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Abstract

:

Clustering is an important means to solve the poor scalability of aeronautical ad hoc networks (AANET). To improve the stability and performance of AANET and avoid unnecessary waste of resources caused by civil aircraft in communication, we proposed a zero-overhead clustering algorithm according to the real-time position of the aircraft based on the known trajectory. Firstly, the route and trajectory models are used to obtain geographical coordinates by the aircraft positioning algorithm. On this basis, the geographical cluster and cluster head region are divided in order to complete the cluster setting. Considering the aircraft maintenance cluster generation time updates, we use the communication sub-cluster generation algorithm to control the size of the cluster, and also, the flexibility of cluster hops is guaranteed by the subsidiary cluster members. The continuity of communication and the scalability of the cluster are maintained by the gateway node, thereby forming a network structure and increasing the stability of clusters. Finally, the actual route data are used to simulate the performance of the algorithm. The experimental and analytical results show that clustering and maintenance of the algorithm have zero overhead. Additionally, compared with the traditional algorithm, our proposed method can maintain a reasonable number of clusters, reduce the frequency of cluster head replacement, reduce the number of cluster members entering and leaving the cluster and avoid the loss of control of cluster heads to cluster members. So, it has important application value in the field of civil aviation.
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1. Introduction


Aviation ad hoc networks (AANET) involve the expansion and application of a mobile ad hoc network in the aviation field. The establishment of AANET by civil aircraft can realize direct communication between aircraft, allowing them to send real-time status information and air perception information to each other so as to improve flight safety, facilitate traffic control, share information, provide Internet services for passengers and other purposes [1]. However, the establishment of AANET will pose new difficulties for routing protocol [2], Qos guarantee [3] and scalability; in addition, the connectivity problem of the aviation ad hoc network will also affect the networking mode and route selection [4]. To solve these problems, researchers proposed a way to divide the network into groups, namely, using clustering algorithms. The use of a clustering structure can greatly improve routing performance and solve problems such as a limited network scale, thereby improving network performance and efficiency [5].



Traditional clustering algorithms such as minimum ID [6] and maximum connectivity [7] have studied the establishment of clusters from multiple perspectives such as energy saving and weight setting. Vatambeti [8] proposes a new method of creating nodes using star topology, which can effectively predict link obstacles in a network and improve the lifetime of nodes. Bilen [9] proposes a customized K-means algorithm, which takes into account the location (latitude and longitude), direction, angle, altitude and other information in the clustering process to achieve AANET cluster stability. Based on the density clustering algorithm, Shahbazi [10] proposes a new AANET adaptive cluster head selection algorithm, which improves the stability of air-to-air links, increases the lifetime of cluster heads and reduces the rate of change. However, the influence of external environmental factors such as turbulence were not taken into account. Wang [11] selects cluster heads from the perspective of minimizing the energy consumption of the network and the algorithm better balances the energy consumption and improves the energy efficiency, thus prolonging the lifetime of the network. But this algorithm is only suitable for fixed networks. Chang [12] proposes an algorithm for selecting cluster heads and allocating remaining nodes based on node distribution density, which realizes rapid selection of cluster heads and rapid division of clusters. However, the time complexity and time-consuming nature of this algorithm are relatively high. Ahmad [13] proposes a clustering algorithm that can adapt to the dynamic and rapid changes of topology and can form equilibrium and stable clusters. However, whether it can be applied to an aviation ad hoc network environment still needs further research. Zhang [14] uses an analytic hierarchy process to select super cluster heads from cluster heads by integrating node energy, node centrality, node degree and other factors. However, civil aircraft do not need to consider the residual energy, power level and other parameters.



The civil aviation ad hoc network has the following characteristics which are different from conventional ad hoc networks:




	(a)

	
The predictability of movement. The takeoff and landing of civil aircraft or even the flight trajectory, flight direction and speed are strictly implemented in accordance with regulations, and the flight path of the same route is basically unchanged.




	(b)

	
The high speed of aircraft motion. The speed of aircraft is usually 500–1000 km/h, and the high-speed movement of nodes will cause rapid changes in network topology, which directly affects the performance of MAC protocol, routing protocol and others.




	(c)

	
Large-scale distribution of scenes. The geographical range of aircraft distribution is wide, such as the ocean, continent, desert and other areas without ground transfer stations.




	(d)

	
Unlimited energy of node. The flight time is usually a few hours, and the aircraft will provide enough energy for communication, so the effect of node energy is ignored.









The design goal of the clustering algorithm should consider the specific practical demand. However, the traditional clustering algorithm does not consider the characteristics of civil aviation, so it may cause unnecessary communication overhead and resource waste, or even lead to network paralysis. Although some algorithms combine the characteristics of civil aviation, Ergenç [15] proposes a new clustering algorithm based on reliability, that is, it focuses on the reliability of the whole cluster, rather than only considering a single node to maintain the cluster structure, but the core of its algorithm is still the traditional clustering algorithm. In view of the problems such as fast node speed and unstable links in the network, Zhou [16] proposes a clustering algorithm for ad hoc networks that can adapt to high dynamic changes from the perspective of improving stability, but it still requires related clustering costs and cluster maintenance costs.



However, at present, the United States, the European Union and China have proposed to jointly build the next generation air traffic transportation system centered on aircraft track management, which makes the study of track prediction more important. For example, based on a variety of commonly used trajectory prediction methods, Zhou [17] proposed a hybrid prediction model reconstructed based on these methods to forecast the track by extracting the best prediction methods of different forecast time spans. Griner [18] simulates different realistic air traffic models and predicts trajectory models through modeling and simulation, thereby discovering and solving air traffic conflicts in time. Ma [19] proposes a novel four-dimensional trajectory prediction hybrid architecture based on deep learning. By combining convolutional neural network (CNN) and long short-term memory (LSTM), this architecture uses one-dimensional convolution to extract the spatial dimension features of the trajectory and uses LSTM to mine the temporal dimension features of the trajectory, so as to realize the high-precision prediction of the 4D trajectory. Xu [20] proposed a multi-aircraft trajectory collaborative prediction model based on S-LSTM to establish a network for each aircraft and capture the correlation effect, so as to predict the flight path of multiple aircraft. With the deepening of research, the simulation prediction of aircraft flight paths will become more and more accurate [21,22,23,24,25,26], but establishing a high effect and adaptive clustering algorithm with zero overhead is still a challenging task. Therefore, we present a novel zero-overhead clustering algorithm for aviation ad hoc network based on known flight trajectories. The algorithm is based on the known geographical location of an aircraft to cluster in advance, and the aircraft only needs to store the relevant cluster information according to its own flight location and time to automatically establish and update the cluster, thus greatly improving the efficiency and quality of clustering. In this paper, Section 2 describes the aircraft location algorithm, and Section 3 introduces the clustering algorithm aspects of geographic cluster and geographic cluster head region division, communication subcluster formation, gateway generation, etc. Section 4 carries out theoretical analysis of the algorithm, Section 5 verifies each of its performances through simulation, Section 6 is for discussion of the results and Section 7 gives our conclusions.



In this paper, we propose a new clustering algorithm that addresses the limitations of traditional clustering algorithms by considering civil aviation. The new algorithm is the civil AANET zero-overhead clustering algorithm, which is based on real-time position information of aircraft. It offers the distinct advantage of zero cluster formation overhead and zero cluster maintenance overhead, thereby avoiding unnecessary resource waste during communication and enhancing energy efficiency. Furthermore, compared to traditional methods, this algorithm significantly improves clustering performance, achieving overall stability in the cluster structure. This study holds practical significance for challenges in the air transport environment, filling the gap where traditional clustering algorithms struggle to be effectively applied in aviation communication.




2. Determination of Aircraft Node Location


2.1. Route Model


According to the characteristics of route distribution, this paper refers to the route distribution structure with a large number of routes and intercrossing routes as the route network and establishes a route distribution model accordingly. The establishment process is as follows:




	➀

	
Determine the study airspace G;




	➁

	
According to the relevant information such as civil aircraft flight tables in airspace G, a city set with aircraft take off and landing   V ( city ) =     V   1   ,   V   2   , ⋯ ,   V   n       is established;




	➂

	
The route set L(line) is constructed by cities with take-off and landing relationships. For example, cities with take-off and landing relationships are:     V   1   ↔   V   2   ,   V   2   ↔   V   3    , then the route set is   V ( city ) =     L   12   ,   L   23      . Among them, the elements in the set include the take-off and landing city of the route, the information of each waypoint and others;




	➃

	
The adjacency matrix M(G) is established by combining the take-off and landing city set V(city) and the route set L(line):


  M ( G ) =           V 1      …      V i      …      V n                V 1      …      V i      …      V n       0        L   1 i            L   1 n             …                 L   i 1          0        L  in                  …           L   n 1            L  ni         0           



(1)













Therefore, according to the established route model, the aircraft can store the routes and information related to the route in advance.




2.2. Flight Path Model


	(1)

	
Basic flight profile







The basic aircraft profile in the flight path of civil aircraft is composed of equal speed level flight, equal calibrated airspeed climb (CAS), equal Mach climb, equal CAS descent, equal Mach descent, equal altitude deceleration, etc., as shown in Figure 1. In it, the cruise flight stage is the main flight mode and the main body of ad hoc network communication. Therefore, the influence of motion change on the communication network when the aircraft adjusts its altitude is ignored.



This is because the several other stages of the flight are very short in duration and soon switch to a horizontal mode of flight. The calculated value of the horizontal position of the aircraft in the ascending stage will be slightly ahead of the actual position of the aircraft, and the calculated value of the horizontal position of the aircraft in the descending stage will also be slightly ahead of the actual position of the aircraft. These problems need to be combined with the actual flight altitude, flight speed, transmission delay and other parameters in the actual flight to slightly correct the aircraft position.



	(2)

	
Flight level track







From a typical horizontal flight path, it can be known that aircraft usually follow a straight line from one waypoint to another or near that point, turn and take a new course, and fly in a straight line again. Horizontal flight routes are all composed of linear flight segments and arc flight segments. The aircraft speed and direction remain unchanged in the linear flight segment, while inscribed turn is most commonly used in the arc flight segment (as shown in Figure 2). Vi and Vj in the figure are take-off and landing cities, P1 and P2 are waypoints, route segment ViP1 is the straight flight segment, and the route segment       P   1   ′     P   1   ″    ⏜    is the arc flight segment. The flight path of the straight section can be described as:


        x ( i , t ) = x ( i , t − 1 ) + v cos θ ( i , t )       y ( i , t ) = y ( i , t − 1 ) + v sin θ ( i , t )        



(2)




where   ( x ( i , t ) , y ( i , t ) )   is the coordinate position at time t, v is the velocity and   θ ( i , t )   is the direction of motion.



The turning problem of the arc flight segment can be described as follows: given the coordinates of the waypoints, the position of the initial point and the end point of the turn can be solved. As the coordinates       x   V i   ,   y   V i     ,     x   P 1   ,   y   P 1     ,     x   P 2   ,   y   P 2       of waypoints Vi, P1 and P2 in Figure 2 are known, the coordinate calculation process of the turning starting points P′1 and P″1 is as follows:


         θ 1  = arctan      y  P 1   −  y  Vi      x  P 1   −  x  Vi       , − π <  θ 1  ≤ π        θ 2  = arctan      y  P 2   −  y  P 1      x  P 2   −  x  P 1       , − π <  θ 2  ≤ π        



(3)







That is, the magnitude and direction of the turning angle   Δ θ   can be expressed as:


  Δ θ =        θ 2  −  θ 1  + S I G N 2 π , S I G N    θ 2  − θ   < 0        θ 2  −  θ 1  , S I G N    θ 2  − θ   > 0        



(4)







In Formula (4):


  SIGN = sgn      y  P 2   −  y  P 1     cos  θ 1  −    x  P 2   −  x  P 1     sin  θ 1     



(5)







Then,     P   1     P   1   ′   =   P   1     P   1   ″   = L  , that is:   L = r ⋅ tan ( | Δ θ | / 2 )  ; therefore, the coordinates of the starting point of the turn       x     P   1   ′     ,   y     P   1   ′       ,     x     P   1   ″     ,   y     P   1   ″          are:


         x   P 1 ′    =  x  P 1   − L c o s  θ 1         y   P 1 ′    =  y  P 1   − L s i n  θ 1             x   P 1    =  x  P 1   + L cos  θ 2         y   P 1   n 1      =  y  P 1   + L sin  θ 2           



(6)







In addition, the flight path or speed direction of the aircraft during the turning process can be considered as a uniform angle change. Therefore, the flight path of the arc segment can be described as:


        x ( i , t ) = x ( i , t − 1 ) + r × ( cos φ − cos ( φ + Δ φ ) )       y ( i , t ) = y ( i , t − 1 ) + r × ( sin ( φ + Δ φ ) − sin φ )        



(7)




where   φ   is the angle formed between the aircraft i and the center of the turning circle at moment t − 1, and   Δ φ   is the variation of the turning angle per unit of time.




2.3. Aircraft Location Algorithm


In order to facilitate the research, the position of the aircraft during flight is located on the basis of the known aircraft flight path in this paper.


               x   P 1 ′    −  x i    y = (   y  P 1 ′    −  y i  ) x +    x   P 1 ′    −  x i     y   P 1 ′    −    y   P 1 ′    −  y i     x   P 1 ′          …                  x   P m ′    −  x   P   m − 1        y =    y   P m ′    −  y   P   m − 1        x +    x   P m ′    −  x   P   m − 1         y   P 1 ′    −    y   P m ′    −  y   P   m − 1         x    P m  ′          …          x j  −  x   P n ′      y =    y j  −  y   P n ′      x +    x j  −  x   P n ′       y   P 1  ′   −    y j  −  y   P n ′       x j             



(8)







Through the implementation of Algorithm 1, it can accurately calculate the time when the aircraft reaches a certain point, and it can also know the position of the aircraft at any time, thereby completing the basic work before clustering.






	Algorithm 1 Aircraft location algorithm



	
	1:

	
Construct the route model through the flight table and determine the aircraft i that will be studied and its route;




	2:

	
Assume the constructed adjacency matrix is M(G), the aircraft is i, and its route obtained as Lij through the adjacency matrix.




	3:

	
According to the route information, establish the waypoint list of the aircraft; the table includes the take-off and landing cities and waypoint information of the flight.




	4:

	
Through the airline information, it can be known that the take-off and landing points of Lij are     V   i   ,   V   j   ∈ V   c i t y    ,     L   i j   ∈ L   l i n e   ,   where the coordinates of Vi and Vj can be expressed as       x   i   ,   y   i     ,     x   j   ,   y   j      . The actual flight path corresponding to the route Lij is connected by straight lines between adjacent waypoints, so the waypoints of the route are a group of node sequences       V   i   ,   P   1   , ⋯ ,   P   n   ,   V   j     ,   P   1   , ⋯ ,   P   n     are the middle waypoints, and the waypoint information includes position coordinates and so on.




	5:

	
Use the waypoint information, calculate the starting point pairs of the straight-line segment and the arc segment in the flight path according to the flight path model.




	6:

	
According to Step 3 and 4, the coordinates of waypoints are       x     P   1     ,   y     P   1       ⋯     x     P   n     ,   y     P   n        , respectively. The starting point of turn for each waypoint       P   1   ′   ,   P   1   ″     ⋯ ,     P   n   ′   ,   P   n   ″       and their corresponding coordinates can be obtained through the horizontal flight path model, so the whole trajectory can be divided into several straight airline segments and curved airline segments.




	7:

	
Through the straight line segments and the arc segments, combined with the characteristics of the route segment where the aircraft is located, the flight path equation is obtained, thereby establishing the set of flight path equations of the route.




	8:

	
According to the starting point pairs of the turn       P   1   ′   , P   ″   1     ⋯ ,     P   n   ′   ,   P ″   n       and their corresponding coordinates, it can be known that between     V   i      and   P   ′   1    ,   P   ″   1     and   P   ′   2    ,   ⋯  ,     P ″   n     and Vj are all straight flight path segments. Therefore, the set of equations for its straight flight path is calculated by Equation (8).




	9:

	
In the same way, the set of equations of the arc flight path        y   1   = f ( x ) , ⋯ ,   y   n   = f ( x )      is obtained.




	10:

	
According to the set of flight path equations combined with the aircraft flight speed, the aircraft movement status information at any time can be obtained as follows:   M   t   = f   x   i , t   , y   i , t   , v   i , t   , θ   i , t      .




	11:

	
Establish the set of time points of the aircraft flying through each waypoint, and according to the established track equation, the flight position and other information can be obtained.
















3. Clustering


In order to facilitate the research and analysis of the clustering algorithm of civil aircraft, let us make the following assumptions:




	(1)

	
The perception radius of all aircraft nodes is equal to the propagation radius, that is, the communication radius;




	(2)

	
The flight path of the aircraft is known and flown in strict accordance with the plan, that is, through Algorithm 1, the information such as the position coordinates of the aircraft can be calculated at any time.









The main difference between the clustering algorithm based on the known trajectory and the traditional algorithm is that the clustering deployment has been completed before the aircraft flight, and the aircraft needs to store the clustering information and identity information list related to its own routes and flights. After the aircraft takes off, according to the pre-planned clustering situation, the geographical location information is obtained by GPS and the identity identifier is changed accordingly (such as the identification of the cluster, the status in the cluster, whether it is a gateway, etc.) and the clustering work is automatically completed, thereby reducing the additional overhead such as forming clusters.



3.1. Division of Geographic Clusters


Definition 1.

Geographic cluster: cluster divided by geographic region.





The aircraft communication in the geographic cluster must be forwarded by the cluster head and the geographic inter-cluster relies on the gateway for communication, so the geographic cluster is a plane cluster structure.



Theorem 1.

A circle with a communication radius of R makes communication coverage for the area with its inner regular hexagon, and loophole-free coverage with minimal repetitive coverage can be obtained.





Proof. 

If the angles of several congruent regular polygons are placed at a point, then they can satisfy the loop-free coverage, that is:


    π ( n − 2 )  n  x = 2 π  



(9)




where   π ( n − 2 ) / n   is the inner angle of the regular n-polygon, and to ensure that x is a positive integer, the values of n are 3, 4 and 6. Let us assume that the area of the circle with communication radius R is Sc and the area of its inner regular n-polygon is Sp, then the repeated coverage area Sd of a node circle region after the loop-free coverage is:


   S d  =  S c  −  S p  = π  R 2  −   n  R 2   2  sin   2 π  n   



(10)







It is easy to know from Equation (10) that when n = 6, the repeated coverage area is the smallest. Therefore, a circle with a communication radius of R can obtain loophole-free coverage with minimal repetitive coverage and the most ideal cluster structure by making communication coverage for the area with its inner regular hexagon. □





Through Algorithm 2, we can understand how to divide geographic clusters.






	Algorithm 2 Geographic cluster partitioning algorithm



	
	1:

	
Determine the aircraft flight area using the take-off and landing city set and route equation set.




	2:

	
The geographic center of the flight area is obtained through calculating, which is the center of the regular hexagon. Let us make the communication radius R as the side length, thus forming the first geographic cluster.




	3:

	
On the basis of the first geographical cluster, the geographical clusters in this region are divided in turn. The geographical clusters formed have unique geographical cluster identifiers for differentiation.




	4:

	
When the divided hexagon is incomplete due to the boundary of the aircraft area, if the center of the hexagon is within the boundary, it is still defined as a geographical cluster. Otherwise, the region (the hexagon with O1 and O2 as the centers in Figure 3) is ignored.
















[image: Electronics 13 00232 g003] 





Figure 3. Diagram of geographic cluster partitioning algorithm. 






Figure 3. Diagram of geographic cluster partitioning algorithm.
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Theorem 2.

When dividing geographical clusters, if the center of a hexagon is outside the boundary of the aircraft region, ignoring the region will not affect the communication of the aircraft within it.





Proof. 

Since the flight boundary is determined by the take-off and landing cities and route distribution, when the center of a hexagon is outside the boundary of the aircraft area (O2 in Figure 3), it means that there must be take-off and landing cities in the area S and the communication range of the airport can cover S. Therefore, ignoring the aircraft in this area, communication will not be affected by clustering. □





Theorem 3.

When an aircraft belongs to a geographic cluster, it can maintain communication with other cluster members in the cluster.





Proof. 

Saivichit C. et al. [27] came to the conclusion that the distribution of aircraft on the route has the characteristics of Poisson distribution after analyzing the actual data. Suppose that aircraft A has just flown into a geographic cluster, then if there is another aircraft in the geographic cluster and the aircraft is within the communication range of A, it can be demonstrated that it can communicate with other cluster members in the cluster. □





Let us set the aircraft density be   δ  , then the probability   p   n     of n aircraft in airspace D follows the Poisson distribution:


  p ( n ) =     δ  S D     e  − δ  S D      n !    



(11)







In Formula (11), SD is the area of airspace D, so the probability P that the aircraft can communicate with other cluster members is:


  P = P ( δ ) = 1 − p ( 0 ) = 1 −  e  − δ  S D     



(12)




where SD meets the requirement of     S   D   ≥ π   R   2   / 3 ,   R = 300 km. According to statistics, between 8:00 and 24:00 every day, the density of aircraft is   δ ≥ 3 ×   10   − 4   aircraft /   k m   2    , then:


  P ≥ 1 −  e  − δ  S D    = 1 −  e  − 27   ≈ 1  



(13)







Therefore, the theorem holds.



According to Theorem 3, the communication between cluster heads and cluster members can be guaranteed by establishing geographic clusters in the above method through Algorithm 2.




3.2. Geographical Cluster Head Region Division


Definition 2.

Geographical cluster head region: in a geographical cluster, when an aircraft reaches a certain airspace in the cluster, it can become the cluster head if the corresponding conditions are met, and this area is called the geographical cluster head area.





Geographical cluster head region division method: take the center of the geographical cluster as the center of the circle, select the radius R/2 as the radius of the geographical cluster head region, and the circular region formed accordingly is the geographical cluster head region, as shown in Figure 4.



Theorem 4.

Any plane in the geographic cluster will not reach the cluster head more than two hops.





Proof. 

Take aircraft i, if there is an aircraft that can communicate with both aircraft i and the cluster head, it can be proven that any aircraft will not exceed two hops to the cluster head. Assuming that cluster head a just flew into the geographic cluster head region and became the cluster head, then the distance between any aircraft in the geographic cluster and a is no more than 3R/2. Let us place aircraft i furthest from the cluster head. If there is an aircraft in the shaded region as shown in Figure 4, then the aircraft can communicate with aircraft a and i simultaneously. □





It is easy to know from mathematical knowledge that     S   s  hade      > π   R   2   / 8  , according to the proof process of Theorem 1; similarly, the probability P that there is an aircraft in this region is:


  P > 1 −  e  − δ  S D    = 1 −  e  − 9   ≈ 1  











Therefore, any aircraft in the geographic cluster will not reach the cluster head more than two hops, which ensures the effectiveness of the cluster head communication coverage and avoids the situation of communication instability caused by excessive hops.



Definition 3.

Affiliated cluster member: a node that can communicate directly with the cluster member but cannot communicate directly with the cluster head due to the limited communication distance.





The affiliated cluster member has certain flexibility and can communicate with other nodes through the cluster member, thus avoiding the generation of isolated communication nodes. Because there are cluster members in the geographic cluster which are not within the range of one hop of the cluster head, in order to avoid the interruption of the connection with the cluster head, it can be forwarded by other cluster members within one hop. The setting of the affiliated cluster members increases the flexibility of the cluster and ensures the coverage of the geographic cluster on the nodes.



Definition 4.

Initial cluster head: the cluster head formed when a certain aircraft first flies to the geographical cluster head area.





The initial cluster head is usually the first aircraft of the route in a day, which is a prerequisite for the formation of the initial cluster, mainly satisfying the information forwarding within the initial cluster, and it is then replaced by a new cluster head.




3.3. Segmentation of Geographical Clusters


Due to the limited communication range of aircraft, the different geographical cluster heads cannot communicate directly, that is, the geographical clusters formed are plane clusters and the geographical clusters are connected through gateways. However, when the number of aircraft in a geographic cluster is too large, the burden of the cluster head and the overhead within the cluster will increase sharply. In order to reduce the overhead of cluster heads and reduce the message forwarding delay, geographical clusters need to be divided to form small clusters that are convenient for communication, and the heads of small clusters can communicate directly to form hierarchical structure clusters. Therefore, a cluster structure is formed with the whole network angle being a planar cluster and the local area angle being a hierarchical cluster.



Definition 5.

Geographic cluster threshold Nmax: when the number of cluster members of a geographic cluster exceeds a certain value, it needs to be divided into clusters, and this value is called the geographic cluster threshold.





The setting of a geographic cluster threshold reduces the communication burden of cluster heads, and avoids cluster head load aggravation or even communication blockage due to an excessive number of nodes in the cluster.



Definition 6.

Communication subcluster: a small cluster formed by segmentation of geographic clusters according to a certain algorithm (Algorithm 3) to facilitate communication.






	Algorithm 3 Generation algorithm of communication subclusters



	
	1:

	
Determine whether the number of cluster members m of geographic cluster i is greater than the geographic cluster threshold Nmax. If yes, go to Step 2. If no, do not split the cluster.




	2:

	
Calculate the number of communications subclusters        number      i      and Ncapacity that need to be divided for the geographic cluster.




	3:

	
Calculate the angle between different routes and the X-axis and the number of aircraft   p   on the route in the geographical cluster I.




	4:

	
Based on Ncapacity,       number      i    , and the number of planes on different routes   p  , set the route as a unit, and divide the communication subcluster according to the route angle.




	5:

	
In the communication subcluster, select the aircraft on the route nearest to the geographic cluster center as the subcluster head and the aircraft is in the geographic cluster head area.




	6:

	
The head of the selected communication subcluster serves as the cluster member of the advanced cluster and the head of the original geographic cluster continues to serve as the cluster head of the advanced cluster.




	7:

	
When the head of the advanced cluster leaves the geographic cluster head region, the cluster member of advanced cluster with the longest survival time in the geographical cluster head region is selected as the advanced cluster head.
















Definition 7.

Advanced cluster: a cluster with the geographic cluster head as the cluster head, and the communication subcluster head as the cluster member is formed in the geographic cluster head region.





In order to control the scale of geographical clusters, if the number of cluster members in a cluster exceeds the threshold of geographical clusters, it is necessary to divide the communication subclusters. The original geographical cluster head acts as the head of the advanced cluster and the cluster head of the formed communication subcluster is the cluster member of the advanced cluster. The communication subclusters of the same geographic cluster communicate with each other through advanced clusters, while the communication between different geographic clusters is carried out through gateway nodes. Different from geographical clusters, in order to reduce the number of forwarding times, cluster members in advanced clusters can communicate directly with each other. The network structure is shown in Figure 5.



Definition 8.

Cluster capacity Ncapacity: the number of cluster members when the cluster is in optimal state.





Theorem 5.

In an ideal state, for a network with n nodes, the optimal number of clusters is   n   , and the number of cluster members in the cluster is also   n   .





Proof. 

According to Qi [28], the whole network can be divided into m clusters. In order to ensure the traffic balance of the whole network, the traffic bandwidth of the whole network B2 is equally distributed to each subnet, namely     B   2   = m   B   1    . The transmission traffic S of each node, the transmission traffic of a node within a subnet Ssubnet and the traffic of the cluster head node Sbackbone are, respectively,   S = Θ ( B /  n  )  ,     S    subnet      = Θ     B   1   /  n / m    ,       S    backbone      = Θ     B   2   /  m     , where B represents the channel bandwidth and   Θ   is the coefficient factor. In the ideal case,     S    subnet      =   S    backbone      / m  , thereby obtaining the cluster number   m =    B 2  ⋅  n  /  B 1      Since the total traffic of nodes in the subnet is the traffic of the cluster head of the subnet in the backbone network,     S    subnet      =   S    backbone      / ( n / m )  ; therefore,     B   2   /   B   1   =  n   , and thus,   m =  n   . □





If the total number of aircraft in the network at a certain time is n, assuming that all geographical clusters are hierarchical clusters, then it is known from Theorem 5 that the optimal number of clusters is    n    and the cluster capacity is    n   . In addition, according to Definition 5, when the number of cluster members exceeds the geographical cluster threshold, it is necessary to divide them. Since the number of communication subclusters divided is at least two, the geographical cluster threshold is set at     N   m a x   = 3  n  / 2  . In practice, aircraft density is associated with geographical location, so the division of geographical clusters needs to combine the number of ideal clusters, cluster capacity, regional aircraft density and other factors. The generation algorithm of communication subclusters is as Algorithm 3.



Among them, the number of communication subclusters in step 2 is      number      i   =  m   . In step 4, the communication subclusters are divided according to the angle, that is, the aircraft with similar route angles are divided into a subcluster. This method maintains the stability of the formed subclusters. As shown in Figure 6, let the route angle formed by route AB and AC be   θ  . If two aircraft a and b take off from route AB and AC at point A at the same time, respectively, the conditions for them to maintain communication are as follows: the distance from aircraft a to b is not greater than the communication radius R. Therefore, the distance for which the two aircraft can maintain communication state while flying is:   L = ( R / 2 ) / s i n ⁡ ( θ / 2 )  .



Let R = 300 km and when   θ = π / 18  , L = 1728 km. Therefore, when the route angle   θ   of the two routes is very small, the relative motion between the aircraft is very small, and the communication remains very stable. If the aircraft can communicate with each other at some time, the communication state will be maintained for a long time. Therefore, in this algorithm, nodes with similar route angles and small relative motion are divided into the same subcluster to reduce the amount of cluster recombination.



According to Step 5, it can be known that the aircraft in the geographic cluster head area and on the route closest to the geographic cluster center can serve as the subcluster head for a relatively long time, and the cluster head is convenient to form advanced clusters. In particular, the cluster members of the formed advanced clusters are all within the communication range of the cluster head, thus facilitating the formation of hierarchical structures. The communication subcluster structure diagram is shown in Figure 7.




3.4. Gateway Selection


The communication between geographical clusters cannot rely on the cluster heads to communicate with each other, so the concept of gateway needs to be introduced.



The gateway generation algorithm is relatively simple, that is, when an aircraft leaves the original geographic cluster and flies to a new geographic cluster, it can act as a gateway node because the aircraft maintains a communication relationship with the original geographic cluster and can also maintain communication with the new cluster. Only one gateway node needs to exist between two adjacent geographic clusters. When the original gateway node flies out of the communication range of the original geographic cluster member, the gateway identity is automatically cancelled and the new aircraft takes over. On the one hand, the existence of gateway can enhance the communication between geographical clusters and facilitate the formation of network topology. On the other hand, the turbulence of cluster structure is reduced. When an aircraft becomes a gateway, it still maintains a link connection with the original cluster member in a certain period of time, communication interruption caused by updating clusters is avoided and communication continuity is increased.




3.5. Clustering Algorithm Process


Algorithm 4 shows the clustering method we implement.






	Algorithm 4 Clustering algorithm



	
	1:

	
Divide geographic clusters and cluster head regions. According to the geographic cluster division algorithm (Algorithm 2), the aircraft area is divided into geographic cluster and cluster head region.




	2:

	
Create an initial cluster. When the aircraft of the first flight arrives at the geographical cluster head area every day, the aircraft becomes the initial cluster head and when other aircraft arrive at the geographical cluster area, the aircraft automatically updates the geographical cluster identification and becomes the cluster member of the initial cluster, thereby forming the initial cluster.




	3:

	
Update the cluster head. When the initial cluster head leaves the geographic cluster head region, other aircraft that meet the cluster head screening conditions are required to serve as the cluster head again. The cluster head screening conditions are as follows: select the cluster member who has the longest survival time in the geographic cluster head region to serve as the cluster head.




	4:

	
Divide geographic clusters. Check whether the cluster needs to be divided into geographic clusters. If yes, run the communication subcluster generation algorithm (Algorithm 3). If no, go to Step 5.




	5:

	
Determine the gateway node. According to the gateway generation algorithm, the aircraft automatically changes the gateway identifier and becomes the gateway node.




	6:

	
Perform Step 3 to complete the algorithm.
















4. Performance Analysis


4.1. The Formation of Clusters


	(1)

	
Clustering overhead







Because this algorithm (Algorithm 4) uses the knowledge of the flight track to complete the clustering by predicting the position distribution of aircraft, the whole clustering process is completed before the aircraft takes off and the aircraft only needs to store the information related to itself. When the aircraft flies to the relevant position, the cluster identification is automatically changed and the communication is directly through the cluster structure. Therefore, no clustering overhead is required during the clustering process.



	(2)

	
Intra-cluster maintenance overhead







The update of the maintenance stage of the cluster is still automatically completed by the aircraft according to its own position and combined with the flight time, so the cluster maintenance cost is also not required; especially when the number of aircraft is large, its advantage is more obvious. However, the aircraft increases the storage cost.




4.2. About the Cluster Itself


	(1)

	
Number of cluster heads







Since this algorithm is based on geographic clusters, the clusters formed are planar structures from the perspective of the whole network, and the cluster scale is reasonably controlled by introducing the method of geographic cluster region, so that the number of clusters will be kept at a low level. From the perspective of geographical clusters, in order to prevent too many cluster members within a cluster, the threshold of geographical cluster is used as the standard for whether to divide communication subclusters and after dividing subclusters, and different channels are adopted for intra-cluster and inter-cluster, so as to ensure the stable work of the network after clustering and that the traffic between subclusters is balanced as far as possible. Through the above methods, the number of cluster heads and the scale of clusters can be maintained in the best state.



	(2)

	
Cluster stability







Algorithm 4 adopts three ways to ensure the stability of the cluster:




	➀

	
From the perspective of cluster heads, the division of the geographic cluster head region makes the location of cluster heads have centrality in both the geographic cluster and the communication subcluster. In particular, the selection criteria of cluster head of communication subclusters are based on proximity to the geographic cluster center and survival time in the cluster head region, which also ensures the stability of cluster heads.




	➁

	
From the perspective of cluster members, the communication subcluster divides aircraft on the routes with similar flight angles into the same cluster, which avoids the existence of relatively large moving aircraft in the same subcluster, thus ensuring the stability of cluster members.




	➂

	
From the perspective of gateway, the establishment of gateway ensures the continuity of cluster communication and avoids network turbulence caused by aircraft leaving the original geographic cluster. At the same time, it can maintain contact with multiple cluster heads to be responsible for information forwarding and other works, thus completing the network structure of the cluster and increasing the stability of the cluster structure.









	(3)

	
Load balancing







The load of a cluster head depends on the number of nodes it supports. Maintenance of cluster structure and inter-cluster routes all need to consume certain resources of cluster heads. Therefore, we do not want the situation of some cluster heads being overloaded and some cluster heads being idle to exist.



In Algorithm 4, load balancing is improved in three ways:




	➀

	
Due to the dynamic change in the geographical cluster head, aircraft can act as cluster heads as long as the conditions are met and the election of cluster heads is fairer. With a large geographical cluster coverage, the extreme situation of too many and too few aircraft in the geographic cluster will not occur, so the load balance of the geographical cluster head in the whole network is guaranteed.




	➁

	
When there are too many cluster members in the cluster head, in order to avoid excessive load, the partitioning algorithm of communication subclusters is used to achieve load balancing of the cluster head within the communication subclusters.




	➂

	
Through the cluster member, the information of the affiliated cluster member is forwarded, which reduces the communication burden of the cluster head and keeps a good load balance.











5. Simulation Verification


5.1. Experimental Environment


In order to verify the performance of the clustering algorithm in the actual environment, based on the flight information of the routes between Beijing, Shanghai, Guangzhou, Chengdu, Kunming and other important cities, the distribution and flight situation of the actual routes are constructed. According to the take-off and landing time, location and flight route of all flights throughout the day, the flight process is calculated using Matlab. The distribution of the city locations and some routes is shown in Figure 8. The number of aircraft on some important routes and the statistical results of the total number of aircraft on the above-mentioned routes are shown in Figure 9 and Figure 10.



It can be seen from Figure 9 and Figure 10, during 00:00 to 6:00, the number of flights on China’s main routes is small, while during 8:00 to 24:00, the number of planes on the routes is large, and the density of planes in the air is large and stable, which meets the conditions for the formation of aviation ad hoc network. Therefore, when comparing and verifying the clustering performance, the simulation is mainly carried out between 8:00 and 24:00. In this paper, the actual data such as the above-mentioned routes and flight distribution are used as the conditions and parameters of the clustering performance simulation experiment, and the experimental environment is built accordingly.




5.2. Performance Analysis


Since the Lowest-ID and Max-Degree are classical clustering algorithms, this paper will compare with them to verify the performance of the algorithm proposed in this paper.



	(1)

	
Clustering structure







Figure 11, Figure 12 and Figure 13, respectively, show the clustering structures formed by the Lowest-ID algorithm, Max-Degree algorithm and the proposed method. Among them, the solid black dot represents the cluster head. It can be seen from the figures that in both Lowest-ID and Max-Degree algorithms, there are clusters composed of one or two nodes and the number of formed clusters is large, and the number of nodes in the clusters is not uniform.



	(2)

	
Number of formed clusters







Test 1 The number of formed clusters from the perspective of the whole network



In order to compare the performance of the three algorithms in the number of formed clusters from the perspective of the whole network, according to the above experimental environment, the communication radius is set to 300 km and the statistical results of the number of formed clusters between 6:00 and 24:00 are shown in Figure 14.



Test 1 Result analysis:



Since it is in a cluster of planar structure, for inter-cluster communication carried out through the gateway, the smaller the number of cluster heads, the smaller the number of hops between nodes and the better the performance of the network. It can be seen from Figure 14 that the number of clusters formed by this algorithm is the lowest and remains unchanged. This is because when the number of clusters is counted from the perspective of the whole network, the algorithm takes the geographical cluster as the unit, which has a large coverage area, so the number of formed clusters is minimum. In the other two algorithms, the number of formed clusters is affected by the number and density of aircraft in the network, so the volatility is high. In addition, combined with the cluster structure, it is easy to know that the number of clusters between any two aircraft in the whole network is no more than five, which effectively improves the route forwarding efficiency.



Test 2 The number of formed clusters from the angle of geographic cluster



According to the analysis in Section 3.3, when the density of aircraft in a certain area is high, if the number of clusters is unreasonable, the burden of cluster heads will be too large and even the communication will be blocked. Therefore, the regular hexagonal region centered in Nanjing was selected as the research scope in this test and the statistical results of the number of formed clusters within it are shown in Figure 15.



Test 2 Result analysis:



This algorithm is closest to the number of ideal formed clusters. When the density of aircraft is high, the minimum ID and maximum connectivity algorithms do not limit the number and scale of clusters, which results in a large cluster scale and a large burden on the cluster head. However, this algorithm calculates the number of formed ideal clusters, takes the ideal number as the standard in the clustering process and makes adjustments within the range of one cluster difference, so it is the closest to the ideal formed cluster number.



	(3)

	
Cluster stability







Test 3 Cluster head change frequency



The change frequency of cluster heads is the number of cluster head changes per unit of time. The less the cluster node changes, the more stable the cluster structure is. The experiment was selected between 8:00 and 24:00, with 30 min as the unit time; the communication radius was 300 km and the experimental results of the cluster head change frequency are shown in Figure 16.



Test 3 Result analysis:



Under the same conditions, the number of cluster head changes in this algorithm is relatively lower. It can be seen from Figure 16 that the number of cluster head changes in the algorithm is slightly large between 8:00 and 8:30. This is because the initial cluster head first flies into the geographic cluster head region during this period and is not screened by the cluster head survival time, so its change frequency is slightly higher. In addition, during the peak flight periods of 9:00–11:00 and 18:00–20:00, the change frequency of cluster heads did not increase. The reason for this is that when the aircraft density is high, the survival time of the selected cluster heads in the geographical cluster head region will be longer; therefore, the change frequency of cluster heads will decrease.



Test 4 Number of node changes



Aircraft nodes can serve as cluster heads, cluster members, gateways and other roles, while frequent changes in nodes can also reflect the instability of clusters. The experimental results of node changes per time unit are shown in Figure 17.



Test 4 Result analysis:



During two peak flight periods, the node change frequency of the three algorithms all becomes higher, but under the same conditions, the node change number of this algorithm is relatively small. The reason for this is that when the number of nodes increases, the node change frequency of the three algorithms increases accordingly during the peak period. In the Lowest-ID and Max-Degree algorithms, when the cluster head changes, all nodes in the whole cluster have to change. However, when the cluster head changes in this algorithm, the geographical cluster does not change and the cluster members also belong to the original geographical cluster, thus greatly reducing the change frequency of cluster member nodes.



	(4)

	
Load balancing of cluster heads







Because of the dynamic changes in the network, nodes often join or leave a cluster, so it is difficult to keep the system in a good load-balancing state. In order to measure the balance of cluster heads in communication, the following formula is adopted as the evaluation standard.


  L B F =    n c     ∑ i       x i  − u    2     



(14)




where xi is the number of cluster members in cluster head i, u is the number of average neighbor nodes in cluster head   u =   N −  n c    /  n c   , N is the number of nodes in the network and nc is the number of cluster head nodes. A larger value indicates better load balancing.



Test 5 Cluster head load balancing from the perspective of whole network



According to Equation (14), the load balancing of cluster heads was simulated and calculated from the perspective of the whole network and the experimental results are shown in Figure 18.



Test 5 Result analysis:



Under the same conditions, the LBF value of this algorithm is the largest, that is, the balance of cluster heads is the best. This is because the geographical cluster covers a large area, the number of aircraft in it does not fluctuate greatly. In the Lowest-ID and Max-Degree algorithms, the number of cluster members in an individual cluster can reach tens at most, or only one or two at least. Therefore, the LBF value is the highest, and the load balance of cluster heads is also the worst.





6. Discussion


With the continuous development of civil aircraft communication technology, the ordinary aviation telecommunication network can no longer meet the increasing demand for communication. The establishment of aviation ad hoc network has become an important means of current aviation communication. Therefore, the clustering algorithm used for AANET has become a hot research topic. Moreover, at present, the number of flights in China is huge and increasing day by day. A superior clustering performance can efficiently solve the problems faced by the establishment of aviation ad hoc network (AANET) such as poor routing performance and limited network scale. In this paper, a new clustering algorithm, that is, a zero-overhead clustering algorithm for AANET based on known trajectory, is proposed in the context of the increasing importance of trajectory prediction to the current air transportation system. It is proposed on the basis of obtaining the relevant information of an aircraft’s flight position and route through modeling and accurately obtaining the aircraft’s position information at any time through the aircraft positioning algorithm. Before an aircraft takes off, geographical clusters and cluster head regions are divided by the geographical cluster division algorithm, and geographical clusters with too many aircraft in the cluster are divided by the communication subcluster generation algorithm. In this way, cluster information is stored to complete cluster deployment. Then, after the aircraft takes off, according to the relevant cluster information stored before takeoff, combined with the geographical location information obtained by GPS, the cluster head, gateway node and other identifiers are updated by themselves, so as to automatically complete the work of forming clusters and updating and maintaining them. Finally, the proposed clustering algorithm is verified using the actual route data. Compared with the traditional minimum ID clustering and maximum connectivity methods, the proposed algorithm has a great improvement in the structure and stability of clusters, the number of clusters and the load balance of the cluster head. Figure 11, Figure 12 and Figure 13 are the schematic diagrams of the clustering structures of the three algorithms. By comparison, it can be seen that the number of clusters formed by this algorithm is small and the number of nodes in the clusters is uniform and its clustering structure is stable. Figure 14 and Figure 15 discuss the number of clusters from the perspective of the whole network and geographical clusters. It can be seen from Figure 14 that this algorithm has the smallest number of clusters, while Figure 15 shows that this algorithm is closest to the ideal number of clusters. Since the lower the number of cluster heads, the better the network performance and the more the number of clusters deviates from the ideal value, the more the cluster heads are likely to be overburdened or the communication is blocked, it can be seen that the number of clusters in this algorithm is better. Figure 16 and Figure 17 discuss the cluster stability from the perspective of cluster head change frequency and node change frequency. It can be seen from Figure 16 that the cluster head change frequency of this algorithm is the lowest and it can be seen from Figure 17 that the node change frequency of this algorithm is the lowest. The fewer the number of changes of cluster heads and nodes, the more stable the cluster structure. This shows that the cluster stability of this algorithm is better. Figure 18 explore the load balancing of cluster heads in terms of network-wide and geographic clusters. It can be seen from Figure 18 that the LBF value of this algorithm is the largest in both cases, that is, the equilibrium of cluster heads is the best.



The cluster formation overhead and cluster maintenance overhead of the aviation ad hoc network (AANET) clustering algorithm determine the resource utilization of the civil aircraft during communication. The algorithm proposed in this paper is automatic in both the cluster clustering work and the cluster maintenance work. In the cluster formation stage, the aircraft position is predicted by utilizing the known trajectory to complete the clustering and information storage before takeoff. The aircraft automatically changes the cluster identification after flying to the relevant position, and communicates directly through the cluster structure, thus the cluster formation overhead is zero. In the maintenance stage, the aircraft automatically completes the updating and maintenance of the clusters according to its own position and flight time, thus the cluster maintenance overhead is zero. This point is not involved in the clustering algorithm proposed before. For example, although Pathak [29,30] designed new clustering algorithms from the perspective of reducing the frequency of cluster head changes and cluster formation overhead, the results could not achieve the intended goal of zero overhead in the cluster formation and other processes. Li, CHEN, LIN, YU [31,32,33,34] also improved the old clustering algorithm based on the node location information, their experimental results also showed obvious performance gains in the network lifetime, energy efficiency, energy consumption balance and other performances, but they also could not achieve energy zero overhead in the cluster formation process. Zang [35] designed a mobility prediction clustering algorithm for high-speed environments, which is based on the principle of using GPS to provide node location and movement information to build node movement prediction models, thus solving the problem of high mobility when aircraft are used as mobile nodes. However, when the nodes are highly mobile, the cluster head and cluster structure will change rapidly, leading to a large maintenance overhead; although this algorithm improves on this, there is still a certain amount of energy waste.



The superior clustering performance of the proposed method can solve the problems such as poor routing performance and limited network scale faced by the establishment of aviation ad hoc network (AANET), thus improving the stability and performance of the network. Moreover, the advantage of zero overhead can avoid the unnecessary waste of resources caused by civil aviation aircraft in communication, thus saving energy. This method has potential application value to communication between civil aircraft. However, whether the increased cluster storage overhead is too large when the number of aircraft is large and how to ensure that the time complexity of the clustering algorithm is low remains to be studied in the future.




7. Conclusions


Combined with the characteristics of civil aviation ad hoc network, a zero-overhead clustering algorithm based on known track is designed in this paper. Firstly, by establishing the route model and track model, the aircraft location algorithm is used to obtain the geographical position coordinates of the aircraft at any time. Then, on this basis, the geographic cluster partitioning algorithm and communication subcluster generation algorithm are used to complete the clustering work in advance. Then, the communication retention time of aircraft is considered comprehensively to complete the cluster update, the affiliated cluster member is used to avoid the generation of isolated communication nodes and the gateway node is utilized to maintain the continuity of cluster communication, thus forming a network structure and increasing the robustness of clusters; then, the performance of the algorithm is analyzed theoretically. Finally, the performance of the algorithm is simulated using the actual route data. The experiment and analysis results show that the clustering cost and cluster maintenance cost of the algorithm are zero. In addition, compared with the traditional algorithm, this algorithm maintains a reasonable number of formed clusters, reduces the frequency of cluster head replacement, reduces the number of cluster members in and out of the cluster, avoids the loss of control of cluster heads to cluster members and effectively improves the overall stability of the cluster. How to ensure the security of the clustering process and how to design routing based on clustering are the focus of future research.
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Figure 1. Basic flight profile. 
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Figure 2. Horizontal flight path diagram. 
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Figure 4. Communication diagram between cluster head and cluster member 2. 
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Figure 5. Network topology. 
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Figure 6. Diagram of route AB and AC course angles. 
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Figure 7. Communication subcluster of     θ   1   −   θ   2    . The outer dashed circles indicate geographic clusters, the inner thick solid circles indicate high-level clusters, and the middle thin circles indicate ideal communication subclusters. 
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Figure 8. City location and distribution of some routes. 
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Figure 9. Chart of the number of aircraft on some important routes changes over time. 
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Figure 10. Chart of the total number of aircraft on some routes changes over time. 
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Figure 11. Clustering structure of Lowest-ID algorithm. 
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Figure 12. Clustering structure of Max-Degree algorithm. 
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Figure 13. Clustering structure of the proposed method. 
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