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Abstract Air route network optimization, one of the essential parts of the airspace planning, is an

effective way to optimize airspace resources, increase airspace capacity, and alleviate air traffic con-

gestion. However, little has been done on the optimization of air route network in the fragmented

airspace caused by prohibited, restricted, and dangerous areas (PRDs). In this paper, an air route

network optimization model is developed with the total operational cost as the objective function

while airspace restriction, air route network capacity, and non-straight-line factors (NSLF) are

taken as major constraints. A square grid cellular space, Moore neighbors, a fixed boundary,

together with a set of rules for solving the route network optimization model are designed based

on cellular automata. The empirical traffic of airports with the largest traffic volume in each of

the 9 flight information regions in mainland China is collected as the origin-destination (OD) air-

port pair demands. Based on traffic patterns, the model generates 35 air routes which successfully

avoids 144 PRDs. Compared with the current air route network structure, the number of nodes

decreases by 41.67%, while the total length of flight segments and air routes drop by 32.03%

and 5.82% respectively. The NSLF decreases by 5.82% with changes in the total length of the

air route network. More importantly, the total operational cost of the whole network decreases

by 6.22%. The computational results show the potential benefits of the model and the advantage

of the algorithm. Optimization of air route network can significantly reduce operational cost while

ensuring operation safety.
� 2017 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

18

191. Introduction

20In the period of 2011 to 2015, the average annual growth rates
21of the number of operations at the airport (in terms of takeoff
22and landing) and passenger throughput have reached to 9.4%
23and 10.2% respectively. It is foreseen that air transport in
24China will continue to grow at a high rate. The number of air-
25craft in 2020 is predicted to reach 4600, while the number of
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26 civil airports will be 270. By 2025, the global air traffic will
27 continue to increase with an annual rate of 3%.1 The rapid
28 growth of air traffic demand will lead to serious problems in
29 the air transportation system, such as airspace congestion,
30 flight delay, etc. The effective utilization of air route network
31 (ARN) resources is fundamental to solve these problems.
32 ARN is constructed by fixed nodes (including airports and
33 boundary nodes), air route network nodes (ARNNs), and air
34 routes. The spatial distribution and quantity of ARNNs deter-
35 mine the position, direction, segment lengths of the route seg-
36 ments, as well as air route network security elements. ARN
37 plays an important role in transporting passengers and cargo.
38 Research in air traffic network mainly focuses on two
39 aspects: complex analysis of airport network topology, and
40 optimization of ARN topology structure.2–4 Du et al.2 have
41 analyzed the Chinese airline network (CAN) as multi-layer
42 networks and investigated its robustness. Cao et al.4 have stud-
43 ied the topology structure of Chinese ARN and CAN based on
44 complex network metrics such as average degree, average
45 shortest path length, and clustering coefficient. A directed
46 air-route network topology evolution method was proposed
47 by Zhao et al.5 for designing airspace to test ARN structure
48 optimization. By merging and moving nodes, ARN costs are
49 minimized under traffic control constraints. Based on a mesh
50 fabric, Rivière6 employed shortest path algorithm to optimize
51 ARN. Cai et al.7 developed a bi-level objective model and a
52 memetic algorithm with push-pull operator to improve the
53 evaluation indices. Optimization algorithms were developed
54 for improving network capability, such as particle swarm opti-
55 mization.8,9 Jin et al.10 built a multi-objective ARN optimiza-
56 tion model based on ARN capacity, flight efficiency, and
57 airspace safety, and proposed a multi-objective optimization
58 algorithm based on comprehensive learning of particle swarm
59 optimization and the Floyd-Walsh algorithm to solve the
60 model. Chen11 developed an ARN traffic flow model by
61 proposing a single-objective particle swarm algorithm based
62 on a betweenness guide and introducing a multi-objective par-
63 ticle swarm optimization algorithm for ARN capacity.
64 There are many prohibited, restricted, and dangerous areas
65 (PRDs) in airspace, which makes ARN environment ‘‘frag-
66 mented”. Fig. 1 shows PRDs in airspace in mainland China.
67 Grey areas represent PRDs which are the major constraints
68 for ARN optimization. Areas outside the grey areas can be

69used, which means that the available air-route network opti-
70mization space is discontinuous. Thus, PRDs must be consid-
71ered when ARN is optimized. However, all the work
72mentioned above did not consider the fragment airspace envi-
73ronment. Zhao et al.5 proposed a model based on the MAK-
74LINK Graph method, using a multi-objective genetic
75algorithm based on fast non-dominated sorting to find solu-
76tions which avoids PRDs. Due to the limitations of the MAK-
77LINK Graph method, it is applicable only to ‘‘convex” PRDs.
78Xu and Zhu12 used a genetic algorithm to solve the ARN opti-
79mization model considering PRDs. The algorithm is however
80time-consuming. Wang and Gong13 developed an ARN opti-
81mization model which avoids PRDs and introduced a new
82algorithm based on cellular automata (CA). The model com-
83prehensively considered flight safety and cost constraints to
84optimize path length. In this work, it ignored segment traffic
85flows, focusing only on path length. Neither work described
86here considered ARN capacity, which could result in airspace
87congestion.
88This paper aims to optimize ARN structure in fragmented
89airspace. The objective is to minimize total operational cost.
90An ARN optimization model is developed considering con-
91straints on different node configurations of ARN capacity,
92non-straight-line factors (NSLF), and the range of mobility
93of ARNN boundaries. A CA based algorithm is proposed to
94solve the model. To test the model, traffic flow of airports with
95the largest flow in each of the 9 flight information regions
96(FIR) is used as origin-destination (OD) demand. Computa-
97tional results show the benefits of the model and the advantage
98of the algorithm.

992. ARN capacity model

100ARN capacity is defined as the capability of an ARN to
101accommodate air traffic flow. ARN capacity can be divided
102into node capacity and segment capacity given certain condi-
103tions of airspace system structure, security restrictions, and
104operation regulations. At the design phase of an ARN, the fol-
105lowing assumptions are made to investigate ARN capacity:

106(1) An aircraft flies at a constant speed, and all aircraft have
107the same speed.
108(2) Aircraft can be seen as a particle which flies along the
109center line of its route.
110(3) Only the aircraft flying in the same direction in the same
111flight level are considered; horizontal separation must be
112maintained between flights.
113(4) Continuous flow of aircraft is waiting to enter the route.
114

1152.1. Route segment capacity

116The route segment capacity Cs can be expressed as
117

Cs ¼ 1=Tc ð1Þ 119119

120where Tc is the time interval between two consecutive aircraft.
121In average-speed model, let v be the average speed for all air-
122craft, Ld be the distance between two consecutive aircraft, and
123Lmin be the minimum safety separation, and then we have
124

Tc ¼ Ld=m ð2Þ 126126
Fig. 1 Illustration of PRDs in China (PRDs are marked with

grey).
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