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Abstract

:

In order to reduce the environmental impact of aircraft operation in the terminal area, this paper researched the route optimization method. Firstly, this paper constructed the air pollutant emission and noise assessment model, and the flight performance model. Secondly, aiming at reducing air emissions and noise level, the multi-objective terminal area route optimization model is established based on the principles of flight safety and flight procedure construction. Then this paper puts forward the path optimization method of emission and noise reduction of terminal area route network, through the research on the priority setting method of terminal area approach and departure route planning. The route segmentation method and NSGA-II algorithm are employed to solve the problem. Finally, a numerical case study is carried out for the Shanghai terminal area, and yields the following results: (1) Compared with the original route network, the optimized route network in the terminal area can significantly reduce emission and noise by reducing pollutant emission by 51.4% and noise influence by 21.5%; (2) The method can also reduce fuel consumption by 60.5% and the total route length by 21.1%.
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1. Introduction


Terminal area, as a key node in the air transport network, is a complex area which provides air traffic control service for arrival and departure aircrafts. It usually contains one or more airports characterized by dense and changeable traffic flow, intricate route structure and multiple coexistence of runway operation modes. Due to the unreasonable route network planning in the terminal area, the air emissions and noise from aircraft seriously affect the ecological environment, and the contradiction between the development of civil aviation and environmental protection is increasingly prominent. Therefore, on the premise of ensuring safety, reducing the environmental impact of air traffic in the terminal area is of great significance to promote the development of green civil aviation and sustainable social development [1].



In general, flight activity is an important source of air and noise pollutants. Areas close to airports are usually more polluted [2,3]. With regard to it, many scholars have studied the route optimization of emission and noise reduction in terminal area air route network and achieved a series of achievements. Regarding the optimization of emission reduction and noise reduction for a single route in the terminal area, Stell analyzed the data of the descending trajectory of some aircraft types, and calculated the optimal position of the top of descent (TOD) with the given thrust and drag models, by considering the environmental impact [4]. Mitchell selected the optimal flight speed of aircraft along the departure route by taking noise and fuel consumption into consideration [5]. Wang et al. designed a de-noising optimization method for departure route based on fuzzy theory [6]. Muller et al. took the arrival route of Seattle Airport as an example for analysis, and the results showed that the optimized single arrival route could save about 40% of fuel consumption at most [7]. Hartjes et al. proposed the design method of emission reduction and noise reduction of departure route in terminal area under the influence of single event, combining with the degree of residents’ annoyance caused by noise [8]. Braakenburg et al. proposed a noise-reducing trajectory design method for arrival routes with the influence of multiple events, and designed a piecewise optimization method for approach routes based on Area Navigation (RNAV) [9]. Dougui et al. considered aircraft conflicts in the terminal area and proposed the arrival route design method based on the light propagation model by referring to the mode of light propagation in media [10,11]. Richter et al. used two-layer hybrid algorithm to calculate the minimum noise trajectory [12]. Li et al. designed an improvement method of the arrival route for preliminary noise reduction, by taking the population affected by noise as the evaluation reference, and changed the noise impact range by changing the horizontal flight path of aircraft [13,14]. Taghizadeh et al. used the atmospheric dispersion model to construct the dispersion model of air emissions in the terminal area, and the emission databank of International Civil Aviation Organization (ICAO) was utilized to estimate the pollutant emission rate of each aircraft [15].



On the route network path optimization of the terminal area, Xue et al. optimized the two-dimensional route network path of the terminal area. The results showed that the optimized arrival and departure route could effectively reduce fuel consumption [16]. In order to further reduce the mutual interference between routes, Wang et al. studied the take-off and landing route of runway 05L of Xianyang Airport in Xi ’an [17,18], proposed 3D departure route optimization method with the shortest path and the route network optimization sequence principle. He et al. designed the route trajectory search method with angle extension and proposed the economic optimal method to arrival and departure route optimization [19]. Liu et al. proposed the arrival and departure route optimization method based on A* algorithm by considering the influence of dangerous weather [20]. Zhou et al. proposed the terminal area route network optimization method based on simulated annealing algorithm by referring to the Standard Instrument Departure (SID) and Standard Instrument Arrival (STAR). The above scholars all adopted the route network optimization sequence principle proposed by Wang [21]. Sidiropoulos et al. designed the dynamic terminal area route optimization method when studying the route network of London multi-airport terminals, and established the route network priority evaluation mode based on the analytic hierarchy process [22]. In addition, Kim et al. proposed the terminal arrival and departure fix optimization model in combination with the airspace structure optimization of the terminal area, and the results showed that the optimized fixes can effectively reduce fuel consumption and environmental impact [23]. Then, Man et al. found a complete and efficient framework capable of dynamically modelling the integration of arrival and departure trajectories on parallel runways, and modelled the conflict detection and resolution in presence of curved trajectory and radius-to-fix merging process [24]. Sidiropoulos proposed a framework for the design of dynamic arrival and departure routes in MAS Terminal Maneuvering Areas and used the AirTOp fast-time simulation model to prove the advantages in distance, time, fuel burn, and controller workload [25].



At present, the scholars’ research on route network planning of terminal area mainly focuses on the single optimization goal of the shortest route or the minimum fuel consumption or noise impact. Most of them start from the micro perspective such as the local horizontal or vertical profile of a single route, but lack of solving the environmental impact of the route network in the terminal area from the macro level. In addition, in the existing priority evaluation mode of route network, the number of evaluation indexes is small and it is difficult to provide scientific decision-making. In order to develop the safe, efficient environmentally and friendly route network, this paper proposes a terminal area route network optimization method for reduction of air emissions and noise.



This paper establishes a route network optimization model by considering fuel consumption, air emissions, aviation noise factors and operation efficiency, uses non-dominated sorting genetic algorithm with elitist strategy to search the optimal results, and then compares with before optimization route network terminal area for analysis.




2. Description


The route of the terminal area is a network structure composed of all approach routes and departure routes in the terminal area. Currently, the arrival and departure routes of the terminal area are planned and designed according to the flight procedure rules specified in ICAO Doc8168 [26]. The designer uses simple auxiliary tools to complete the procedure and makes operational rules and restrictions by considering the factors such as airport layout, aircraft performance, meteorological conditions, navigation facilities and airspace restrictions.



At present, safety is the primary goal of terminal area flight procedure construction, and the terminal area route network planning method with manual design as the main means, so the economy and sustainability of the flight in the terminal area cannot be taken into account simultaneously due to subjective and objective limitations. Under the background of green transportation, the fuel economy and environmental impact of the terminal area should be considered in the planning and design stage of terminal area route network.



2.1. Environmental Impact


When aircraft flying in the terminal area, the pollutants discharged by the aircraft will directly threaten the health of animals and plants due to the low flight altitude; and the noise will affect the surface covered by the route network and damage the ecological environment. Therefore, the environmental influence on the terminal area mainly includes air emissions and noise.



2.1.1. Air Emissions


The air pollutants discharged by aircraft in the terminal area include nitrogen oxide (NOX), carbon monoxide (CO), hydrocarbon (HC), sulfur oxide (SOX), etc. The emission of pollutant gas is related to its emission index (EI)), fuel flow rate and emission time. The emission of pollutant gas can be expressed as:


Em=∑iEGi⋅FFi⋅EIi,m⋅ti.



(1)




where, Em is the emission of pollutant m, EGi is the number of engines of aircraft i, FFi is the fuel flow rate of a single engine of aircraft i in ti time, EIi,m is the emission index of pollution gas m of aircraft i, and ti is the flight time of aircraft i. The operational characteristics of aircraft engines are related to atmospheric conditions. If there is any deviation from International Standard Atmosphere (ISA), it needs to be corrected. According to the reference emission index of the engine emission database (EDB version 23) of the International civil aviation organization, the emission index value under non-standard atmosphere can be calculated based on the actual meteorological conditions.




2.1.2. Noise


Aviation noise has the characteristics of spatiotemporal discontinuity and accumulation, so it is necessary to construct a coordinate system when evaluating the noise level. In this paper, the Cartesian coordinate system is constructed: the origin is the midpoint of the airport runway; the X-axis is through the origin and perpendicular to the runway centerline, and the right side of the approach route is positive; the Y-axis is consistent with the runway centerline, and it is positive after the runway threshold; the z-axis is the vertical axis through the origin, the runway entry elevation is zero and the value higher than the entry plane is positive, as shown in Figure 1.



In China, we use weighted equivalent continuous sensible noise level (WECPNL) [27] to measure the noise level. The calculation formula is as follows:


LWECPNL=LEPN¯+10⋅lg(N)−39.4,



(2)






LEPN¯=10⋅lg[(∑i∑j∑k100.1⋅LEPNLijk(x,y))/N⋅T0],



(3)






N=N1+3⋅N2+10⋅N3.



(4)




where, N1 is the number of aircraft from 07:00 to 19:00 during the day, N2 is the number of aircraft from 19:00 to 23:00 in the evening, N3 is the number of aircraft from 23:00 to 07:00 at night, T0 = 10 s is the reference time, LEPN¯ is the average effective perceived noise level, LEPNLijk(x,y) is the single event noise level generated by aircraft i on the measuring point (x,y) when flying in the k segment of the route j, which value can be calculated by regression analysis of the Noise-Power-Distance (NPD) data from Aircraft Noise and Performance Database (ANP) [28].



Currently, most researches take the coverage of noise level as the evaluation indicator, but it cannot directly and accurately reflect the impact of aviation noise on the surrounding residents. This paper refers to the noise exposure population evaluation method proposed by Jinhua Li [13,14], divides the covered area of the terminal area into several grids with an area of S, and takes the center of the grid as the noise measuring point. According to the density distribution of residents, the total population of different noise level was calculated. The population which are exposure to greater than noise level L dB can be expressed as follows:


Q(L)=∑G(x,y)∈AS[q(x,y)|LWECPNL(x,y)≥L],



(5)






q(x,y)=ρ(x,y)⋅S.



(6)




where, G(x,y) represents the grid with the center coordinate of (x,y), ρ(x,y) represents the population density within G(x,y), person/m2, q(x,y) represents the population quantity within G(x,y), LWECPNL(x,y) represents the noise value of G(x,y), and AS represents the evaluation range of the terminal area.





2.2. Operation Conflict


There is a large number of intersections and convergence because air traffic flows are dense and variable in terminal area, it is easy to cause air traffic jam, flight delay, and dangerous approach. In order to solve the flight conflict caused by the space configuration of terminal area route, this paper proposes the method of assessing the route planning priority (Section 3.2) and setting route protection zone.



The priority of each route is evaluated, and the emission reduction and noise reduction optimization of each route is carried out successively according to the priority evaluation sequence of routes before the route planning of route network in the terminal area. During the optimization of each single route, the route protection area of terminal area is set up to avoid the mutual influence among route networks. This paper sets the route protection interval referring to the setting method of aircraft safety protection zone which is specified in ICAO Doc4444 [29]: the minimum horizontal separation of aircraft is 5000 m, the height of the altitude interval is 300 m. The route protection zone in the terminal area is shown in Figure 2.





3. Model


According to the operational characteristics of the route and the aircraft performance, this section constructs the terminal area route network optimization model for emission reduction and noise reduction. In order to standardize the optimization process and facilitate the problem description, the following assumptions are made for the model: (1) all aircraft fly along the designated route without considering the flight deviation caused by navigation or pilot operation; (2) the airspace resources of the terminal area are not restricted except for obstacles, (3) the time can be divided into equally time slots, and the meteorological data remains unchanged in each slot.



3.1. Aircraft Performance


Fuel consumption, aviation emissions, and noise are related to the flight status of aircraft and engine operation characteristics. In this paper, a 3-dof aircraft dynamic motion mode was established combined with aerodynamics and the base of aircraft data (BADA) model [30]. The particle model of aircraft includes: coordinate (x,y,z), true airspeed(VT), flight path angle (γ), bank angel (μ), heading angle (λ), engine thrust (F), drag (D), aircraft mass (m), flight height (H), etc., regardless of wind speed and ignoring the high lift device effect, the aircraft particle mode is expressed as follows:


x˙=VT⋅cosγ⋅sinλ,



(7)






y˙=VT⋅cosγ⋅cosλ,



(8)






z˙=VT⋅sinγ,



(9)






λ˙=g0⋅tanμ/VT,



(10)






H˙=VT⋅(F−FD)/W.



(11)








3.2. Route Planning Priority


In order to reduce the optimization complexity, this paper proposes the method of route planning priority in the terminal area. The planning and design method of terminal area route should consider the operation requirements, such as flight procedure construction specification (ICAO Doc8168), flight flow distribution, aircraft type distribution, flight time distribution, flight attributes and etc. In order to make the best use of the airspace resources, reduce the environmental impact and avoid flight conflicts physically, the priority of the route planning should be evaluated from three aspects: operational efficiency, airspace utilization and environmental impact.



Operational efficiency refers to the influence of each route on the terminal area operation, and can be evaluated by considering the characteristic of the flight attributes, the routes directions and etc.



Resource utilization refers to the utilization of airspace resources in the terminal area, including time resources and space resources, and can be evaluated by taking the flight flow distribution and rules of the route into considerations.



Environmental impact refers to the impact of each route on the environment of terminal area and surroundings, including air emission and noise, and can be evaluated by considering aircraft type distribution rule and flight characteristics of the route.



According to the definition of operational efficiency, airspace utilization and environmental impact, this paper chooses 8 evaluation index of route planning priority: associated airport service level, annual route service sorties, routes operation mode, route time utilization ratio, route space occupancy ratio, route capacity utilization ratio, route air emissions and route noise level. The Analytic Hierarchy Process (AHP) is adopted to establish the route planning in the analysis of the priority ladder class structure mode, as shown in Figure 3. According to the characteristics of airport operation, the priority of route planning in terminal area route network can be determined.




3.3. Method of Route Segment Construction


In order to optimize the route in the available airspace of the terminal area, this paper adopts the method of route segmentation and searches optimal result in both horizontal and vertical space. The starting and ending points of the arrival and departure routes are set as follows:




	
The starting point of the arrival route is the arrival fix at the boundary of the terminal area, and the ending point of the arrival route is the tangent of the glide path and the outer marker;



	
The starting point of departure route is the runway threshold, and the ending point of departure route is the departure fix on the terminal area boundary.








The route is divided into several segments in airline route selection, the segment length is |Pu,vk−Pu,vk−1|=3 km. The candidate points of segments were constructed in horizontal and vertical planes respectively to form the segment search space. By combining the candidate points of any adjacent segments, the terminal area arrival and departure routes are finally formed.



Pu,vk is the candidate point of segment k, and the search space of segment k is u column, v row, Pu,vk=(xu,vk,yu,vk,zu,vk,λu,vk,φu,vk), xu,vk, yu,vk, zu,vk represents the 3D coordinates of the candidate point of segment, λu,vk, φu,vk represents the heading angle and flight path angle of segment k, as shown in Figure 4, Pk−1 is the end point of segment k-1 and the starting point of segment k.



When the candidate points of segments were constructed, according to aircraft performance, passenger comfort and flight safety requirements, the maximum deviation angle of the segment ϖ is set as the minimum deviation angle of aircraft type i in the horizontal profile, and the horizontal angle between adjacent candidate points in the arrival and departure route is set as Δθ=ϖ4, therefore, the heading angle λu,vk=λu,vk−1+τ⋅Δθ, τ∈{−2,−1,0,1,2}, as shown in Figure 5.



The flight path angle of arrival route should be 0 ~ 3.3° in the vertical profile [26], so the vertical angle between adjacent segment candidate points of arrival route is set to ΔφA= 1.1°, as shown in Figure 6a. The flight path angle of departure route should be 0 ~ 9.3° [26], so the vertical angle between adjacent segment candidate points of departure route is set to ΔφD= 3.1°, as shown in Figure 6b. Therefore, the pitch angle φu,vk=φu,vk−1+σ⋅Δφ, σ∈{−3,−2,⋯,2,3}.




3.4. The Optimization Mode


3.4.1. The Objective Function


The purpose of route optimization in this paper is to achieve the reduction of air emission, noise level and cost on the basis of ensuring safety and improving efficiency. Therefore, this paper establishes the optimization objective from two perspectives of reducing air emissions and reducing noise.



1.  Minimum aviation pollutant emission



Reducing the air emissions of pollution gas is one of the important goals of the development of green aviation. Because the emission level of each pollution gas is too different, the air emission need to be normalized. Therefore, the objective of minimizing the normalized air emissions can be expressed as:


Min(EN)=Min{∑jEj},



(12)






Ej=∑i∑k{∑m[nij⋅Normal(χu,vk⋅γok⋅(λjD⋅Ei,k,mD+λjC⋅Ei,k,mC+λjL⋅Ei,k,mL))]},



(13)






χu,vk={1the candidate point of segment k is the start point of next segment0otherwise,



(14)






γok=ϑok⊕εok,



(15)






Ei,k,mD=ti,kD⋅FFi,kD⋅EIi,mD,



(16)






Ei,k,mC=ti,kC⋅FFi,kC⋅EIi,mC,



(17)






Ei,k,mL=ti,kL⋅FFi,kL⋅EIi,mL,



(18)






λjD={1φu,vk<00or ,   λjC={1φu,vk>00or ,   λjL={1φu,vk=00or,



(19)






ϑok={1,dok<w0,otherwise,   εok={1hok<hMOC0otherwise.



(20)




where, nij is the number of i-type-aircraft in route j, Ej represents the total air emissions in route j, Ei,k,mD, Ei,k,mC, Ei,k,mL respectively represent the air emissions of pollutant gas m of i-type-aircraft during descending, level flight, and climbing in segment k, ti,kD, ti,kC, ti,kL respectively represent the flight time of i-type-aircraft during descending, level flight, and climbing in segment k, FFi,kD, FFi,kC, FFi,kL respectively represent the fuel flow rate of i-type-aircraft during descending, level flight, and climbing in segment k, EIi,mD, EIi,mL, EIi,mC respectively represent the emission index of pollutant gas m of i-type-aircraft during descending, level flight, and climbing in segment k. χu,vk, γok, ϑok and εok are decision variables, dok represents the ground distance from the vertical projection of segment k to obstacle o, hok is the vertical distance from segment k to obstacle o, w is the width of route protection zone, hMOC is the minimum obstacle clearance.



2.  Minimum Noise Level



ICAO specifies that 65 dB is the maximum threshold of noise level in the residential areas, and noise below 65 dB is considered as a comfortable living environment. Therefore, this paper aims to minimize the total exposure population affected by noise level above 65 dB. The objective function is expressed as:


MinQ(L)=Min{χu,vk⋅γok⋅Q(65)}.



(21)








3.4.2. Constraint Condition


1.  Segment Point Uniqueness



Between each two adjacent segments, the candidate point of the previous segment can only be the starting point of the next segment, which should meet the following conditions:


∑k=1nkχu,vk=1.



(22)




where, nk is the amount of segments in route j.



2.  Obstacle Clearance



The height of route in the terminal area should keep the minimum obstacle clearance (MOC) with the obstacles, that is:


hMOC={MOCMOC(2⋅w−4⋅dokw)0<|dok|<w4w4≤|dok|<w2,



(23)






dok=(xu,vk−xo)2+(yu,vk−yo)2.



(24)




where, (x0, y0) is the two-dimensional coordinates of the obstacle o, and the value of MOC refers to Doc8168 [26].



3.  Segment Turning Constraint



Segment turning constraint is an indicator of route smoothness. In order to meet the requirements of aircraft maneuverability and passenger comfort, the deflection angle between segments should meet the following conditions:


0≤ϖ<lkV¯T⋅ωmin.



(25)




where, lk is the length of segment k, V¯T is the average true speed of aircraft on segment k, and ωmin is the minimum turning angular speed of all types of aircrafts.



4.  Flight Around the Restricted Area



The routes in the terminal area need to give priority to the flight around the restricted area or the dangerous area, and the following conditions should be met:


DS≤dR.



(26)




where, dR is the actual distance between the aircraft and the restricted area R, and DS is the safety interval between the aircraft and the restricted area which is about 33,000 feet (10,000 meters).






4. Numerical Case Study


In this chapter, Shanghai terminal area is selected as the research object. Runway 34 and 35L of Shanghai Pudong international airport (ZSPD) are used for arrival, while runway 35R is used for departure. Runway 36R for arrival and 36L for departure at Shanghai Hongqiao international airport (ZSSS). In the experiment, 16 typical routes are used as the analysis objects, and their names and codes are shown in Table 1.



Typical busy days in Shanghai terminal area (25 July 2017) were selected to provide the required atmospheric environment, flight plan, aircraft type ratio and other data. The total number of flights in Shanghai terminal area are 1782, among which the number of flights in ZSPD and ZSSS are 1086 (arrival 542, departure 544) and 696 (arrival 349, departure 347) respectively.



4.1. Priority of Route Planning


Based on the statistical analysis of historical data, the total passenger service of ZSPD and ZSSS over the years is shown in Figure 7. The aircraft movement area reference code of ZSPD is 4F, and the peak hour flights are 96, while aircraft movement area reference code of ZSSS is 4E, and the peak hour flights are 59.



Construct the priority evaluation index judgment matrix of route planning, as shown in Table 2.



By calculating the relative weight of each elements and performing the consistency check, the synthetic weight of each element can be calculated, and the priority of importance of each route is (from high to low): R13, R5, R6, R2, R14, R16, R11, R8, R9, R12, R3, R4, R10, R15, R7, R1, as shown in Table 3.




4.2. Optimized Result


Because there are 16 routes in Shanghai terminal area and many candidate points of the flight segment, the optimization calculation work is heavy. In this paper, the genetic algorithm (NSGA-II) [31] with gene retention strategy is selected for solution. After optimization, the normalized emission of terminal routes decreased rapidly from 1.892 to 1.746 within 120 generations, and then decreased to 1.723 within 240 generations. After 300 generations, it tended to be stable with little fluctuation, as shown in Figure 8.



Comparing with the emissions before optimization, the pollutant emissions of the terminal area routes after optimization is decreased from 40,331.3 kg to 19,595.8 kg, and the decrement is 51.4%. The emission of NOx, HC, CO and total suspended particulate (TSP) are decreased from 36,998.9 kg, 297.8 kg, 2938.9 kg and 95.8 kg to 17,258.4 kg, 176.4 kg, 2106.4 kg and 54.6 kg, as shown in Figure 9.



As shown in Figure 10, the exposure population affected by noise level above 65 dB are decreased rapidly from 4.181 million to 3.353 million within 180 generations. In the 180–240 generation, the optimal value decreased slowly, from 3.353 million to 3.31 million. After 300 generations, the fluctuation is very small.



Figure 11 and Figure 12 are noise contour maps of the route network before and after optimization respectively, and the noise coverage area above 65 decibels is obviously reduced. Further analysis shows that the area affected by noise is transferred from the north-central part of Shanghai to the southeast. The noise level at the southeast side of ZSPD is significantly increased, but this area is an uninhabited area along the east coast. Although the downtown area around ZSSS is still affected by noise level above 65 dB, the affected area is obviously reduced.



The number of exposure population affected by noise level above 65 dB before and after optimization are decreased from 4.181 million to 3.283 million, and the decrement is 21.5%, and the exposure population affected by noise below 55 dB is increased by 68.66% (the noise level below 55 dB is considered as a comfortable living environment), as shown in Table 4.



The route optimization results are illustrated by taking ZSSS-AND-1A as an example. By comparing the routes before and after the optimization, the changes of route height and node can be intuitively seen, as shown in Figure 13. In the horizontal profile, compared with current route, the optimized route was offset, and the two routes were completely different. In the vertical profile, the optimized route maintains more high altitude before the final approach fix (FAF) and descends at a larger angle. The optimized route after FAF coincides with the path before optimization.



The changes of air emissions, the exposure population affected by noise level greater than 65 dB, fuel consumption and route length ZSSS-AND-1A are shown in Table 5.



As seen in the Table 5, multi-objective optimization can not only reduce air emission and noise level, but also shorten the route length and reduce fuel consumption.





5. Conclusions


In order to reduce the environmental impact of pollution and noise, this paper researched the optimization method of terminal area route network by searching the optimal aircraft 3D trajectory. The main research contributions are as follows:



(1) This paper modeled the environment evaluation model by considering the aircraft performance model, and took the emissions as air pollution evaluation indicator and exposure population as noise evaluation indicator.



(2) The priority evaluation index system of the terminal area route network planning is established to determine the airspace resources using priority of the route. The evaluation index is chosen by analyzing the physical and operational characteristics of the terminal area and the AHP method is used to calculate the indicator weights.



(3) This paper established a multi-objective terminal area route network model to reduce the environmental impact by using the construction method of route segmentation construction and considering constrains about the aircraft performance, safety and operational rule.



(4) The numerical case study took the Shanghai terminal area as example, the optimal results is calculated by applying the NSGA-II algorithm. The results showed that the optimization method can reduce environmental impact and improve the operational efficiency by comparing with the current route network.



This paper studies the problem of route network planning in the terminal area. The method proposed in this paper can help flight procedure designer to plan and optimize the route network structure of terminal area. The uncertainty in the route planning is not considering in this paper such as meteorological conditions, navigation errors, wind and etc. which will be carried out in the future work.
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Figure 1. Cartesian coordinate system. 
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Figure 2. The protection zone of terminal area routes. 
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Figure 3. The ladder class times of routes network environment influences. 
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Figure 4. Selection of the flight candidate points. 
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Figure 5. Horizontal route candidate extension method. 
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Figure 6. Vertical route candidate extension method. 
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Figure 7. Total number of passengers served by Shanghai Pudong international airport (ZSPD) and Shanghai Hongqiao international airport (ZSSS) over the years. 
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Figure 8. The trend of normalized emission during population evolution. 
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Figure 9. The emissions of terminal area route. 
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Figure 10. Trend of population amount affected by noise above 65 dB in the evolution. 
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Figure 11. Noise contour map of route network before optimization. 
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Figure 12. Noise contour map of route network after optimization. 
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Figure 13. The approach profile before and after optimization. 
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Table 1. Names and codes of terminal routes.
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	Name
	Code
	Name
	Code





	ZSPD-AND-11A
	R1
	ZSPD-AND-22D
	R9



	ZSPD-BK-11A
	R2
	ZSPD-BOLEX-22D
	R10



	ZSPD-DUMET-21A
	R3
	ZSPD-NXD-22D
	R11



	ZSPD-MATNU-21A
	R4
	ZSPD-ODULO-26D
	R12



	ZSPD-SASAN-11A
	R5
	ZSPD-PIKAS-22D
	R13



	ZSSS-AND-1A
	R6
	ZSSS-AND-2D
	R14



	ZSSS-DUMET-PUD-1A
	R7
	ZSSS-LAMEN-2D
	R15



	ZSSS-SASAN-1A
	R8
	ZSSS-PONAB-3D
	R16
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Table 2. The priority evaluation index judgment matrix of route planning.






Table 2. The priority evaluation index judgment matrix of route planning.





	A
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	Weight





	B1
	1
	1/7
	1/4
	1/2
	1/4
	1/3
	1/6
	1/5
	0.0274



	B2
	7
	1
	5
	6
	4
	5
	3
	2
	0.3198



	B3
	2
	1/6
	1
	3
	1/3
	1/4
	1/4
	1/4
	0.0518



	B4
	4
	1/4
	1/3
	1
	1/2
	1/2
	1/5
	1/6
	0.0522



	B5
	3
	1/5
	3
	3
	1
	2
	1/2
	1/3
	0.0986



	B6
	6
	1/3
	4
	2
	1/2
	1
	1/2
	1/2
	0.1076



	B7
	1
	1/5
	4
	5
	2
	3
	1
	2
	0.1674



	B8
	5
	1/2
	4
	6
	3
	2
	1/2
	1
	0.1751







1λmax=8.8069, CI=0.1153, CR=0.0818. 
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