking, the ship enters the left channel, but the retrieval update keeps pace with the right channel. Therefore, if the pilot has the intention to chase, in addition to maintaining a safe transverse distance, they should also reasonably judge whether the channel meets the conditions for overtaking and try to reduce the ship’s parallel timing. As long as the following overtaking conditions are met, the overtaking can be carried out and the situation of overtaking can be recorded. The following overtaking rules were estimated for the convenience of the simulation. The following three conditions should be satisfied, and they were established not only for the overtaking procedure but also for the return back to the original traffic lane (Figure 4).



	(1)

	
The safe distance range between the overtaking ship and the overtaken ship that is about to enter the front ship;




	(2)

	
The speed of the rear ship is greater than that of the front ship;




	(3)

	
No other ships are running in parallel.







If these three points are satisfied, overtaking can be carried out. The model for alternating traffic lane overtaking is expressed as Formula (5). After overtaking has finished, Formula (6) is used to return to the original traffic lane. The relevant variables are illustrated in Figure 4.


             v n  ( t + 1 ) =  v  n + 1   ( t )     i f : 1 <    v n  ( t )    v  n + 1   ( t )   ≤ P                        v n  ( t + 1 ) = min (  v n  ( t ) + 1 ,  v  max   )     i f : Δ v < r           r = g a  p n  ( t ) −  d  s a f  n  ( t )           Δ v =  v n  ( t ) −  v  n + 1   ( t )           1 <    v n  ( t )    v  n + 1   ( t )   ≤ P        



(5)






         d n  l −   ( t ) ≥  d  s a f   n − 1   ( t ) ≥  v  max          d n  l +   ≥  d  s a f  n  ( t )        



(6)




where    d n  l y    t    is the number of cells between the current ship and the ‘after’ ship, l denotes the other traffic lane (if the vessel is under overtaking, l depicts the left traffic lane). If it has finished overtaking, l is the right traffic lane), y could be set to + or −, the former means the ‘fore’ ship, the latter is the ‘after’ ship.



We considered ships navigating in the fairway. The crossing ships and obstructing ships do not perform the update rules, these rules only impact ships in the fairway. The neighbor ranges of the above two kinds of ship and the overtaking rules of acceleration will record a crossing or obstruction encounter; therefore, the cellular attribute variables will be updated accordingly. In the simulation system, the regional rule of fairway priority was formulated, that is, all the crossing ships will avoid the direct ships in the fairway. When the ship comes to the cell where the interleaving region of the branch channel and this channel is located, if there is an opposite incoming ship in the interleaving region, the cell can record the encounter situation of the first interleaving region and attribute variables.





4. Risk Weight and Appraisal


It is widely known that stillness is a relative concept while motion is a much more absolute notion, so the establishment of a risk index system should be able to dynamically, timely, and accurately reflect the navigation status of a given ship. However, in existing early warning indicators, there is a lack of a dynamic tracking of ships and ship traffic flow parameters, such as ship speed, encounter time, and sensitive waters. The index system suggested by our approach not only dynamically reflects the safety status of the port area, such as meteorology and hydrology, but it also dynamically tracks the navigation of a single ship, reflecting the navigation risk level of a given ship.



When pursuing efficient safety management, there is a clear need to perform comprehensive real-time monitoring of vessel navigation in port waters. In fact, early warning indicators should be obtained in real time to support real-time monitoring. In existing traffic safety warning index systems, real-time warning indices are most often available, so these cannot support rapid and efficient responses. We propose an index system that eliminates the disadvantages of such indexes, highlights real-time performance, and reflects the natural environment, navigation orders and status, and the location of the ship in sensitive waters. A real-time early warning index system should not only monitor ship navigations in port waters, but should also provide local monitoring of ships, which makes the system more efficient [40,41]. We propose a real-time traffic flow assessment system based on historical marine accident data and expert knowledge derived from a questionnaire-based input, which is summarized in Figure 5.



4.1. Appraisal Model


4.1.1. Expert Scoring Method Combined with the Cloud Model


After defining a real-time traffic flow risk assessment index, a crucial step is to determine the weight of each impact index for the risk assessment model. Figure 5 identifies the contents of the parameters of each level of the evaluation system, followed by the corresponding weights associated with the indicators of each level. An expert scoring method is hereafter combined with the cloud model to determine the weight of the different parameters [42].



The principles behind the cloud model were first introduced by Li et al. (1995) based on the fuzzy set theory, statistics, and probability techniques [43]. It has the ability to express ambiguity and randomness in the representation of human knowledge. In past years, the cloud model has been widely used in the fields of imprecise knowledge representation, intelligent control, and system evaluation data mining [44]. A navigation risk assessment of the target water area is a typical multi-level and multi-attribute complex evaluation problem that fits very well with the principles behind the cloud model. It integrates expert evaluations when determining the importance of each index. Given insufficient statistical data and the degree of expert knowledge vagueness, the cloud model can well incorporate the influence of these uncertainties and randomness in the evaluation process [45,46].



Based on expert ratings, we first applied the backward cloud generator algorithm to generate cloud digital features for a certain index. In order to reflect as much as possible the expert evaluation, the forward cloud generator algorithm was then used to generate the expert evaluation cloud map of this indicator. If the cloud droplet distribution of the index weight was relatively scattered, feedback and correction were performed until a more concentrated and stable cloud image was achieved. Further technical details on the specific calculation steps have been widely described in related works [44,46].




4.1.2. Real-Time Traffic Risk Assessment Model


There are many indices affecting the overall navigation risk of the waters as shown in Figure 5. In particular, many ambiguities and uncertainties still remain for each evaluation factor. This led us to evaluate the navigation risks of a given water area based on a fuzzy comprehensive evaluation method. Fuzzy comprehensive evaluation is systematic analysis method that applies fuzzy mathematics principles to analyze things associated with a degree of “fuzziness” [47]. Fuzzy reasoning is a qualitative and quantitative analysis and evaluation method, which combines precision and imprecision. This method has unique advantages when dealing with various complex system problems which are difficult to describe mathematically.



The basic steps of the ship real-time traffic flow risk assessment model based on fuzzy comprehensive evaluation are as follows:



(1)→Determine the respective factor set of the evaluation index.



The evaluation factor set is given by the set of indexes composed of the elements at all levels in the evaluation target, which is set as     U =    u 1  ,  u 2  , … ,  u m     . The evaluation factor set U contains m evaluation indexes, indicating from which aspects the evaluated object can be evaluated, and the evaluation factors can be classified according to their attributes. For example, for the assessment of a ship’s navigation risk, the first level evaluation index should include crew factors, ship factors, and environmental factors, as shown in Table 1.



(2)→Determine the semantic set of the evaluation object.



The semantic set is a set of evaluation grades and is set as     V =    v 1  ,  v 2  , … ,  v n     . It indicates that the evaluation factor set U contains m evaluation indicators, where    V j    represents the jth evaluation level and n represents the number of evaluation levels. The specific evaluation level can be described according to the evaluation content.



(3)→Determine the weight set of the index.



Let the weight set of the evaluation object be   W =    w 1  ,  w 2  , … ,  w m     , where    w i  ≥ 0  , and     ∑   i = 1  m   w i  = 1  ; the quantitative expression of the weight value of each factor reflects the importance of each factor. In the method of determining weights, the expert scoring method is combined with the cloud model, which combines fuzziness and randomness to improve the accuracy of qualitative evaluation.



(4)→Evaluation index data processing.



As for the quantitative index, since the quantitative index has different units and dimensions, it is necessary to convert the original index value into the corresponding evaluation value. When the actual value of the quantitative index is larger, the risk assessment value is larger; when the actual value of quantitative index is larger, the risk assessment value is smaller.



As for the qualitative indicators, the evaluation value of the qualitative indicators is determined by the expert scoring method. Several experts in related fields were invited to inform the experts on the evaluation objects and evaluation criteria. The average score of the cloud chart was taken as the evaluation value of the qualitative index.



(5)→Construct a fuzzy relation matrix.



Membership degree is the most basic and important concept of a fuzzy comprehensive evaluation. The so-called membership degree    r  i j       refers to the degree that multiple evaluation factors make    v j      an evaluation on    u i    of an evaluation object. The membership vector is assumed to be    R i  =    r  i 1   ,  r  i 2   , … ,  r  i m     , i = 1 , 2 , … , n   and the object from a single index evaluation of the membership of each subset is determined when constructing the membership functions. Some typical membership functions are referred to, such as trapezoidal distribution, made distribution, triangular distribution, and commonly used trapezoidal distribution functions including left trapezoid distribution, right trapezoid distribution and trapezoidal distribution. Formula (7) of the fuzzy relation matrix is obtained by synthesizing the evaluation membership degree of multiple factors.


   R t  =        r  t 11            r  t 12       …          r  t 1 m              r  t 21         …                  r  t 22         …             …       …                  r  t 2 m         …            r  t m 1            r  t m 1       …          r  t m m          



(7)







(6)→Fuzzy comprehensive evaluation.



In order to apply a fuzzy comprehensive evaluation, the additive synthesis operator   M   · , +    . When there are many factors sets, the operator can avoid losing information so they can comprehensively consider the influence of all factors and retain all the information of the evaluation results of each single factor, namely, Formula (8):


   S t  = W ·  R t  = (  w 1  ,  w 2  , … ,  w m  ) ·        r  t 11            r  t 12       …          r  t 1 m              r  t 21         …                  r  t 22         …             …       …                  r  t 2 m         …            r  t m 1            r  t m 1       …          r  t m m         = (  s  t 1   ,  s  t 2   , … ,  s  t m   )  



(8)







(7)→Real-time risk assessment of a single ship at a given time.



According to the fuzzy comprehensive evaluation method, the ship’s risk in the traffic flow can be obtained. The intermediate value   V =    v 1  ,  v 2  , … ,  v n        of the evaluation grade is taken, and the weighted average method is adopted to obtain the risk assessment of a single ship’s traffic flow in a certain period of time.    S t    calculated in Step Six and  V  here can be used to calculate the risk value of a single ship’s traffic flow in a certain period of time. The formula is as follows:


   P i  ( t ) =  S t  ·  V T   



(9)







(8)→Real-time risk assessment model for ship traffic flow.



Through the calculated risk value of a single ship, the risk assessment of the whole ship traffic flow can be carried out. Because of the maximum risk, the ship has a great influence on the risk degree of the whole ship traffic flow. Therefore, two factors are taken into consideration here: one is the overall risk value of the ship in the period; the other is a consideration of the ship with the maximum risk and the assignment of different weights to it, that is as follows:


  E = A ·  1 n    ∑  i = 1  n    P i  ( t ) + B   · max (  P i  ( t ) )  



(10)







While A represents the overall risk weight value of the ship, B is the weight value of the vessel at maximum risk. A and B are determined by combining the expert scoring method with the cloud model.



(9)→Risk assessment of a single ship over a total period.



To observe the differences in the risks of each ship in the total time period, it is necessary to carry out the risk assessment for a single ship in the given period:


  E = A ·  1 n    ∑  i = 1  n    P i  ( t ) + B   · max (  P i  ( t ) )  



(11)







While t represents the total period of risk assessment.





4.2. Experiments


4.2.1. Real-Time Traffic Flow Risk Evaluation Index


Experts identified for the expert scoring were researchers, captains, and practitioners of the Maritime Safety Administration. Through expert scoring (questionnaires were distributed to experts to rate the importance of the above indicators), the detailed weight rating table of each index was collected and combined with the forward cloud model generator which was used to generate the weight rating cloud map of each index [48,49].



As shown in Figure 5, the risk indicators were divided into three levels, and the survey results of the weight of each indicator at each level were fed back and corrected by the cloud model [50,51]. The risk index evaluation system is a tree structure: the first layer is from the human, ship, and environmental factors, and then from the first layer of the basis of the bifurcation. The relative weights determined by the expert scoring method combined with the cloud model of the port water area real-time traffic flow risk assessment index system are shown in Table 1.




4.2.2. Real-Time Traffic Flow and Ship Risks in a Port


To apply and evaluate the quantitative index evaluation approach, AIS data of 20 ships in Gulei Port, Zhangzhou, China, on 25 May 2019 were collected by an AIS receiver. In order to value the qualitative evaluation index of the real-time traffic flow risk evaluation system of the Gulei Port, these evaluation values were directly given by experts [52].



To apply the fuzzy comprehensive evaluation method for the risk assessment, a port water real-time traffic flow collection was performed. The index information from a vessel traffic flow of 20 ships was evaluated by combining quantitative and qualitative indices. The ship navigation evaluation grade was valued, and the ship’s navigation risk evaluation in port waters was divided into “low risk”, “lower risk”, “general risk”, “high risk” and “higher risk”, with each grade corresponding to the numerical scoring interval [0, 2], (2, 4], (4, 6], (6, 8). The membership of each basic index was determined by Formulas (12)–(16) to form the membership evaluation matrix.


   r  t i 1   =          1     x  t i   < 1.5               2.5 −  x  t i       1.5 <  x  t i   < 2.5              0    e l s e            



(12)






   r  t i 2   =            x  t i   − 1.5     1.5 <  x  t i   < 2.5                  1      4.5 −  x  t i               2.5 <  x  t i   < 3.5       3.5 <  x  t i   < 4.5                  0    e l s e            



(13)






   r  t i 3   =            x  t i   − 3.5     3.5 <  x  t i   < 4.5                  1      6.5 −  x  t i               4.5 <  x  t i   < 5.5       5.5 <  x  t i   < 6.5                  0    e l s e            



(14)






   r  t i 4   =            x  t i   − 5.5     5.5 <  x  t i   < 6.5                  1      8.5 −  x  t i               6.5 <  x  t i   < 7.5       7.5 <  x  t i   < 8.5                  0    e l s e            



(15)






   r  t i 5   =           8.5 −  x  t i       7.5 <  x  t i   < 8.5              1    8.5 <  x  t i                0    e l s e            



(16)







   x  t i    —the evaluation value of the ith index in the period t;



By the algorithm mentioned above, the weights of each index and the fuzzy evaluation matrix were calculated by using the fuzzy operator addition and synthesis operator, and the risk assessment of a ship in a time period was obtained.



(1)→Real-time vessel traffic flow risk assessment.



The traffic flow evaluation for a given port takes into account the whole port traffic flow and the risk in the water area that evolves over time. Based on the historical traffic flow data of a given port, a traffic flow simulation of a section of a given route can be carried out. The main statistics of the ship’s changing parameters encompass ship speed, the number of encounters between ships, and the number of encounters between ships in the given water area. Combined with the existing risk assessment of a single ship in a certain period, Formula (10) was used to consider whether the maximum risk of ships has a greater impact on the overall traffic flow risk, and the weights of parameters A and B, 0.4 and 0.6, respectively, were used to calculate the changes in the overall traffic flow risk. Taking each time point as a node, the overall traffic risk of the target water area was calculated, and the risk-time curve was drawn. The results are shown in Figure 6.



At the initial stage of the ship traffic flow simulation in port waters, as the ship just enters the traffic flow, its speed is low, and the number of encounters between ships is low, and in sensitive waters, the overall risk of traffic flow is low. In the middle stage of the ship traffic flow simulation in port waters, the number of encounters between ships will increase, and the number ships in sensitive waters will increase as well. The overall traffic flow risks will rise. In the late stage of ship traffic flow simulation in port waters, most ships have completed their navigation due to their proximity to the simulated tail section, and the number of ships passing through sensitive waters gradually decreases, so the risk trend of the overall ship traffic flow starts to decline. The appearance of the inflection point in the figure is also caused by the reduction in the number of encounters between ships and the reduction in risk. This conforms to the actual simulation of ship traffic flow in port waters.



(2)→Risk assessment of each ship in port waters over a given period



For the risk assessment of each ship in port waters for a given period, the risk value of a single ship in the given period can be calculated. Similarly, the risks associated with our sample of 20 ships can be calculated as shown in Figure 7.



The x-axis represents the ship ID, and the y-axis represents the risk value of each ship during the given period. The analysis of the evaluation results shows that the vessel with the highest risk is the vessel with the number five ID, which has the highest length, the lowest draft, and a relatively high-risk level due to the higher occurrence times of the vessel. The ship numbered 19 has a lower speed, fewer encounters, and a lower risk level in the overall voyage. According to the statistical method, the high-risk ships in ship traffic can be identified effectively. This will prompt the relevant departments to make timely preparations to reduce the intensity of maritime supervision work and will reduce maritime risks and accidents.



(3)→Risk assessment of changing ship speed



Based on the real-time risk assessment of existing ships in port waters, the risk variation of ship traffic flow was simulated after a ship changes its speed. The vessel with the MMSI vessel identification number 800000842 was selected to reduce the vessel speed at period four. The comparison diagram of the change of ship speed traffic flow risk is shown in Figure 8.



The blue line represents the variation of ship traffic flow risk before the ship changes speed, with the risk first increasing and then decreasing. The orange line indicates that the risk of ship traffic flow increases after the ship changes speed and then decreases slightly. The orange curve and the blue curve begin to bifurcate at time node three, while the ship of No. 800000842 decreases. Over period four, due to the decrease in ship speed, the ship traffic flow changes, resulting in an increase in the number of encounters between ships in the main channel and the number of encounters between ships in sensitive waters, and a corresponding increase in the risk of ship traffic flow. The risk assessment of a single ship changing its speed in the port area can effectively discover the dynamic risk change of ship traffic flow after the changes of ship speed.



(4)→Risk assessment of visibility changes



Based on the existing real-time risk assessment of traffic flow of vessels in port waters, real-time traffic flow risk changes in port waters were observed by reducing visibility. The comparison diagram of real-time traffic flow risk changes in port waters is shown in Figure 9.



To illustrate the analysis of the evaluation results, the blue line represents the change of vessel traffic flow risk before the changes in visibility, with the risk increasing first and then decreasing. The orange line indicates that the overall trend of the vessel traffic flow risk after the changes in visibility is similar to that before the changes in visibility. However, the overall risk of ship traffic flow increases with the decrease in visibility. This is in line with the actual ship traffic flow risk situation. Overall, the real-time risk assessment model of ship traffic flow can effectively evaluate the real-time risk changes of ship traffic flow when the visibility changes.






5. Conclusions


This paper introduced a dynamic risk appraisal framework, the objective of which was to address the real-time traffic risk appraisal problem in the fairway. The approach considered static indicators of ship navigation risk based on the simulation of the fairway based on cellular automata and risk indicator statistics. The weight of each risk indicator was determined by combining the cloud model and an expert-based questionnaire. Finally, a fuzzy comprehensive evaluation was used to determine the navigation risk of the channel waters. The proposed approach includes a dynamic traffic flow simulation and a static risk assessment. A dynamic risk assessment of different water areas can be based on the chart to model the channel of the target water area and input the initial traffic flow information. The proposed approach is scalable. Overall, that approach could be used to predict the maritime traffic in real time. The experiments show a satisfactory efficiency and correctness of the whole framework.



Nevertheless, there are still a few model limitations. For example, a CA-based traffic microsimulation model was designed without taking into consideration the vessels outside of the fairway, which will seriously degrade the accuracy of the prediction. Moreover, ship behavior is affected by the traffic and the environment. Some parameters, such as the overtaking possibility, should be obtained from the large data history to improve the accuracy of the prediction. Furthermore, the AIS data mining technology involvement research deserves deeper study, which may benefit the efficiency of the model.







Author Contributions


Y.S.: Conceptualization, Methodology, Writing-original draft, writing-review & editing. Z.S.: Data Curation, Methodology, software, writing-review & editing, visualization. C.C.: supervision, writing-review. S.Y.: Funding acquisition, project administration, resources, writing-review. Z.Z.: software, validation, writing-original draft. All authors have read and agreed to the published version of the manuscript.




Funding


This paper is supported by the National Natural Science Foundation of China (51579114, 51879119) and by the Natural Science Foundation of Fujian Providence of China (2020J01660, 2018J01484). The authors wish to express thanks to the postgraduates Yifan Zhao and Wuhan Hong for their helpful preliminary work and experiment cooperation. The authors also wish to thank the reviewers for valuable comments and suggestions.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analysis, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



International Association of Marine Aids to Navigation and Lighthouse Authorities (IALA). IALA Vessel Traffic Services Manual. 2021. Available online: https://indd.adobe.com/view/56fb7835-cee5-4423-9fff-724d2ea4b5c3 (accessed on 9 July 2021).

	



Kharchenko, V.; Vasylyev, V. Decision-Making System for Vessel Traffic Planning and Radar Control. In Proceedings of the First European Radar Conference, Amsterdam, The Netherlands, 11–15 October 2004. [Google Scholar]

	



Nuutinen, M.; Savioja, P.; Sonninen, S. Challenges of developing the complex socio-technical system: Realising the present, acknowledging the past, and envisaging the future of vessel traffic services. Appl. Ergon. 2006, 28, 513–524. [Google Scholar] [CrossRef]

	



Lützhöft, M. “The technology is great when it works”: Maritime Technology and Human Integration on the Ship’s Bridge. Ph.D. Thesis, Linköping University, Linköping, Sweden, 2004. [Google Scholar]

	



Aichhorn, K.; de Bedoya, C.C.; Berglez, P.; Cabeceira, M.L.; Troger, M.; Kemetinger, A. Maritime volumetric navigation system. In Proceedings of the 25th International Technical Meeting of the Satellite Division of the Institute of Navigation, Nashville, TN, USA, 17–21 September 2012; pp. 3651–3657. [Google Scholar]

	



Mallam, S.C.; Lundh, M. The physical work environment and end-user requirements: Investigating marine engineering officers’ operational demands and ship design. Work 2016, 54, 989–1000. [Google Scholar] [CrossRef]

	



Van de Merwe, F.; Kähler, N.; Securius, P. Crew-centred Design of Ships—The CyClaDes project. Transp. Res. Procedia 2016, 14, 1611–1620. [Google Scholar] [CrossRef]

	



Costa, N.A.; Lundh, M.; MacKinnon, S.N. Identifying Gaps, Opportunities and User Needs for Future E-Navigation Technology and Information Exchange; Springer International Publishing: Cham, Switzerland, 2018. [Google Scholar]

	



Costa, N.A.; Lundh, M.; MacKinnon, S.N. Non-technical communication factors at the vessel traffic services. Cogn. Technol. Work 2018, 20, 63–72. [Google Scholar] [CrossRef]

	



Man, Y.; Lützhöft, M.; Costa, N.A.; Lundh, M.; MacKinnon, S.N. Gaps Between Users and Designers: A Usability Study About a Tablet-Based Application Used on Ship Bridges. In Proceedings of the International Conference on Applied Human Factors and Ergonomics, Los Angeles, CA, USA, 17–21 July 2017; Springer: Cham, Switzerland, 2017. [Google Scholar]

	



Praetorius, G.; Lützhöft, M. Decision support for vessel traffic service (VTS): User needs for dynamic risk management in the VTS. Work 2012, 41, 4866–4872. [Google Scholar] [CrossRef] [PubMed]

	



Rausand, M. Chapter 1: Introduction. In Risk Assessment: Theory, Methods, and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2013; pp. 1–28. [Google Scholar]

	



Baldauf, M.; Wiersma, E. Risk Recognition and Collision Avoidance by VTS Operators. IFAC Proc. 1998, 31, 239–244. [Google Scholar] [CrossRef]

	



Mehdi, R.; Baldauf, M.; Deeb, H. A dynamic risk assessment method to address safety of navigation concerns around offshore renewable energy installations. J. Eng. Marit. Environ. 2019, 234, 231–244. [Google Scholar] [CrossRef]

	



Relling, T.; Lützhöft, M.; Hildre, H.P.; Ostnes, R. How vessel traffic service operators cope with complexity—Only human performance absorbs human performance. Theor. Issues Ergon. Sci. 2019, 21, 418–441. [Google Scholar] [CrossRef]

	



Van Westrenen, F.C. The Maritime Pilot at Work: Evaluation and Use of a Time-to-Boundary Model of Mental Workload in Human–Machine Systems. Ph.D. Thesis, Delft University of Technology, Delft, The Netherlands, 1999. [Google Scholar]

	



Robert, G.; Hockey, J.; Healey, A.; Crawshaw, M.; Wastell, D.G.; Sauer, J. Cognitive demands of collision avoidance in simulated ship control. Hum. Factors 2003, 45, 252–265. [Google Scholar] [CrossRef]

	



Van Westrenen, F.; Ellerbroek, J. The effect of traffic complexity on the development of near misses on the North Sea. IEEE Trans. Syst. Man Cybern. Syst. 2015, 47, 432–440. [Google Scholar] [CrossRef]

	



Van Westrenen, F.; Praetorius, G. Maritime traffic management: A need for central coordination? Cogn. Technol. Work 2014, 16, 59–70. [Google Scholar] [CrossRef]

	



Van Westrenen, F.; Baldauf, M. Improving conflicts detection in maritime traffic: Case studies on the effect of traffic complexity on ship collisions. J. Eng. Marit. Environ. 2020, 234, 209–222. [Google Scholar] [CrossRef]

	



Relling, T.; Praetorius, G.; Hareide, O.S. A socio-technical perspective on the future Vessel Traffic Services. Necesse 2019, 4, 112–129. [Google Scholar] [CrossRef]

	



Aylward, K.; Johannesson, A.; Weber, R.; MacKinnon, S.N.; Lundh, M. An evaluation of low-level automation navigation functions upon vessel traffic services work practices. WMU J. Marit. Aff. 2020, 19, 313–335. [Google Scholar] [CrossRef]

	



Hueffmeier, J.; Berglund, R.; Porthin, M.; Rosqvist, T.; Silvonen, P.; Timonen, M.; Lindberg, U. Dynamic Risk Analysis Tools/Models; SSPA Sweden AB: Gothenburg, Sweden, 2012. [Google Scholar]

	



Hüffmeier, J.; Wilske, E.; Grundevik, P. BaSSy—Decision Support Tool for VTS Operators; SSPA Sweden AB: Gothenburg, Sweden, 2009. [Google Scholar]

	



Virjonen, P.; Nevalainen, P.; Pahikkala, T.; Heikkonen, J. Ship Movement Prediction Using k-NN Method. In Proceedings of the 2018 Baltic Geodetic Congress (BGC Geomatics), Olsztyn, Poland, 21–23 June 2018; pp. 304–309. [Google Scholar]

	



Cazzanti, L.; Pallotta, G. Mining maritime vessel traffic: Promises, challenges, techniques. In Proceedings of the OCEANS 2015-Genova, Genova, Italy, 18–21 May 2015; pp. 1–6. [Google Scholar]

	



BRhodes, B.J.; Bomberger, N.A.; Zandipour, M. Probabilistic associative learning of vessel motion patterns at multiple spatial scales for maritimesituation awareness. In Proceedings of the 2007 10th International Conference on Information Fusion, Quebec, QC, Canada, 9–12 July 2007; p. 18. [Google Scholar]

	



Deng, F.; Guo, S.; Deng, Y.; Chu, H.; Zhu, Q.; Sun, F. Vessel track information mining using AIS data. In Proceedings of the 2014 International Conference on Multisensor Fusion and Information Integration for Intelligent Systems (MFI), Beijing, China, 28–19 September 2014; p. 16. [Google Scholar]

	



Ristic, B. Detecting anomalies from a multitarget tracking output. IEEE Trans. Aerosp. Electron. Syst. 2014, 50, 798–803. [Google Scholar] [CrossRef]

	



Perera, L.P.; Oliveira, P.; Soares, C.G. Maritime traffic monitoring based on vessel detection, tracking, state estimation, and trajectory prediction. IEEE Trans. Intell. Transp. Syst. 2012, 13, 1188–1200. [Google Scholar] [CrossRef]

	



De Vries, G.K.D.; Van Someren, M. Machine learning for vessel trajectories using compression, alignments and domain knowledge. Expert Syst. Appl. 2012, 39, 13426–13439. [Google Scholar] [CrossRef]

	



Pallotta, G.; Vespe, M.; Bryan, K. Vessel pattern knowledge discovery from ais data: A framework for anomaly detection and route prediction. Entropy 2013, 15, 2218–2245. [Google Scholar] [CrossRef]

	



Feng, H. Cellular Automaton Ship Traffic Flow Model Considering Integrated Bridge System. Int. J. u- e- Serv. Sci. Technol. 2013, 6, 111–120. [Google Scholar]

	



Blokus-Roszkowska, A.; Smolarek, L. Application of simulation methods for evaluating the sea waterways traffic organization. ISRN Appl. Math. 2013, 7, 1–9. [Google Scholar] [CrossRef]

	



Numano, M.; Itoh, H.; Niwa, Y. Sea traffic simulation and its visualization in multi-pc system. In Proceedings of the International Congress on Modeling and Simulation, Canberra, Australia, 10–13 December 2001; pp. 2093–2098. [Google Scholar]

	



Xiao, F.; Ligteringen, H.; Gulijk, C.V.; Ale, B. Nautical traffic simulation with multi-agent system for safety. In Proceedings of the 16th International IEEE Conference on Intelligent Transportation Systems (ITSC 2013), The Hague, Netherlands, 6–9 October 2013. [Google Scholar]

	



Convention on the International Regulations for Preventing Collisions at Sea. Available online: http://www.admiraltylawguide.com/conven/collisions1972.html (accessed on 11 May 2021).

	



Fujii, Y.; Tanaka, K. Traffc capacity. J. Navig. 1971, 24, 543–552. [Google Scholar] [CrossRef]

	



Wu, Z.; Wang, X.-J. Study of Vessel Traffic Flow in Inland Waterway. J. Guizhou Univ. (Nat. Sci.) 2014, 31, 118–122. [Google Scholar]

	



Tian, L.; Zhang, Y.; Li, N. Research on real-time warning index system of water traffic safety along the Yangtze river trunk line. Traffic Inf. Saf. 2013, 31, 69–73, 78. [Google Scholar]

	



International Association of Marine Aids to Navigation and Lighthouse Authorities. IALA Guideline – G1124. The use of Ports and Waterways Safety Assessment (PAWSA) MK II tool. 20 June 2017. Available online: https://www.iala-aism.org/product/g1124-use-ports-waterways-safety-assessment-pawsa-mkii-tool/ (accessed on 9 July 2021).

	



Dalkey, N.; Helmer, O. An Experimental Application of the Delphi Method to the use of experts. Manag. Sci. 1963, 9, 458–467. [Google Scholar] [CrossRef]

	



Li, D.; Liu, C. On the universality of the normal cloud model. China Eng. Sci. 2004, 8, 28–34. [Google Scholar]

	



Zhang, L.; Wu, X.; Chen, Q.; Skibniewski, M.J.; Zhong, J. Developing a cloud model based risk assessment methodology for tunnel-induced damage to existing pipelines. Stoch. Environ. Res. Risk Assess. 2015, 29, 513–526. [Google Scholar] [CrossRef]

	



Zhang, L.; Wu, X.; Ding, L.; Skibniewski, M.J. A novel model for risk assessment of adjacent buildings in tunneling environments. Build. Environ. 2013, 65, 185–194. [Google Scholar] [CrossRef]

	



Chen, J.F.; Zhao, S.F.; Shao, Q.X.; Wang, H.M. Risk Assessment on Drought Disaster in China Based on Integrative Cloud Model. Res. J. Appl. Sci. Eng. Technol. 2012, 4, 1137–1146. [Google Scholar]

	



Sur, J.M.; Kim, D.J. Comprehensive risk estimation of maritime accident using fuzzy evaluation method—Focusing on fishing vessel accident in Korean waters. Asian J. Shipp. Logist. 2020, 36, 127–135. [Google Scholar] [CrossRef]

	



He, J.; Wang, L.; Xu, S. Enterprise Quality Performance Evaluation based on cloud Model. Stat. Decis. -Mak. 2018, 34, 172–175. [Google Scholar]

	



Xi, J.; Yang, J. Study on Wuhan inland waters ship navigation safety risk assessment based on the cloud model. In Proceedings of the 2015 International Conference on Transportation Information and Safety (ICTIS), Wuhan, China, 25–28 June 2015. [Google Scholar]

	



Xu, Z.-J.; Zhang, Y.-P.; & Su, H.-S. Application of risk assessment on fuzzy comprehensive evaluation method based on the cloud model. J. Saf. Environ. 2014, 14, 69–72. [Google Scholar]

	



Li, C.L. Uncertain Knowledge Representation Based on Cloud Model. Comput. Eng. Appl. 2004, 40, 32–35. [Google Scholar]

	



Zhu, J.; Lan, P.; Xu, S. Comprehensive evaluation method for port navigation safety. China Marit. Navig. 2015, 38, 79–82. [Google Scholar]








[image: Sensors 21 04741 g001 550] 





Figure 1. Overall method diagram. 
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Figure 2. Channel simulation. 
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Figure 3. Ship domain cellular. 
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Figure 4. Key parameters to consider when overtaking. 
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Figure 5. The real-time traffic flow risk assessment index system. 
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Figure 6. Real-time traffic flow risk variation diagram of port waters. 
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Figure 7. Risk statistical chart of 20 ships in a traffic flow. 
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Figure 8. Comparison of changes in ship speed, traffic flow risk. 
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Figure 9. Comparison of traffic flow risk changes with changing visibility. 
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Table 1. Relative weight of the real-time traffic flow risk assessment index system of port waters.
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	Each Sub-Item of the First-Level Index
	Sub-Items of Secondary Indicators
	Each Sub-Item of the Three-Level Index





	The crew factors 0.387
	Length of service 0.565
	



	
	History of demerit points 0.435
	



	Ship factors
	Type of ship 0.221
	



	0.286
	Ship Condition 0.265
	Age of ship 0.484



	
	
	PSC 0.516



	
	Ship Condition 0.25
	Ship length 0.359



	
	
	Length to width ratio 0.272



	
	
	Ship draft 0.37



	
	Ship speed 0.265
	



	Environmental factors
	Hydrologic Weather 0.343
	leeway and drift angle 0.494



	0.328
	
	Visibility 0.506



	
	Encounter situation 0.269
	Overtaking count 0.313



	
	
	Crossover count 0.385



	
	
	Encounter count 0.302



	
	Encounter water 0.389
	Anchorage access count 0.226



	
	
	Shallow water and rocks count 0.298



	
	
	Track Convergence count 0.298



	
	
	Ordinary waters 0.177
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
s

6

7

89 1011 12 13141516 17 18 19 20
ship number





media/file4.png
(b) Fairway grid modelling.

(a) Overall Map of Gulei.





nav.xhtml


  sensors-21-04741


  
    		
      sensors-21-04741
    


  




  





media/file18.png
5.15

5.1

5.05

risk
(9]

495

49

485

4.8

2 4 6

—&— Before the change —@— After the change

time

10





media/file16.png
risk

1 2 3 4

—@— Before the change speed —@— After change speed

time





media/file2.png
Analyze the characteristics of port traffic

flow

l

Prediction model of channel traffic flow

based on CA
I

I

}

Cellular and cellular space

Virtual grid mapping of
waterways/ships

Cellular model

Classification of navigation
behavior

Updating regulation

Combine theory with
practice of navigation

VTS decision support model based on traffic

flow prediction
|

l

Risk assessment

Risk index and weight

}

VTS decision support

Find the optimal decision






media/file5.jpg
gap, (t)

“
L

g
R'tore






media/file3.jpg





media/file1.jpg
Analyze the characteristics of port traffic
Tlow

|

Prediction model of channl traffic flow

based on CA
L 1

Cellular and celluar space Callutar model Updating regutation

Virtual grid mapping of | | Clasification of navigation | | Combine theory with

waterways/ships behavior practice of navigation

n support model based on traffic
flow prediction
L

Risk assessment

index and weight Find the optimal decision






media/file7.jpg
|
JEE R

S e





media/file10.png
‘ Real-time traffic flow risk assessment
i m

The crew
factors
History
Length .
o of
. demerit
service S

v

The ship factors

Type
of

ship

Ship
Condition

Ship
speed

[

Environmental
factors

v I v
Hydrologic Encounter
weather situation

Cross-  Enco-

over unter
count count

Encounter
1

count

Track

o

rgence
count

onve-

Ordin-

ary
waters





media/file12.png
=
2495

=

time





media/file9.jpg
+

3

EL
Hit
EO L
i1
i
11}
H

jit]
1]

b1

By





media/file0.png





media/file14.png
risk

w

o ——

N ——
W ——
A

8 9 10 11 12 13 14 15 16 17 18 19 20

ship number





media/file8.png
B






media/file11.jpg
51

505

faos
49
485

a8

me

10





media/file6.png
gap, (t)

RY fore






media/file15.jpg
496

494

492

a9

488

486

484

1 2 3 a

—&— Before the change speed —8— After change speed

time





media/file17.jpg
515

51

505

risk

495

a9

485

a8

2 4 6

—@— Before the change —— After the change

time

10





