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Abstract


Unmanned Surface Vehicles (USVs) are intelligent machines that have been widely studied in recent years. The safety of USVs’ activities is a priority issue in their applications; one effective method is to delimit an exclusive safety domain around the USV. Besides considering collision avoidance, the safety domain should satisfy the requirements of encounter situations in the COLREGs (International Regulations for Preventing Collisions at Sea) as well. Whereas the model providing the safety domain for the USVs is defined through the experience of the manned ships, a specific model for USVs has been rarely studied. A dynamic navigation safety domain (DNSD) for USVs was proposed in this paper. To construct the model, the essential factors that could affect the navigation safety of the USVs were extracted via a rough set, and the extension functions of these factors were carried out. The DNSD was employed in various situations and compared with the ship domain models of common ships. It was found that the domain boundary can be automatically corrected according to the change in the working conditions when the DNSD is in use. Compared with the Fujii and Coldwell models, the DNSD can provide a larger safety area for a USV’s action of collision avoidance.
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1. Introduction


As a platform that can autonomously run in the ocean, lakes and rivers, USVs (Unmanned Surface Vehicles) can perform various civilian and military works, such as marine surveying and mapping, environmental monitoring, maritime search/rescue and military strikes [1,2,3]. Indeed, USVs have become popular in recent years, with researchers focusing on many related research areas, including collision avoidance [4,5,6], path planning [7,8] and navigation motion control [9,10], etc.



Since the “floatability” and “availability as a means of transport on water” of the vessels, to which Rule 3 of the International Regulations for Preventing Collisions at Sea (COLREGs) applies, are satisfied, USVs should comply with this regulation in any maritime activities like the manned ships do; "unmanned" shall not affect the applicability of the COLREGs to USVs [11,12]. During the voyage, especially in the situations of group navigation or encounters with other ships, it is necessary to maintain an exclusive area around the USVs so as to not allow to be invaded by other ships or obstacles; this area is defined as navigation safety domain (NSD) [13]. The function of the navigation safety domain is to delimit enough sea-room for USVs to choose collision avoidance action in advance, as specified in Rule 8. When the collision cannot be avoided by the action of the give-way vessel alone, the safety domain can give enough sea-room to its own USV to take actions. This would be the best aid to avoid collision, as specified in Rule 17. The size of the navigation safety domain is not only affected by the properties of the USVs and the external environment, but also regulated by the COLREGs. In the COLREGs, the encounter situations between ships are specified, including head-on, crossing and overtaking [11]. Considering that the USVs are frequently overtaken by the rear ships when they are navigating in a group, the situation of “overtaken” was added. In different encounter situations, the actions taken by ships include keeping out of the way or maintaining course and speed; the size of the sea-room required also changes. When the navigation safety domain is violated by other ships or obstacles, the vessel will take collision avoidance actions according to the current situation [14]. In the application of NSD, the encounter situations are briefly defined with violation of the own USV’s domain boundary as the standard [15].



(1) Head-on: According to the Rule 14, head-on refers to when two USVs are meeting on reciprocal or nearly reciprocal courses (within 5° from bow direction to port and starboard) [5]. If the target USVs violate the NSD boundary of own USV, each shall alter course to starboard to avoid collision, as shown in Figure 1a.



(2) Crossing: According to Rules 15–17, crossing refers to when two USVs are encountering each other between the included angle from 5° to 112.5° (port and starboard) [5]. If the target USVsviolate the NSD boundary of own USV, the USV which has other ships on it starboard side is the give-way vessel and shall keep out of the way and avoid crossing ahead of the other USV; the other USV is thus the stand-on vessel and shall keep its course and speed. The small-angle crossing situations are shown in Figure 1b,c, and the large-angle crossing and vertical crossing are similar to that.



(3) Overtaking: According to the Rule 13, a USV shall be deemed to be overtaking when coming up with another vehicle from a bearing of more than 22.5° abaft the beam. When the NSD of the overtaking vehicle is being violated, the overtaking USV shall keep out of the way for the vehicle being overtaken, as shown in Figure 1d.



(4) Overtaken: A USV shall be deemed to be overtaken when coming up by another vehicle from a bearing of more than 22.5° abaft the beam. When the NSD of the overtaken vehicle is being violated, the overtaking USV shall keep out of the way of the vehicle being overtaken, the overtaken USV shall keep its course and speed, as shown in Figure 1e.



Since the ship domain was firstly created by Fujii and Tanaka [13], plentiful ship domains with the consideration of COLREGs have been developed, including the sector model [16], off-centering model [17], arena model [18], restricted water model [19], blocking area model [20], quaternion domain model [21,22], polygon model [23], ice area fleet navigation model [24], dynamic fuzzy model [25] and probabilistic domain model [26]. Most of these models are built by statistical methods, analytical methods and artificial intelligence methods [23]. Collision avoidance [27,28], marine traffic simulation [29,30], navigation risk assessment [26,31,32,33] and optimal path planning [34,35] have been studied by applying these models.



However, although the ship domain of the manned ships has been widely studied and made great progress, how to accurately shape the safety domain for USVs is an issue still concerned about in many researches but has not been well solved. Liu et al. [36] stated that USVs need sufficient space to make collision avoidance reactions; they give static outlines for movable obstacles based on the Fujii model. Sun et al. [37] demonstrated that the USVs can be regarded as particles; the radius of the safety area is half of the ship’s length. The collision avoidance problem of USVs was converted to the expanded obstacle avoidance of the particles. However, this model does not take the impact of environments and encounter situations into account. Song et al. [14] indicated that USVs should have an exclusive "movement zone" in collision avoidance and used circular simplicity as the navigation safety domain for USVs. Lyu et al. [38] illustrated that the safe boundary between one’s own USV and the other ships is expanded according to the sum of the radius of their respective navigation safety domain and the allowable safe distance, albeit the calculating methods of the radius of safety domain should be studied in a further step. It can be seen that the current safety domain models adopted for USVs are mostly that of manned ships, or just oversimplified models. If the USVs apply a failed or unsuitable safety domain for navigation risk assessment or path planning, the accuracy of the results obviously cannot be verified for the inaccuracy of the NSD, which is likely to seriously endanger the navigation safety of the USVs. Therefore, a model of navigation safety domain with better applicability for USVs is essential and will be studied in this paper.



The rest of this article is organized as follows. Section 2 introduces the proposed basic navigation safety domain (BNSD) and validates the application of it. The BNSD is the basis of the dynamic safety domain, which is determined by the dimension parameters and encounter situations of the USVs. Section 3 then describes the process of adopting the rough set theory to extract the essential factors affecting the navigation safety of the USVs, including navigation factors, traffic factors and environmental factors. By using the results obtained in Section 3, Section 4 puts forward the extension function of each factor on the basis of the BNSD and obtains the dynamic navigation safety domain (DNSD). Section 5 contains case studies of the application of DNSD in various environments and encounter situations, as well as a comparative study with the Fujii and Coldwell ship domain models.




2. Models


2.1. Basic Navigation Safety Domain


The basic navigation safety domain (BNSD) proposed in this section is a static model whose boundary is determined by the dimension parameters and encounter situations of the USVs. With adopting the quaternion ship domain (QSD) put forward by Wang et al. [21,22,39] and improving the influence of encounter situations on domain size carried out by Kijima et al. [20], the BNSD for USVs was constructed. The BNSD is an elliptical model with four semi-axes in different directions, as seen in Figure 2. The coefficients of encounter situations were put into the model of the QSD and the calculation methods of the coefficients were given. The mathematical analytic formula of BNSD can be written as follows:


  B N S  D K   = { ( x , y ) |    f ( x , y ; Q ) ≤ 1 , Q = {  R  f o r e   ,  R  a f t   ,  R  s t a r b   ,  R  p o r t   } }  



(1)






  f ( x , y ; Q ) =    (    2 x   ( 1 + sgn   x )  R  f o r e   − ( 1 − sgn   x )  R  a f t      )   2  +    (    2 y   ( 1 + sgn   y )  R  s t a r b   − ( 1 − sgn   y )  R  p o r t      )   2   



(2)






  sgn   x =  {    1 , x ≥ 0     − 1 , x < 0      



(3)






   {     R  f o r e   = L + 0.67 ( 1 + s ( i ) )   A  D 2  +   ( D T / 2 )  2         R  a f t   = L + 0.67   A  D 2  +   ( D T / 2 )  2         R  s t a r b   = B + D T ( 1 + t ( i ) )      R  p o r t   = B + 0.75 D T ( 1 + t ( i ) )      



(4)






  E S = { s ( i ) , t ( i ) ; i = { H e a d - o n ;   C r o s s i n g ;   O v e r t a k i n g ;   O v e r t a k e n } }  



(5)






  E S =  {    s ( i ) =  |  2 −   Δ U    U o     |  ,   t ( i ) = 0.2 ;   i = H e a d - o n     s ( i ) = 2 −  α π  ,   t ( i ) = α / π ;   i = C r o s s i n g     s ( i ) = 1 ,   t ( i ) = 0.2 ;   i = O v e r t a k i n g     s ( i ) =  |  1 +   Δ U    U o     |  ,   t ( i ) =  |  0.5 +   Δ U    U o     |  ;   i = O v e r t a k e n      



(6)







The basic navigation safety domain takes the USV as the origin of the coordinates and delimits the exclusive sea-room around it. In the above equations, Rfore, Raft, Rstarb and Rport are the radii of the navigation safety domain; L and B represent the length and breadth of the vessel; AD is the advance distance, the longitudinal forward distance of the gravity center in the case of the vessel turning 90 ° from the start of steering; DT is the tactical diameter, the transverse distance of the gravity center in the case of the vessel turning 180 ° from the start of steering; s(i) and t(i) are the coefficients of encounter situations, including head-on, crossing, overtaking and overtaken; ∆U is the relative speed represented by U0-U1; U0 and U1 are speeds of own USV and that of the target ship, and α is the relative angle between the courses of own USV and the target ship in a crossing situation.




2.2. Model Validation


The application of the BNSD was verified by using a study object named Dolphin-I. The advance distance and tactical diameter of the USV were measured by field tests. Before the test, the GPS equipment was installed on the vehicle for real-time positioning and for obtaining the turning test data. The positioning accuracy error of the GPS was less than 1.0 m; the installation of the GPS antenna is shown in Figure 3. In the test, the USV was kept on a fixed course until reaching a constant velocity, and then steered with the maximum rudder angles to the port or starboard, respectively, and kept to them. The average values of AD and DT in the multiple tests were taken as the turning data of the USV. The experiment was conducted in Jingye Lake, Tianjin University (see Figure 4). This lake is a calm water lake, without influence of strong waves and currents. The obtained AD and DT were substituted into Equations (2)–(6) to complete the calculation of the domain size. The parameters of Dolphin-I and the turning test data are shown in Table 1.



In order to calculate the domain size, some parameters were assigned. The value of ∆U/U0 in head-on was 0.5, the value of the relative angle α in crossing was 60° and the value of ∆U/U0 in overtaken was −0.5. Then the domain size of each encounter situation was calculated, as seen in Figure 5.



The reasonable spatial space according to various encounter situations can be given by the BNSD. In each situation, Rfore and Rstarb are the longer ones of the four radii and the Raft is usually the shortest, because ships should comply with the COLREGs to steer to starboard to avoid collision [11] in the majority of the cases, thus the sufficient space in fore and starboard should be maintained for collision avoidance and emergency actions. After transiting, the potential jeopardy of the ships and the obstacles to own USV is decreased; the Raft is relatively shorter. In addition, the safety domain that is needed for crossing is the largest. This is because the encounters involved in crossing are the most complicated in the four encounter situations, including small-angle crossing, vertical crossing and large-angle crossing. In the situation of being overtaken, own ship should maintain the course and speed. If necessary, own ship shall slow down the speed and narrow the NSD to make room for the overtaking ship. Therefore, the size of the safety domain in the overtaken situation is small.





3. Extraction of the Essential Factors of Navigation Safety


During the voyage, the lengths of Rfore, Raft, Rstarb and Rport in the navigation safety domain are regulated by various factors and are time-varying. It is obvious that the influence weight of each factor is different, which needs to be determined by further study. The rough set proposed by the Polish mathematician Z. Pawlak [40] is employed to analyze the factors that could affect the size of the navigation safety domain and extract the crucial factors with greater importance for the construction of a DNSD. Rough set theory is a mathematical method for studying incomplete and uncertain knowledge [40,41]; the importance of the influencing factors can be evaluated without a large amount of experimental data. By using the concepts of lower and upper approximation, knowledge hidden in information systems can be unraveled and expressed in the form of decision rules [42].



3.1. Factors Affecting the Size of the Navigation Safety Domain


In order to avoid repetition, factors that were involved in the BNSD were not considered in the construction of the DNSD. Other factors that affected the domain size were divided into navigation factors (NF), traffic factors (TF) and environmental factors (EF); their subsets are defined, respectively, in Table 2.




3.2. Factor Importance


Let   S  = (  U , A , V , f )   be a complete information system where U is a non-empty set, which is called the universe. A is a non-empty finite set of attributes,   A = C ∪ D , C ∩ D ≠ ∅  . C is the condition attribute set with the factors affect the size of NSD. D is the decision attribute set with the size level of NSD. V is the value range of attribute. f is the functional relation set between U and A. R is the equivalent relation on U, defined as


  I N D ( R ) = { ( x , y ) ∈ ( U , U ) | ∀ a ∈ A , f ( x , a ) = f ( y , a ) }  



(7)




  U / I N D ( R )   is the division of U; elements in it are called the equivalent class.



The relation between the factors in Table 2 and the size of the NSD is hard to directly demonstrate and quantitatively express in the decision attribute set, and the essence of the safety domain is the real-time safety evaluation during the navigation, which is reflected in the form of an “inviolable area”. It is stipulated that the safety levels are “safe”, “relatively safe”, “medium”, “relatively dangerous” and “dangerous”. Correspondingly, the higher the degree of safety, the smaller the inviolable area; the higher the degree of danger, the larger the inviolable area. Therefore, the analogy of “size of the navigation safety domain” can be transferred to the “degree of navigation safety”; the mapping between the level of navigation safety and the size of an NSD can be constructed. Let D be the decision attribute set of a rough set; that is, the size of the navigation safety domain. H, is the navigation safety level set. The navigation safety level is defined as the bijection of the safety domain size, where each safety level corresponds to the unique safety domain size or the expansion degree in the BNSD; the mapping relation is shown in Figure 6.



The principles of the importance of the analysis of the factors are as follows:



(1) The discretization of influencing factors and the determination of navigation safety level. The discretization process of the data was carried out on the basis of its properties and objective attributes. For example, the "wind" can be discretized according to the speed level. Because of the mapping relation, the navigation safety level was used instead of the size of the NSD. The principle is that with the rise of the navigation safety level, the NSD narrows.



(2) Attribute value reduction. If   I N D ( R ) = I N D ( R − { r } )  , then r is an attribute that can be deducted in R. If it is independent, then P is said to be an attribute reduction of R. Taking the subset factors in Table 2 as condition attributes and the safety level of the USV as decision attributes, a decision table can be constructed and its attributes should be reduced for further steps.



(3) Calculation of the dependence of the navigation safety on the influencing factors. Let P and Q be subsets of condition attribute C and decision attribute D, respectively, and a be an arbitrary influencing factor, then the dependence of the navigation safety level on each influencing factor can be written as follows:


   γ P  ( Q ) =    |  P O  S P  ( Q )  |     | U |     



(8)






   γ  ( P − { a } )   ( Q ) =    |  P O  S  ( P − { a } )   ( Q )  |     | U |     



(9)




where POSP(Q) is the P positive region of Q and POS (P-{a})(Q) is the P-a positive region of Q. |U| denotes the basis width; that is, the number of factors contained in the theory domain.



(4) Calculation of attribute importance. The importance of an arbitrary impact factor is as follows:


  S i  g  P Q   ( a ) =  γ P  ( Q ) −  γ  ( P − { a } )   ( Q )  



(10)







Because of the number of factors in the condition attributes and the degree of data dispersion are large, the factor importance in the subset of NF, TF and EF were evaluated separately, and then normalized according to the weight of each subset.



(5) Calculation of factor weights and selection of main factors. The importance of each factor was normalized, and the weight was obtained. The weight threshold was set to extract the main factors that have the greatest impact on the navigation safety of the USVs.



The influence factors were discretized and divided into five levels. Among them, the level with the smaller value tends to be more suitable for navigation of ships and needs a smaller safety domain, while the level with a larger value tends to be more unsuitable for navigation of ships or needs to increase the size of the safety domain.



K1 Taking the standard speed VS of USVs as the index, the velocity parameter can be discretized as 1 = (0,VS/4), 2 = (VS/4, VS/2), 3 = (VS/2,3 VS/4), 4 = (3VS/4, VS) and 5 = (VS,+∞).



K2 USVs shall be equipped with various equipment during operation and the maximum load capacity of the USV is T. The dispersion is 1 = (0,T/4), 2 = (T/4, T/2), 3 = (T/2,3T/4), 4 = (3T/4,T) and 5 = (T,+∞).



K3 Refers to the number of obstacles around the NSD, including static and moving obstacles. Take two obstacles as the interval, dispersed as 1 = (0,2), 2 = (2,4), 3 = (4,6), 4 = (6,8) and 5 = (8, +∞).



K4 DCPA refers to the distance to the closest point of approach between own ship and obstacles or other ships. In the COLREGs, it is necessary to give way when there is an overtaking situation, or when another ship is on the starboard side of own ship in a crossing situation. Therefore, in order to maximize the security, the Rport in the BNSD is taken as the dividing index and discretized as 1 = (Rport,+∞), 2 = (3Rport/4, Rport), 3 = (Rport/2, 3Rport/4), 4 = (Rport/4, Rport/2) and 5 = (0, Rport/4).



K5 With the interval of wind scale 1, it is divided into 1 = (1,2), 2 = (2,3), 3 = (3,4), 4 = (4,5) and 5 = (5, +∞).



K6 It is divided by wave height interval of 0.3 m and dispersed into 1 = (0.3,0.6), 2 = (0.6,0.9), 3 = (0.9,1.2), 4 = (1.2,1.5) and 5 = (1.5, +∞).



K7 The velocity interval of surface current is 0.3m/s, which is divided into 1 = (0.3,0.6), 2 = (0.6,0.9), 3 = (0.9,1.2), 4 = (1.2,1.5) and 5 = (1.5, +∞).



K8 The mean sea level to seabed at low tide is adopted and divided by an interval 0.5 m: 1 = (3.0, +∞), 2 = (2.5,3.0), 3= (2.0,2.5), 4 = (1.5,2.0) and 5 = (1.0, 1.5).



K9 Here, Rfore in the BNSD is adopted as the division index and the visibility range is divided into 1 = (5Rfore, +∞), 2 = (4Rfore, 5Rfore), 3 = (3Rfore, 4Rfore), 4 = (2Rfore, 3Rfore) and 5 = (Rfore, 2Rfore).



Similarly, the decision attributes that were discretized and grades 1–5 represented “safe", “relatively safe”, “medium”, “relatively dangerous” and “dangerous”. In the process of establishing the decision table, by changing the assignment of K1-K9 to represent different working conditions, the navigation safety level was based on the results obtained by the preliminary evaluation of the Delphi method [41,42]. In the process of data collection, the expert questionnaire method was adopted. The interviewees included engineers engaged in the research and development of USVs, captains and chief officers with practical collision avoidance experience and doctoral students with relevant research interests. After we made sure that they understand the purpose of this study, we asked them to fill in the questionnaire according to their own knowledge. The interviewees judged the navigation safety level of the USV according to the different working conditions composed of K1–K9. These data were used to extract the essential factors which affect the size of navigation safety domain. After the equivalence attribute reduced, the decision table was obtained, see Table 3.



The importance of the factors in each subset is calculated by Equations (8)–(10), the results are shown in Figure 7 and the computation process is detailed in Supplementary Materials. It is indicated that the importance of the factors is not completely consistent before normalization, in which the instantaneous speed, the numbers of obstacles and the wave are the most significant factors in each subset with an importance of 0.625, 0.70 and 0.35, respectively. It reveals that the navigation safety of the USVs is dramatically affected by these three factors. According to the number of elements in each subset, the importance value of each factor was normalized with a weight of ω = (0.2, 0.3, 0.5). The results are given in Figure 8.



It can be seen that, after normalization, the number of obstacles, with an importance value of 0.21, strongly influences the navigation safety of ships. When the traffic conditions around the route are complicated, the USV should expand its own safety domain to ensure safety. In addition, the impact of waves, instantaneous speed, currents and winds on the safety domain is relatively big; the normalized importance value is 0.175, 0.125, 0.125 and 0.10, respectively. In turn, depth, visibility, DCPA and navigation load are less significant to the navigation safety of the USVs. The USV is a small-scale vessel with a shallow draft and hardly restricted by water depth. If the NSD is not applied, ships need to use the value of the DCPA to judge the possibility of a collision and need to change their course or speed to obtain a larger DCPA. If the judging of the collision avoidance time is based on whether the NSD is violated, the role of DCPA can be replaced. In other words, the critical value of the DCPA is the distance from the USV to the boundary of the NSD.




3.3. Condition Attribute Set Reduction


In the construction of the DNSD, in order to highlight the influence of the essential factors on the domain size, the condition attribute set is reduced by setting an importance threshold of 0.10. The factors below the threshold in Figure 8 are reduced, and the factor set after the reduction is Ω = {K3, K6, K1, K7, K5}. The factors vary within the range narrowed in K1–K9. When any of the factors is extremely severe, the USV has a higher risk of navigation. When the working condition value of all the factors is "5", it is impossible for the USVs to navigate. The importance of the factors in Ω was normalized again to obtain the results shown in Figure 9. After re-normalization, the factor weight vector τ = (0.28, 0.24, 0.17, 0.17, 0.14) and the size relation among the factors have not changed. It should be noticed that the conditional attribute factors were reduced to simplify the model and eliminate the excess in the domain size that was caused by the superposition of factors.





4. Construction of the Dynamic Navigation Safety Domain


Based on the above research, this section will construct a model for USVs that can dynamically adjust the boundary of the safety domain according to the change in the navigation scene. The DNSD was formed by fully considering the expansion effect of various factors on the BNSD. In the relative researches, scholars generally use the method of fuzzy mathematics and membership function [22,33,43,44,45] to study the influence of various factors on navigation safety. In this paper, the influence of each factor on the NSD was given by an extension function. The constructed DNSD shall meet the following requirements:



(1) The DNSD should include the extension function of various factors on the navigation safety domain and quantitatively expand the safety domain boundary by analyzing the actual impact of different factors on the USV.



(2) The DNSD should have good space utilization while ensuring safety and should not blindly expand the domain scope and cause unnecessary collision avoidance actions of the USV. For example, the change of a certain factor should cause the change of a corresponding semi-axial scale in the DNSD, rather than simply changing as a whole.



(3) The size of the DNSD is time-varying or changing elastically with different working conditions.



The DNSD was built by using the main factors extracted in Section 3, which includes the BNSD and the extension function of the factors in Ω. The specific form is as follows:


  D N S D ( t ) = f { B N S D [ ( x , y ) , Q ] ⊕ ξ ( Ω ) ⋅ τ }  



(11)






  ξ ( Ω ) = { ζ (  Ω  N o B   ) , ζ (  Ω  w a v e   ) , ζ (  Ω  s p e e d   ) , ζ (  Ω  c u r r e n t   ) , ζ (  Ω  w i n d   ) }  



(12)






  τ = [ 0.28 , 0.24 , 0.17 , 0.17 , 0.14 ]  



(13)




where the ξ(Ω) is the extension function of main factors to the BNSD, which contains the sub-extension functions ζ(·) of each factor; τ is the weight vector.



4.1. Numbers of Obstacles


The obstacle is the most significant factor affecting the safety of USVs in Ω, but it does not mean that the collision will inevitably occur if the traffic flow is dense. For example, in channels with traffic separation schemes, even a relatively large number of ships create quite an insignificant deterioration of the safety level if all the ships proceed along a fairway, one following the other. Therefore, this extension function is more suitable for chaotic traffic flow or the water area without an obvious channel. Unlike manned ships, the majority of unmanned surface vehicles are not equipped with AIS systems. USVs usually work with radars, sonars and machine vision to obtain the azimuth, the distance as well as the quantity of ships and obstacles nearby [46]. In order to build a universal model of the obstacle extension function, we took the length and breadth of the USV and the number of obstacles in multiple bearings as parameters, and established the sub-extension function ζ(ΩNoB).


  ζ (  Ω  N o B   ) :  {    Δ  R  f o r e   =  n θ  ⋅ L     0  ∘  < θ ≤  90 ∘    /   270  ∘  < θ ≤  360 ∘      Δ  R  a f t   =  n θ  ⋅ L     90  ∘  < θ ≤  270 ∘      Δ  R  s t a r b   =  n θ  ⋅ B    0 ∘  < θ ≤  180 ∘      Δ  R  p o r t   =  n θ  ⋅ B    180 ∘  < θ ≤  360 ∘       



(14)




in which ∆Rfore, ∆Raft, ∆Rstarb and ∆Rport are the expansion values of the BNSD in each semi-axis direction, respectively; and nθ is the number of obstacles in the direction of θ, including moving obstacles and static obstacles. With the increase in the number of obstacles, the navigation safety domain expands linearly on the basis of the original model. At the same time, the sub-model can expand the corresponding semi-axis according to the bearing of the obstacles, which ensures the space utilization in other directions.




4.2. Wave


The waves have impact on the motion state of the USVs, which will weaken the navigation stability and produce deviations from the intended course. For USVs and other surface equipment with small dimensions and a low center of gravity, they can be approximately regarded as a particle moving in the waves and the displacements in the vertical and horizontal directions are as follows [47,48]:


   {    Δ z ( t ) =   ∑  m = 1  M    A m  cos  [  − 2 π  ω m  t +  ϕ m   ]        Δ h ( t ) =   ∑  m = 1  M    A m  sin  [  − 2 π  ω m  t +  ϕ m   ]         



(15)




where the ∆z and ∆h are the displacements in the vertical and horizontal directions, respectively; and Am, ωm and ϕm are the amplitude, frequency and phase of the mth vibration wave, respectively. Here, only the influence of horizontal displacement on the size of the NSD is considered, and the sub-extension function ζ(Ωwave) of the waves on the NSD is defined as follows:


  ζ (  Ω  w a v e   ) :  {    Δ  R  f o r e   = Δ h ( t ) ⋅ cos φ    90 ∘  < φ ≤  270 ∘      Δ  R  a f t   = Δ h ( t ) ⋅ cos φ    0 ∘  < φ ≤  90 ∘    /   270  ∘  < φ ≤  360 ∘        Δ  R  s t a r b   = Δ h ( t ) ⋅ sin φ    180 ∘  < φ ≤  360 ∘      Δ  R  p o r t   = Δ h ( t ) ⋅ sin φ    0 ∘  < φ ≤  180 ∘       



(16)




in which φ is the direction of the waves relative to the USVs. Similarly, the sub-model can expand the corresponding semi-axis according to the relative direction between the waves and the USV.




4.3. Instantaneous Speed


It is generally believed that with an increase in speed, the size of the safety domain should be appropriately expanded. According to the model proposed by Jia [49], the major and minor semi-axis dimensions of the safety domain are proportional to the speed when the mass and maneuverability of the ship are invariant. We adopted the abovementioned model and the approximate relation of each semi-axis length in the Goodwin [16] model to give the sub-extension function ζ(Ωspeed).


  ζ (  Ω  s p e e d   ) :  {    Δ  R  f o r e   =  1 2  ⋅ L ⋅  K s  ⋅  V I      Δ  R  a f t   =  2 5  ⋅ L ⋅  K s  ⋅  V I      Δ  R  s t a r b   =  1 2  ⋅ B ⋅  K s  ⋅  V I      Δ  R  p o r t   =  1 4  ⋅ B ⋅  K s  ⋅  V I       



(17)




where Ks is the speed proportional factor; here Ks = 1. VI is the instantaneous speed or the average velocity in a shorter time of the USV.




4.4. Current


Since the application of ARPA (Automatic Radar Plotting Aids) radar, the impact of currents on ships’ navigation has been greatly weakened. However, due to the fact that the radars carried by USVs are mostly used for obstacle detection and without the ARPA function, this correction still should be considered. The current in the sea is usually non-uniform, but due to the small dimension of the USV, it can be considered that the flow field does not change in the range of ship length. Under the condition that the ship navigates in the uniform flow field, the impact of the current only changes the translational speed of the ship [50]. Therefore, only the drift of the USV in the horizontal plane is considered in this study. When the current velocity is vc, the yaw distance of the USV can be written as follows:


   s c  =  v c  ⋅  t c   



(18)







The sub-extension function ζ(Ωcurrent) is given as follows:


  ζ (  Ω  c u r r e n t   ) :  {    Δ  R  f o r e   =  s c  ⋅ cos δ    0 ∘  < δ ≤  90 ∘    /   270  ∘  < δ ≤  360 ∘      Δ  R  a f t   =  s c  ⋅ cos δ    90 ∘  < δ ≤  270 ∘      Δ  R  s t a r b   =  s c  ⋅ sin δ    0 ∘  < δ ≤  180 ∘      Δ  R  p o r t   =  s c  ⋅ sin δ    180 ∘  < δ ≤  270 ∘       



(19)




where vc is the current velocity; tc is the time required for the USV to overcome the current velocity and return to the original route; and δ is the direction of the current relative to the USV.




4.5. Wind


The influence of the wind on the USVs is the drift to the downwind, which brings great hazard to the navigation or collision avoidance. With the increase in wind speed and the change of wind angle, the values of Rfore, Raft, Rstarb and Rport in the NSD should expand accordingly. In this study, we only considered the drift in the horizontal plane of the USV in wind and ignored the interaction between the wind and the hull. The drifting speed of the USV in the crosswind is as follows [50]:


   v w  =      ρ a   ρ  ⋅    C a  Y    C H  Y   ⋅    A L    L ⋅ d     ⋅  V a  ⋅ exp ( − 0.14 ⋅  V s  )  



(20)







The drift distance to the downwind is


   s w  =  v w  ⋅  t w   



(21)




where ρa is the air density and ρ is the seawater density; AL is the projected area of the USV above the water surface; d is the draft; CaY is the crosswind pressure coefficient; CHY is the longitudinal hydrodynamic coefficient; Va is the relative wind speed, which is approximately equal to the actual wind speed; and tw is the time required for the USV to overcome the impact of the wind and return to its original route. Then the sub-extension function ζ(Ωwind) of each semi-axis under the effect of wind force can be obtained.


  ζ (  Ω  w i n d   ) :  {    Δ  R  f o r e   =  s w  ⋅ cos α    90 ∘  < α ≤  270 ∘      Δ  R  a f t   =  s w  ⋅ cos α    0 ∘  < α ≤  90 ∘    /   270  ∘  < α ≤  360 ∘        Δ  R  s t a r b   =  s w  ⋅ sin α    180 ∘  < α ≤  360 ∘      Δ  R  p o r t   =  s w  ⋅ sin α    0 ∘  < α ≤  180 ∘       



(22)









5. Case Studies and Discussion


5.1. Simulation of DNSD in Various Working Conditions


Taking Dolphin-I as an example, the validity of the DNSD in various working conditions is discussed. In the numerical simulations, the elements in Ω vary from low to high levels; the changing trends of Rfore, Raft, Rstarb and Rport in the DNSD were calculated. In order to study the influence of the environmental changes on the NSD, two groups of angles and five working conditions were employed, and are given in Table 4.



One of the angle groups is collide/drift in the starboard and fore directions induced by obstacles, waves, winds and currents; the other is the port and aft directions. The five working conditions are the gradual increase of the number of obstacles and the speed and the drift distance of the USVs caused by the waves/winds/currents. The variation in domain radius in head-on, crossing, overtaking and overtaken under the two groups of angles and working conditions were plotted as curves, respectively, as shown in Figure 10, Figure 11, Figure 12 and Figure 13. When USVs are in the head-on situation with other vessels during the voyage, under the first angle groups and with the increase in the working condition level, the DNSD will expand the starboard and fore domain boundary, as shown in Figure 10a. Among them, the maximum values of Rfore and Rstarb are 50.3 m and 43.2 m; the rates are 0.24. The length of Raft and Rport remained basically unchanged. Under the second angle groups, the DNSD expands Raft and Rport to 30.1 m and 33.9 m at a rate of 0.53 and 0.26 on the basis of BNSD; the lengths of Rfore and Rstarb remain basically the same, as shown in Figure 10b.



In the case of crossing, the change in the DNSD is similar to that of the head-on, and the radius length in the corresponding directions can be adjusted according to the working conditions. Under the first angle groups, the maximum values of Rfore and Rstarb are 52.7 m and 46.6 m, as shown in Figure 11a. In the other angle groups, the maximum values of Raft and Rport are 30.1 m and 36.4 m, as shown in Figure 11b.



When overtaking other vessels, own USV is the give-way ship and needs to pay close attention to the movements of the stand-on vessels. Under the first angle groups, the Rfore and Rstarb in the DNSD increases to 43.3 m at the rate of 0.29 and 0.24, respectively, as shown in Figure 12a. In the second angle groups, the Raft and Rport increase to 30.1 m and 33.9 m at rate of 0.53 and 0.26, as shown in Figure 12b, in which the length of Rport is larger than Rfore. This is because when ships fulfill the requirements of the COLREGs, the majority of overtaking vessels usually overtake from the starboard of the overtaken ships. When drifting to the stand-on ships under the influence of various factors, the DNSD can expand the port and aft boundaries to make own USV avoid a collision earlier.



With the rise in the working condition level, the rate of the NSD in the overtaken situation increases faster than that of other encounter situations. Under the first angle groups, the Rfore and Rstarb in the DNSD increase to 36.3 m and 38.1 m at the rate of 0.37 and 0.29, respectively, as shown in Figure 13a. Under the second angle groups, the Raft and Rport increased to about 30.0 m at rate of 0.53 and 0.31, as shown in Figure 13b. As mentioned before, the size of the BNSD in the case of being overtaken is relatively small; when the collision risk due to out of control ships occur in the process of being overtaken, the DNSD will rapidly expand to the extent that there is enough space for the USVs to take collision avoidance measures.



It can be seen that the size of the DNSD enlarges with an escalation in the working condition level. Considering the demand of “early”, “large”, “wide” and “clear” in the COLREGs [11], it is necessary to set enough space around the USVs to avoid collision. When there are obstacles in the fore/starboard of the USVs, or drift into fore/starboard by the influence of waves, winds and currents, the length of Rfore and Rstarb of the DNSD increase faster, while the length of Raft and Rport change less. On the contrary, the length of the Raft and Rport increase faster and that of the Rfore and Rstarb vary less; this shows that the DNSD can adjust the domain boundaries according to the actual situation.




5.2. Comparison Between the DNSD and Other Ship Domains


The safety of the DNSD was verified through comparing it with the Fujii and Coldwell ship domains.



Remark 1: Fujii obtained the approximate relation between the size of the NSD and the ship length by statistical methods. Here, 10 groups’ data that were close to the size of USVs in the Fujii observation samples were selected, and the domain size of Dolphin-I was calculated by linear interpolation. The results were divided into the minimum model, average model and maximum model, and are shown in Table 5.



Remark 2: Coldwell put forward the ship domain in restricted water and gave the relation between the radius of the ship domain and ship length in case of head-on and overtaking scenarios. It was applied in Dolphin-I and the results are shown in Table 6.



The DNSD was involved in different encounter situations. Compared with the Fujii model, in head-on, crossing and overtaking situations, the target ship will firstly violate the boundary of the DNSD, and then infringe upon the Fujii ship domain, as shown in Figure 14a–c. When the target ship is overtaking own USV, the domain of the Max and Ave models of the Fujii domain will be firstly violated, as shown in Figure 14d. This proves that during the voyage of a manned ship, the navigators may pay more attention to the threat of ships from aft directions.



In the comparison with the Coldwell model, the target ships will infringe upon the boundary of the DNSD earlier than that of the Coldwell model, as shown in Figure 15a,b. The size of the Fujii model and Coldwell model is smaller than the DNSD in the majority of bearings; this is consistent with the conclusion of Wang et al. [39] that the Fujii model and the Coldwell model are relatively small and hazardous for a ship’s collision avoidance actions. The reason is that the navigators in manned ships can judge whether there is a collision risk and take timely measures according to their own experience and real-time watch keeping. It is possible that even if the NSD has been violated, they can still rely on the navigator’s "good seamanship" to avoid collision. In addition, the aspect ratio of the Fujii model and Coldwell model are larger than that of the DNSD, which is consistent with the fact that the aspect ratio of large ships is larger than that of USVs. This will cause an insufficient length of Rstarb and Rport in the safety domain of manned ships, so it is necessary to increase the scope of the safety domain horizontally. The DNSD can make up for the existing shortage and dynamically adjust the boundary with a change in the working conditions and encounter situations, which has a good space utilization effect.





6. Conclusions


This paper carried out a dynamic navigation safety domain for USVs, and the extension functions of the domain boundary factors were studied. A catamaran USV named Dolphin-I was taken as the study object to verify the model in different working conditions and encounter situations. The following conclusions are drawn:




	(1)

	
The DNSD can delimit the safety space to be maintained in voyage according to the geometric properties, advance distance and tactical diameter of the USVs, and it can effectively distinguish different encounter situations.




	(2)

	
Under various working conditions, the DNSD can adjust the spatial scale in the corresponding bearing in allusion to the change of factors, rather than expanding the scale range in all directions.




	(3)

	
Compared with the Fujii model and the Coldwell model, it is found that the ship domains of the manned ship pays more attention to the rear ship; the safety space left in the port and starboard side is obviously insufficient for USVs. The DNSD can provide a larger safety area for the USVs’ action of collision avoidance.









The dynamic navigation safety domain is the foundation of collision avoidance and path planning in USVs. In further research, the DNSD can be used to study the navigation decision-making and local collision avoidance of USVs.
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Figure 1. Typical encounter situations as described in the International Regulations for Preventing Collisions at Sea (COLREGs): (a) Head-on; (b) Crossing (own USV is the stand-on vessel); (c) Crossing (own USV is the give-way vessel); (d) Overtaking; (e) Overtaken. 
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Figure 2. Basic navigation safety domain. 






Figure 2. Basic navigation safety domain.



[image: Jmse 08 00264 g002]







[image: Jmse 08 00264 g003] 





Figure 3. Installation of the GPS antenna. 
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Figure 4. Turning test of Dolphin-I. 
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Figure 5. Size of the basic navigation safety domain (BNSD) in various encounter situations. 
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Figure 6. Mapping relation between the navigation safety level and the NSD. 
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Figure 7. Factor importance in the different subsets. 
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Figure 8. Factor importance after normalization. 
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Figure 9. Factor importance after conditional attribute reduction. 
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Figure 10. Radius changes of the dynamic navigation safety domain (DNSD) in the head-on situation: (a) Under the first angle groups; (b) Under the second angle groups. 
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Figure 11. Radius changes of the DNSD in the crossing situation: (a) Under the first angle groups; (b) Under the second angle groups. 
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Figure 12. Radius changes of the DNSD in the overtaking situation: (a) Under the first angle groups; (b) Under the second angle groups. 
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Figure 13. Radius changes of the DNSD in the overtaken situation: (a) Under the first angle groups; (b) Under the second angle groups. 
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Figure 14. The DNSD compared with the Fujii model in various encounter situations: (a) Head-on; (b) Crossing; (c) Overtaking; (d) Overtaken. 






Figure 14. The DNSD compared with the Fujii model in various encounter situations: (a) Head-on; (b) Crossing; (c) Overtaking; (d) Overtaken.



[image: Jmse 08 00264 g014a][image: Jmse 08 00264 g014b]







[image: Jmse 08 00264 g015] 





Figure 15. The DNSD model compared with the Coldwell model in head-on and overtaking encounter situations: (a) Head-on; (b) Overtaking. 
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Table 1. Unmanned surface vehicle (USV) parameters and turning test data.






Table 1. Unmanned surface vehicle (USV) parameters and turning test data.





	Index
	Parameters





	Name
	Dolphin-I



	Type
	Surface Catamaran



	Length (m)
	3.2



	Breadth (m)
	2.2



	Weight (kg)
	75.0



	Draft (m)
	0.3–0.5



	Driving Mode
	Electric Drive



	Velocity (kn)
	5.0



	Advance (m)
	16.5



	Diameter Tactical (m)
	25.5










 





Table 2. Factors influencing the size of the NSD.






Table 2. Factors influencing the size of the NSD.





	
Factors

	
Subset

	
Symbol






	
NF

	
Instantaneous Speed

	
K1




	
Navigation Load

	
K2




	
TF

	
Numbers of Obstacles

	
K3




	
DCPA

	
K4




	
EF

	
Wind

	
K5




	
Wave

	
K6




	
Current

	
K7




	
Depth

	
K8




	
Visibility

	
K9











 





Table 3. Table of navigation safety decision-making after the reduction of attribute values.






Table 3. Table of navigation safety decision-making after the reduction of attribute values.





	Serial Number
	K1
	K2
	K3
	K4
	K5
	K6
	K7
	K8
	K9
	Navigation Safety Level





	1
	2
	3
	1
	2
	2
	1
	2
	2
	3
	2



	2
	3
	2
	3
	3
	2
	4
	1
	2
	3
	4



	3
	2
	1
	4
	2
	1
	2
	1
	3
	1
	4



	4
	2
	3
	1
	2
	3
	2
	2
	1
	2
	2



	5
	2
	2
	1
	2
	3
	2
	1
	1
	2
	1



	6
	1
	2
	3
	1
	3
	4
	2
	2
	3
	4



	7
	3
	2
	5
	2
	1
	2
	1
	1
	1
	5



	8
	2
	3
	1
	3
	2
	1
	1
	3
	2
	2



	9
	3
	2
	3
	1
	4
	2
	1
	5
	1
	4



	10
	3
	1
	2
	1
	3
	1
	2
	2
	3
	3



	11
	2
	3
	2
	1
	4
	2
	2
	3
	5
	3



	12
	4
	1
	2
	1
	2
	3
	2
	2
	3
	3



	13
	2
	1
	1
	3
	2
	2
	3
	2
	2
	2



	14
	1
	2
	3
	1
	2
	1
	4
	1
	3
	4



	15
	3
	1
	4
	2
	1
	1
	3
	3
	1
	4



	16
	3
	1
	1
	3
	3
	2
	2
	1
	2
	2



	17
	4
	4
	3
	1
	2
	2
	1
	3
	2
	3



	18
	3
	3
	1
	4
	1
	1
	3
	3
	4
	3



	19
	2
	3
	3
	5
	2
	4
	2
	2
	3
	5



	20
	2
	4
	1
	3
	3
	1
	3
	3
	2
	3










 





Table 4. Angle groups and working conditions.






Table 4. Angle groups and working conditions.





	
Working

Conditions

	
K3

	
K6/m

	
K1/m·s−1

	
K7/m

	
K5/m




	
θ = 30°

θ = 240°

	
φ = 210°

φ = 60°

	
---

---

	
δ = 60°

δ = 210°

	
α = 240°

α = 30°






	
1

	
nθ = 2

	
∆h(t) = 0.3

	
Vs = 1

	
Sc = 1

	
Sw = 2




	
2

	
nθ = 4

	
∆h(t) = 0.6

	
Vs = 2

	
Sc = 2

	
Sw = 4




	
3

	
nθ = 6

	
∆h(t) = 0.9

	
Vs = 3

	
Sc = 4

	
Sw = 6




	
4

	
nθ = 8

	
∆h(t) = 1.2

	
Vs = 4

	
Sc = 8

	
Sw = 8




	
5

	
nθ = 10

	
∆h(t) = 1.5

	
Vs = 5

	
Sc = 10

	
Sw = 10











 





Table 5. Dimensions of the Fujii model.






Table 5. Dimensions of the Fujii model.





	Size
	Rfore/m
	Raft/m
	Rstarb/m
	Rport/m





	Min
	17.8
	17.8
	5.6
	5.6



	Ave
	21.3
	21.3
	9.8
	9.8



	Max
	24.9
	24.9
	13.9
	13.9










 





Table 6. Dimensions of the Coldwell model.






Table 6. Dimensions of the Coldwell model.





	Encounter

Situations
	Rfore/m
	Raft/m
	Rstarb/m
	Rport/m





	Head-on
	19.5
	19.5
	10.4
	5.6



	Overtaking
	19.2
	19.2
	9.7
	9.7
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