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Abstract

:

Increasing complexity due to a constantly growing number of target functions turns air traffic trajectory optimization into a multidimensional and nonlinear task that in turn necessitates a focus on the case-sensitive most important criteria. The criteria vary by continent and involve operational, economic, environmental, political, and social concerns. Furthermore, the requirements may alter for a single flight along its journey since air traffic is a transcontinental, segment-wise differently affected transportation mode. Tracked flight data allow for the observation and evaluation of large numbers of flights, as well as the extraction of criteria relevant to flight efficiency and to derive optimization strategies to improve it. In this study, flight track data of China and Europe were compared toward flight efficiency. We found major disparities in both continents’ routing structures. Historical ADS-B data considered to be reference trajectories were assessed for flight efficiency while putting a dedicated focus on the vertical profile. Criteria to optimize vertical flight efficiency (VFE) were derived. Based on the findings, suggestions for improvement towards trajectories with minimum fuel are formulated. Different optimization strategies were tested to identify important input variables and, if possible, to determine differences between operation in China and in Europe. On average and in both regions, the influence of weather (e.g., wind speed and wind direction) exceeds the influence of aerodynamics (aircraft type, mass), as the weather-optimized vertical profile more often results in minimum fuel consumption than the aerodynamically optimized trajectory. Atmospheric conditions, network requirements, aircraft types and flight planning procedures are similar in China and Europe and only have a minor impact on flight efficiency during the cruise phase. In a multi-criteria trajectory optimization of the extracted reference trajectories considering the weather, operational constraints and prohibited areas, we found that in China, on average, just under   13 %   fuel could be saved through optimal vertical and horizontal routing. In Europe, the figure is a good   10 %  . Furthermore, we calculated a fuel-saving potential of   8 %   in China and   3 %   in Europe through vertical adjustments of the trajectory alone. The resultant reference trajectories will be used for further analysis to increase the efficiency of continental air traffic flows.
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1. Introduction


The aviation industry has been under pressure for several decades to maintain a safe, efficient and eco-efficient transport system that spans the globe with a network accessible to everyone. On the network level, delays, rerouting and speed adjustments are minimized by the air traffic flow management [1], not least since the operational impact of the COVID-19 pandemic on the number of flights of passenger and cargo flights and therewith the seats offered airlines and Air Navigation Service Provider (ANSP)s maximises the efficiency of the few flights that take place and thus focus more on individual flights. For the sake of a sustainable and competitive transportation system, single trajectories are optimized while conflicting objectives are considered, as advised by the International Civil Aviation Organisation (ICAO). This single trajectory optimization will be implemented as a Reference Business Trajectory (RBT) in the framework of Trajectory-Based Operations (TBO) until 2035, as devised by the Single European Sky (SES) Initiative [2].



The commercial air transportation system must adhere to legislative criteria outlined in the Implementation Rules for Flight Operations (IR-OPS) [3]. Specifically, lateral path restrictions are regulated by ICAO in Doc. 4444 (Procedures of Air Navigation Services, Air Traffic Management) [4], available cruising pressure altitudes are regulated by ICAO in Doc. 4444 (Procedures of Air Navigation Services, Air Traffic Management), and aircraft mass constraints are regulated by ICAO in Doc. 4444 (Procedures of Air Navigation Services, Air Traffic Management). In addition, the ICAO’s slot and Flight Level Orientation Scheme defines airway and airport slot distribution in congested airspace and at congested airports, according to [5].



Furthermore, today’s flight planning and execution are influenced by political considerations, which might affect flight efficiency. These political instruments may influence both air traffic flow and single trajectory operations by defining national airline policy and air traffic control procedures. In both time and space, these operating restrictions alter. Military areas, for example, block only a few percent of European airspace, whereas military areas control   80 %   of Chinese airspace [6]. Military flights account for up to   25 %   of all flights in Europe [7].



From continent to continent, legal requirements and political boundary conditions result in considerable variances in flight planning and execution. As a result, trajectory optimization is more than a computation of flight performance. Furthermore, the network’s efficiency is heavily influenced by the distribution of knots (airports) throughout the network, their interconnectedness, and the transport demand, as compared to typical aircraft capacity. Although Europe has a generally even spatial distribution of airports, Asia has hotspots with high airport density and areas with low air traffic activity. Huge airlines in Europe, such as Lufthansa, serve as network carriers, picking up long-haul passengers at hub airports and delivering them on large planes. Even for short point-to-point connections (e.g., Shanghai to Beijing), Asia’s demand for wide-body aircraft with high passenger capacity is growing. The Horizontal Flight Efficiency (HFE) has already been compared between China and Europe in [8]. Therein, the most obvious restrictive operational constraints seem prohibited areas in the western part of China, while weather conditions and overfly charges seem to have a minor impact on differences in HFE between both regions. The aim of this study is to focus on the Vertical Flight Efficiency (VFE) and identify different reasons for region-specific vertical flight profiles in China and Europe.



State of the Art


Although the definition of a HFE can rely on the great circle distance as a valid reference measure, the definition of a VFE in the conventional sense induces the knowledge and evaluation of a vertically optimized trajectory. Since this optimization requires consciousness of the current weather conditions [9], surrogate metrics for the VFE are mostly used. In 2008, EUROCONTROL’s Performance Review Commission (PRC) published a report on VFE for the first time to evaluate the impact of Air Traffic Management (ATM) on vertical flight efficiency [10]. The PRC was established in 1998 to give the EUROCONTROL Permanent Commission an independent opinion on all elements of ATM performance in Europe. Since 2017, EUROCONTROL distinguishes between vertical en-route efficiency [11] and vertical efficiency during climb and descent [12]. EUROCOTNTROL’s vertical en-route efficiency only considers altitude constraints defined in Route Availability Document (RAD) and compares trajectories of similar distances with and without RAD constraints. This makes optimal cruising altitudes solely distance-dependent, although both flight performance and aircraft mass have an eminent impact on optimal cruising altitude [13]. For vertical efficiency during climb and descent, EUROCONTROL examines the percentage of flight time and distance spent in level flight at vertical rates below 300 feet per minute during climb and descent. Hence, weather impact and aircraft-specific optimal climb and descent rates are neglected [12]. In 2013, the Federal Aviation Administration (FAA) joined EUROCONTROL in the assessment of the VFE using the same methodology, but slightly different metrics to indicate prominent points in the trajectory [14]. In 2016, Peeters et al. used the same metrics as [11,12,14], but suggest higher sample rates of trajectory tracking. Peeters et al. improved the identification of level flights, the Top of Climb (TOC), and the Top of Descent (TOD), to better describe the vertical trajectory profile and developed metrics for the vertical flight performance measurement [15]. Another possibility to identify optimal cruising altitudes is applied by Pasutto et al. [16]. Here, the best performer flies at the cruising altitude flown in more than 90% of a sample of historic flight data. Fricke et al., on the other hand, compares filed trajectories with flown trajectories in his 3-D efficiency (3DE) and thus dispenses with the calculation of a reference trajectory with a specific objective function [17].



This literature review concludes that currently there is no universally applicable calculation rule for the assessment of VFE, as the challenge in determining the reference trajectory with a specific objective function is aircraft-specific, distance-dependent, weather-dependent and taking into account local operational constraints does not provide a universally applicable solution. For this reason, in this paper, reference trajectories with minimum fuel consumption are determined for a specific day using a Sophisticated Aircraft Performance Model (SOPHIA). These reference trajectories are compared with historical trajectories actually flown. Consequently, we define VFE as percentage difference in fuel burn   m fuel   [kg] of the whole flight.


  V F E =  1 −    m  fuel , historic   −  m  fuel , min      m  fuel , historic      · 100 %  



(1)







In addition to VFE, HFE considers en-route segments of flight f that traverse an airspace (sector i) and compares the distance flown    d  flown , i , f     with the distance achieved    d  achieved , i , f    . Because this indicator focuses on horizontal efficiency, the attained distance   d GC   [18] corresponds to the great circle distance.


  H F  E  i , f   =    d  flown , i , f    d  achieved , i , f    − 1  · 100 %  



(2)







The distance flown    d  flown , i , f     within a single sector, i, corresponds to the ground distance (in this study calculated from the ADS-B position data). The accomplished distance    d  achieved , i , f     is the difference between the great circle distance   d GC   between a sector entrance point and the destination [18] and the great circle distance between the sector exit point and the destination.



However, methods for estimating a minimum-fuel trajectory are manifold. Besides applications of vertical optimizations in the aircraft Flight Management System (FMS) itself [19], commercial products, such as Lufthansa’s Lido Flight 4D, Nexteon’s FPO-SR, the Pacelab Flight Profile Optimizer, or Jeppesen’s Air Traffic Simulator (TAAM), have been developed and are used on a daily basis for flight planning and rerouting due to hazardous weather conditions and support for diversions [20,21]. Those technologies are rarely used for ordinary trajectory optimization because the operator selects an airline-specific cost index (i.e., the weighting between fuel and time costs), which results in an optimum 4-D trajectory. From the scientific point of view, in 1975, Erzberger et al. already developed an algorithm based on the energy-state method to optimize the vertical profile of short-haul flights [13,22,23]. Here, Continuous Descent Operation (CDO) have been analyzed as the most energy-efficient. For decades, the impact of thrust, longitudinal speed and vertical speed is the subject of investigations with several optimization approaches [24,25,26]. Dancila and Botez [27], focus on minimizing steps during cruise and Bailey et al. [28] developed algorithms to estimate aerodynamically optimized cruising altitudes, while the benefit of Continuous Climb Operation (CCO)s has been quantified by [29,30]



Countless machine learning techniques were applied to historic flight tracks to identify fuel-efficient trajectories [31,32]. Fuel efficiency is optimized using dynamic programming [33] or pseudo spectral integration [34]. Linear regression models [35], the Residual-Mean Interacting Multiple Model (RMIMM) [36] or simply assuming probability functions and Gaussian distribution [37] were also applied to identify efficient aircraft trajectories.





2. Methodical Approach


In [8], reference trajectories have been extracted, using a DBSCAN clustering algorithm. These trajectories represent the main air traffic flows in Eastern China and Europe. In total, 95 Chinese trajectories and 159 European trajectories have been analyzed in terms of the HFE. These trajectories are now examined regarding the aircraft-specific and weather-specific VFE in terms of fuel flow. Attempts are made to justify deficits. For the calculation of the VFE, a minimum-fuel reference is required. This reference is calculated for each flight using a flight performance model SOPHIA. Therefore, operational constraints derived in [8], such as prohibited areas, overfly charges and opening schemes are considered.



During the optimization for a trajectory with minimum fuel flow, two different criteria can be most important: First, the aerodynamic optimum mainly depends on the aircraft’s aerodynamics and on aircraft mass and second, the impact of weather (i.e., strong wind speeds). From this follows, an aircraft at aerodynamically optimized cruising altitude could be confronted with strong headwinds. The resulting trajectory does not necessarily have to be a minimum-fuel solution. To emphasise the main impact variables on the minimum-fuel reference, different scenarios with different optimization target functions are simulated in SOPHIA. For each flight four scenarios are simulated and compared with each other (see Table 1).



2.1. Data


Automatic Dependent Surveillance—Broadcast (ADS-B) is a progressed reconnaissance innovation that combines the aircraft’s positioning technique and the aircraft avionics with the ground infrastructure to make an exact observation interface between aircraft and Air Traffic Control (ATC). The aircraft position and status data are broadcast periodically (ADS-B out) by an appropriate ADS-B transponder which is mandatory to cross several airspaces (e.g., in the US following Part 14 CFR 91.225). The signals may be acquired from different aircraft and ground stations at a distance of 200 NM (approx. 370 km) using SSR Mode S transmission at 1.090 MHz radio waves and 2000 NM (approx. 3700 km) if Low Earth Orbit (LEO) satellite navigation is used [38]. Therewith, a traffic situation in the aircraft’s surroundings (also known as Cockpit Display of Traffic Information) is implemented [38]. In contrast to ground-based surveillance systems in aviation, remote areas and mountain parts are no hindrance to monitoring with ADS-B.



For this research, the Chinese subset of ADS-B information is given for investigation purposes by the Nanjing College of Air transportation and Astronautics, which contains a near relationship with the Chinese flying information supplier VariFlight (https://www.variflight.com/, accessed on 3 March 2021).



The Chinese dataset provides ADS-B flight parameter information for   13,670   trajectories from the Chinese and partially adjacent Asian regions from 21 November 2020, 12:00 UTC+8 to 22 November 2020, 23:59 UTC+8. Despite a global virus pandemic at the time, domestic aviation traffic in China reached 90% of pre-crisis levels by the end of November 2020 [39]. The resulting baseline of available trajectory data is adequate for obtaining Chinese domestic reference trajectories.



The European dataset is given by the Open Sky Network (https://opensky-network.org/, accessed on 6 March 2021). The period chosen is Tuesday, 7 May 2019 10 a.m. to Wednesday, 8 May 2019 10 a.m., speaking to a normal traffic-heavy period. The area of examination is restricted to longitudes from 10 degree West to 25 degree East and scopes from 35degree South to 55 degree North. The northern European locale (of minor significance due to the lower volume of air traffic activity) is not included to restrain the amount of information. In total, the European ADS-B dataset describes approx.   38,800   different trajectories from departure to destination with an update rate of one second. Both data sets are diagrammed in [8]



For this study, the following ADS-B parameters are investigated: transponder ID [string], time [Unix time stamp], latitude [°], longitude [°], altitude [ft], heading [°], ground speed [kt], call sign [string] and a registration [string].




2.2. Extraction of Cruising Altitudes and Level-Flight Segments from ADS-B Data


A typical flight is composed of five phases: ground, climb, cruise, level flight, and descent. We apply a flight phase extraction method developed by [40,41] and identify flight phases with fuzzy logic and kernel method. Therefore, the Gaussian kernel function has the form,


  G  ( x ; μ , σ )  = exp    −   ( x − μ )  2    2  σ 2     ,  








where  μ  and  σ  are the location and shape parameter, respectively and define the supposed value and tolerance for the kernel function. The S-shaped membership function is defined as


  S  ( x ; a , b )  = 0 ×  I  { | x | ≤ a }   + 2     | x | − a   b − a    2   I  { a < | x | ≤   a + b  2  }   +  1 − 2     | x | − a   b − a    2    I  {   a + b  2  < | x | ≤ b }   + 1 ×  I  { | x | > b }   ,  








where   I  { · }    is the indicator function, a and b are the shape parameters with   a b > 0   and   b > a  . For example, Figure 1 presents   G ( x , 0 , 1 )  ,   G ( x , 1 , 3 )   and   S ( x ; 1 , 2 )  ,   S ( x ; 2 , 7 )  . Table 2 presents the kernel functions for all the phases with altitude z [ft], ground speed   v GS   [kt], and Rate of Climb (RoC) [ft min     − 1   ] as input. For example, cruising phase of a flight has supposed cruising altitude at around   35,000   [ft], ground speed at around 600 [kt], and RoC at around 0 [ft min     − 1   ], which also server as the location parameters. The phases of each data point within a flight are labeled where the highest fuzzy value   min  K  ( z )  , K  (  v GS  )  , K  ( R o c )     can be attained, and Climb/Descent can be determined by positive/negative RoC. For instance, given a data point in a flight with   ( z = 34,000 ,      v GS   = 590 ,   R o c = 0 )   , then   G ( R o C , 0 , 100 ) = G ( 0 , 0 , 100 ) = 1  , and the rest of kernel function values   K  ( z )  , K  (  v GS  )  , K  ( R o C )    are in Table 3. It is obvious that the cruise phase has the highest   min  K  ( z )  , K  (  v GS  )  , K  ( R o C )     value, therefore this data point is labeled as the cruise phase.




2.3. Operational Constraints in China and Europe


The areas of investigation, eastern China and Central-South Europe are similar in size, aircraft movements and inhabitants (Table 4). For this reason, they are well suited for a comparison of clustered trajectories.




2.4. Chinese Airspace Specifications


Chinese air traffic, especially domestic flights, is a fast-growing market that has lost little of its attractiveness and demand even through the pandemic. Especially the domestic market has already recovered, and the share of domestic flights grows strongly (https://www.radarbox.com/statistics/cn_cn, accessed 4 September 2021). There are now more than 12,500 domestic flights every day in China. In April 2021, the seven-day average was   12,612   daily flights, in comparison to April 2020 with a seven-day average of 4939 daily flights. In 2019, there were 9949 daily domestic flights on average over a seven-day period. Domestic traffic in China has recovered to pre-crisis levels, with demand up to   6.8  % in April compared to April 2019 [42]. The international air traffic, however, did not recover that fast [43]. Although China recorded around 4 million international flights in 2019, the figure remains relatively constant at 750 thousand in 2021 [43]. The Chinese air space is composed of 23 restricted areas and 176 prohibited areas [44], which are briefly discussed in [8]. Most of the restricted zones are in China’s eastern provinces, which also host most of the country’s aviation traffic. This huge number of military regions partially block more than 70% of eastern China’s airspace, with airspace closures occurring on short notice and over long periods of time (in the order of magnitude of weeks). Roughly 30% of these military air spaces are accessible only below 1000 m, allowing emergency services such as helicopters to operate, but no civil commercial air traffic [45]. Furthermore, the Civil Aviation Administration of China (CAAC) imposes a limit on the number of stops foreign airlines can make within the country. The standard limit is five stops before the nation must be exited and re-entered. Usually, foreign airlines need a third-party provider to manage the limitation. The provider also keeps an up-to-date list of all available and restricted airways in China, which are updated monthly. Foreign airlines may also be required to carry a Chinese navigator at remote, restricted, and many domestic airfields in China, not least because in some places controllers only speak Chinese. Because published charts for many minor airports in China do not exist, Chinese navigators also carry their own maps.



Historical routes and their connectivity to hub airports are used as the baseline for flight planning in China. As all around the globe, dispatchers select regularly travelled routes while also keeping an eye on weather patterns and attempting to cut fuel consumption. Multiple permit and flight plan changes are not accepted by the CAAC. The CAAC could reject them, causing delays or scheduling modifications. Airlines must fly along the allocated and cleared route exactly as specified on the overflight or landing permission confirmation to avoid being refused admission to China. Specifically, foreign civil aircraft must adhere to the prescribed air route, from which no deviation is permitted. Within the territory of the People’s Republic of China, an air route’s maximum width is 20 km and its minimum width is 8 km [46]. If the aircraft’s entry point at the flight information region differs too much, entering the Chinese airspace could be refused. Furthermore, altitude limits may cause the aircraft to fly below optimal flight levels, especially when departing from China to the east. In November 2007, China introduced Reduced Vertical Separation Minimum (RVSM) (i.e., the reduction of Vertical Separation Minima (VSM) above FL290 from 2000 feet to 1000 feet) in the Shenyang, Beijing, Shanghai, Guangzhou, Kunming, Wuhan, Lanzhou, and Urumqi Flight Information Region (FIR)s, as well as the island airspace of Sanya, between FL291 and F411. Aircraft that are not RVSM compliant may not operate within China RVSM airspace unless certain waivers (for example, State aircraft) have been obtained. For example, considering a departure to the east from Shanghai, the corridor in the South of Korean airspace that leads into Japanese airspace has limitations in terms of flight levels. When flying east toward Anchorage, Alaska, for example, aircraft would be held down. Sometimes, these restrictions even lead to jet fuel uploads. Finally, tropical weather activities (including typhoons) originating in the South China Sea should be taken into account. The probability of severe storm systems increases in Southern China below the latitude of Shanghai. Due to air pollution, sand, and dust in the Gobi Desert, visibility in China, notably around Beijing, can be low. In addition, thick fog and haze can be a problem in Shanghai. Maybe due to the high number of restrictions, Chinese ATC does not permit direct flights.



In Asia, all airline business models are represented. As usually, business carriers, unlike low-cost recreational airlines with limited service and inexpensive fares, are more concerned with access time and punctuality.



Overfly charges are almost constant in China. They only differ in terms of international and domestic carriers, according to [47]. An exception is the busiest Area of Responsibility (AOR), Sanya, which is twice as expensive. We assume a rate of 1 € per kilometre in the AORs Hong Kong, Macau, and Taiwan and 2 € per kilometre in the Sanya acAOR for foreign airlines because these overfly charges are not publicly available for research purposes. In Hong Kong, Macau, and Taiwan, we estimate 0.5 € per kilometre for domestic flights and 1 € per kilometre in the Sanya AOR. The actual kilometres flown are decided by the kilometres of the air route provided in the Civil Aviation Administration of China’s En-route Chart. We focus on international airline charges to make comparisons with Europe. In this study, we assume seat load factors of domestic flights in China domestic from 2019: 84.6% [48]. Since we know that in 2020, approximately half of air cargo capacity was transported in the cabin of passenger aircraft by 2020 [49] and according to the data released by CAAC, In 2020, the belly compartment of a passenger aircraft carried about   70 %   of the cargo volume [49], we assume a payload of approximately   80 %   of maximum payload.




2.5. European Airspace Specifications


European air traffic also suffered a slump in 2020 from which it has not yet recovered. In comparison to 2019, in 2020 European’s air traffic was down to   67.4 %   [42]. In comparison to China, the domestic market still cannot show any growth compared to 2019. In 2020, only   50.3 %   of the 2019th domestic air traffic took place [42], while international air traffic   72.5 %  , compared to 2019 [42].



In comparison to China, restricted prohibited airspaces in Europe have a low impact on flight efficiency [8], because European ANSP frequently control both civil and military aviation traffic due to a civil-military integration of ATC. From this follows, air traffic can be managed more flexibly and dynamically in a coordinated and shared use of airspace. Military airspace closures are tailored to the needs of the armed services and are used only when absolutely necessary. Furthermore, some military training flight activities can be conducted concurrently with civil aviation and with direct interaction. This improves civil flight routing by reducing the number of times military restricted regions must be flown around [50]. The Aeronautical Information Regulation and Control (AIRAC) cycle [4] (Annex 15, Chapter 5) defines restricted and forbidden areas which are revised every 28 days. In this study, we assume the prohibited areas as shown and discussed in [8].



Directs and rerouting during the flight are part of daily operations in Europe. In actuality, by December 2019, 55 Aera Control Centers (ACC)s had mostly completed the implementation of so-called Free Route Airspace (FRA) operations. Airlines can file and operate following freely planned trajectories that take into account entry, exit, and a few intermediate points. Entry and exit points are located along borders between the FIR. Therewith, aircraft could follow optimized paths in Europe, if the optimum is known. By 2024, full FRA operations across Europe are envisaged [51]. Even in FRA, national RADs or the Aeronautical Information Publication (AIP) may contain mandatory Air Traffic System (ATS) routes or directed segments. RVSM was adopted throughout Europe between 1997 and 2005. However, the airspace above Europe is coordinated by 27 national air traffic control authority from over 60 ACCs. Each ACC flown through must establish radio contact with its base station. The radar coverage and overflight charges of ACCs vary substantially. This fragmentation contributes to an airspace structure that is geared toward national borders which can make efficient routing difficult. From this fragmentation follows that overfly charges are very heterogeneously distributed. Charging zones and rates are defined by EUROCONTROL [52] and discussed in [8]. In Europe, a RVSM program is built on a Flight Level Allocation Scheme (FLAS). Implementing States have used a uniform FLAS based on flight levels indicated in feet in most parts of the world.





3. Four-Dimensional Aircraft Trajectory Optimization


3.1. Trajectory Optimization Simulation Environment TOMATO


For both trajectory assessment (Scenario 1) and trajectory optimization (Scenarios 2 to 4) the TOolchain for Multi-criteria Aircraft Trajectory Optimization (TOMATO) [53,54] is used. TOMATO is an iterative simulation-based optimization tool to optimize single trajectories. Therefore, TOMATO consists of three main modules (see Figure 2) which are iteratively interconnected with each other.




3.2. Lateral Path Finding in TOMATO


First, a lateral path is either taken as an input variable (in Scenarios 1 to 3) or calculated/optimized using an A-star pathfinding algorithm along an arbitrary grid with arbitrary cost layers containing wind information, overfly charges, restricted areas, turbulence- and traffic information, and environmentally sensitive areas (Scenario 4) [53,55]. One of the most important environmentally sensitive layers contains a grid of ice-supersaturated regions which are required for contrail formation [56,57]. Therewith, in Scenario 4, contrails are considered in the pathfinding algorithm. The assessment of contrails as a cost factor follows the method described in [58]. Per default, the grid is based on a polarized map with a resolution of 0.2°. A speciality of TOMATO is the consideration of ice-supersaturated regions in the pathfinding to consider the contrail formation as environmental costs [58].




3.3. Vertical Trajectory Optimization in TOMATO


Second, the vertical profile along the initially optimized lateral path is calculated using a flight performance model SOPHIA that includes a combustion chamber model. To a large extent, SOPHIA is based on physical laws, considering all forces of acceleration. The OpenAP [41] provides parameters that cannot be approximated without knowing aircraft-type-specific aerodynamic features, such as thrust-specific fuel flow, drag polar and maximum possible thrust as a function of altitude and speed.



With SOPHIA, the impact of aircraft type-specific aerodynamics and the essential influence of three-dimensional weather information, both affecting an optimized trajectory in the real operational flight is achieved, taking into account many sensitive variables. On the one hand, true airspeed   v TAS  , thrust   F T   [N], fuel flow    m f  ˙   [kg s    − 1   ], forces of acceleration   a x   [m s    − 2   ] and   a y   [m s    − 2   ], time of flight t [s], and emission quantities [kg s    − 1   ] describe the flight performance. On the other hand, aerodynamic parameters particular to aircraft types, such as wing area S [m   2  ], maximum Mach number   M M O  , number of engines, aircraft weights, and the drag polar dependent on flap handle position and Mach number, are taken into account.



SOPHIA uses target functions for   v TAS  , altitude z, and flight path angle  γ , which are constantly calculated for each time step, to perform multi-criteria optimization. In an aircraft type-specific proportional plus integral plus derivative controller (PID controller),    v  TAS , target    ,   z target  , and   γ target   are employed as controlled variables (PID controller).



The lift coefficient is used as a regulating variable in the PID controller. Each time step takes into account aerodynamic and flight performance restrictions (such as stall speed,   M M O  , and maximum lift coefficient). Because speed and acceleration are susceptible to continual variations that are not negligible in real-world weather conditions, aircraft performance modelling becomes an unstable system. As a result, acceleration forces must be evaluated and minimized throughout all flight stages.



The dynamic equations in the horizontal plane (3) and in the vertical plane (4) are [59]


   F T   cos γ −  F L   sin γ −  F D   cos γ = m   a x   



(3)






   F L   cos γ +  F T   sin γ −  F G  −  F D   sin γ = m   a y   



(4)




with lift   F L   [N], drag   F D  , aircraft weight   F G   [N], aircraft mass m [kg] and acceleration [m s    − 2   ] in the horizontal   a x   and vertical   a y   direction. Flight path angle  γ  [rad] and is defined as [59]


  γ = arctan    F T   F L   −   c D   c L    .  



(5)




  c D   and   c L   signify the drag coefficient [a.u.] and lift coefficient [a.u.] in Equation (5), respectively, describing   F D   and   F L   in the following way, considering air density  ρ  [kg m    − 3   ] [59]:


   F L  =  ρ 2   v TAS 2   S   c L   



(6)






   F D  =  ρ 2   v TAS 2   S   c D  .  



(7)







In the PID controller (see Figure 3), the lift coefficient   c L   is employed as a regulative variable. The drag coefficient   c D   is calculated as a function of Mach number, flap position, and lift coefficient using parametrization of OpenAp [41]. For the estimation of the true airspeed,   v TAS   and air distance   A D  , the accelerations   a x   and   a y   are combined. A temporal resolution of   Δ t = 1   s was found to be adequate. Wind direction and speed are used to compute ground speed and ground distance.



The PID controller’s function is represented in Figure 3. Each aircraft type and each flight phase is specified by the parameters   K P  ,   K I  ,   K D  , and   T N  , which are sometimes dependent on the aircraft mass. The accuracy of the parameters has a major impact on SOPHIA’s ability to accurately reflect the forces operating on the aircraft.



The aircraft mass is composed of operating empty weight   O E M  , payload, and fuel load. For estimating the payload, we assume a seat load factor of   80 %   in China and   83 %   in Europe and add   16.9   kg baggage per passenger [60]. The   O E M   is taken from aircraft manuals for airport planning (e.g., [61] for the A320). Fuel load is composed of trip fuel (estimated iteratively) plus   5 %   contingency fuel plus holding fuel (a 30 min flight at 10,000 feet altitude with a speed for a maximum lift-to-drag ratio, calculated with SOFIA).



Finally, the trajectory is evaluated in terms of the stated target functions. The weightings for each goal function are adjusted after the assessment. The constant input variables and first guesses of the controlled input variables, as well as a set of objective functions, are used to calculate each trajectory individually. This function can be analytically solvable, nonlinear, or a multi-criteria mixture of various aspects. After the initial optimization, the trajectory is evaluated in terms of operational, time-based, and environmental costs. When a scenario with many trajectories is optimized, the airspace demand, probable conflicts, and the predicted controller task load are additionally estimated and assessed. The evaluation results are used to adjust the weighting functions of those costs in the controlled input variables of the next iteration loop (see Figure 2 for more information). TOMATO has been validated and applied to a variety of applications [62], according to [63]. In the following, three different scenario-specific target functions in TOMATO are explained.




3.4. Aerodynamic Optimum Cruising Altitude (Scenario 2)


The vertical aircraft trajectory is split into take-off, climb, cruise, descent, and landing phase, separated by the lift of, TOC and TOD, and the destination airport altitude. Since the aim of this study is to identify the optimum trajectory with minimum fuel, CCO with aircraft- and altitude-specific maximum available thrust are used in the climb phase. CCO have already been established in theory as well as in practice and are generally recommended as low-fuel and low-emission alternatives to conventional climb procedures with constant speeds and horizontal acceleration phases [64]. Aerodynamically optimized CCOs are characterized by a steep climb profile without level flights with maximum climb rate  ω 


  ω = sin γ   v TAS   



(8)




where  γ  [rad] denotes the flight path angle between the earth-fixed coordinate system and the flight path-fixed coordinate system (see Equation (5)) and   v TAS   [m s    − 1   ] the aircraft true airspeed [30,65].   v TAS   is calculated by an extremum determination of Equations (3) and (4):


   F T  =  ρ 2   v TAS 2   S   c D  + m  g  sin γ + m  a  



(9)




where a is the acceleration projected on the flight path. Therewith, the maximum gain in altitude per time unit is used [66] and the cost index   C I   [a.u.]


  C I =   C time   C time    



(10)




of this steep climb flight converges to   C I = 0  , where   C time   [€] summarizes the time costs and   C fuel   [€] denotes the fuel costs. The aircraft invests the maximum amount of the energy in potential energy and quickly reaches the initial cruising altitude in atmospheric layers with low air density  ρ  [kg m    − 3   ].



When the desired cruising pressure altitude   p cruise   [Pa] or geometrical altitude   h cruise   [m] is attained, the cruise phase begins. SOPHIA portrays an unsteady system even during the cruise, especially in real-world weather situations, because speed and acceleration are continually changing. As a result, for each time step, Equation (9) is solved.



During the cruise, a PID controller is used to control   v TAS   once more. The aerodynamically optimized cruising altitude mainly depends on aircraft mass and on true airspeed   v TAS  . Considering a continuous fuel loss (and mass reduction) during flight, Continuous Cruise Climb Operation (CCCO)s promise aerodynamically optimized vertical profiles with minimum fuel [29,30].    v  TAS , target     receives its target value from a target function for a maximum specific range   R spec   [m,kg    − 1   ],


   R spec  =   v TAS    m f  ˙   .  



(11)







The aerodynamically optimized cruising altitude is calculated from the extremum estimation, where Equation (11) is maximal.



For    v  TAS , target    , the needed thrust   F T   is calculated using Equation (9), assuming a stationary equilibrium (i.e.,    F L  =  F G   ). If the target pressure altitude cannot be reached,   F T   will be increased. Maximum cruise thrust is provided by [41]. The target function produces a trajectory with practically minimum fuel consumption. Equation (11) is used to calculate    v TAS   (  R  spec , max   )   . Because fuel flow     m ˙  f  = f  (  v TAS  )    is a function of   v TAS  , the mathematical formulation of fuel flow depending on   v TAS  , aircraft mass m [kg], altitude z [m] and temperature T [K] [41] is used to estimate    v TAS   (  R  spec , max   )   .



The descent is carried out as a CDO [67] down to the final approach fix at a height of 10,000 feet. During the cruise, the TOD is already calculated iteratively, taking into account the real aircraft mass and   v TAS   and the related rate of descent. Decent begins as soon as the aircraft reaches the desired distance or geographical coordinate.



During descent, the engines are set to idle with    F T  = 0   N, and fuel flow is drawn from [41]. The   v TAS   target value is constantly obtained from an extremum determination of the lift-to-drag ratio E [a.u.]


  E =   F L   F D   .  



(12)







The lift coefficient   c L   is used to regulate   v TAS  , which is controlled by a PID controller. Equation (5) is used to compute the resulting angle of descent, and Equation (8) is used to estimate the descent rate   o m e g a  .



CDOs avoid level flights in dense atmospheric layers and take advantage of current civil aircraft’s high lift-to-drag ratio by reducing engines to practically idle. As a result, this process saves fuel and reduces emissions, according to [67]. Energy-based optimization methods [68], physical or aerodynamic investigations [69,70], or optimum control methods [25,26] can all be used to determine the angle.



In summary, decreasing aircraft weight induces an increasing aerodynamically optimized cruising altitude. For this reason, in Scenario 2, the lateral path is optimized at a mean altitude between TOC and TOC.




3.5. Weather-Optimum Cruising Altitude (Scenario 3)


In Scenario 2 it is assumed that the aircraft mass-specific aerodynamics have the most important impact on fuel efficiency. More beneficial wind situations at other altitudes than the aerodynamically optimized one with CCCO are not considered. In Scenario 3, we close this gap using SOPHIA to calculate the flight performance along the historically flown lateral path at all possible cruising altitudes between FL320 and FL410 with   δ F L = 10   and finally saving the trajectory with minimum fuel flow. This procedure slightly takes CCCO into account, because high cruise altitudes cause a long climb phase with maximum thrust. From this follows the climb phase looks similar to a CCCO in the result. The difference lies in the thrust used, which at a given high cruising altitude is maximum for a long time to reach the wind-optimized high cruising altitude quickly. On long distances, this results in a trajectory with minimal fuel consumption.



In consequence, in Scenario 3, the cruising altitude is not calculated but iteratively estimated. The optimized altitude-specific speed   v TAS   and the required thrust are still calculated with Equations (9) and (11), respectively. As described in Section 3.4 for Scenario 2, CCO and CDO are applied in Scenario 3.




3.6. Weather-Optimum Cruising Altitudes along Optimized Lateral Paths (Sceanrio 4)


In Scenarios 2 and 3, the historic lateral path is taken as an input variable, respecting today’s operational procedures, where deviations from the filed lateral path are only possible for specific reasons, such as weather-induced detours or directs [9,71]. However, the highest optimization potential is naturally achieved in a four-dimensional trajectory optimization, in which not only the speed and the vertical profile but also the lateral path are adapted to the current wind conditions. In Scenario 4, we are searching for an optimal lateral path on all possible flight levels between FL320 and FL410 with   δ F L = 10  , then we use SOPHIA to calculate the flight performance along each optimized path FL320 and FL410 and the respective cruising altitude, and finally, we save the trajectory with minimum fuel burn. Although in this scenario we do not allow SOPHIA to have a CCCO, at high given flight heights a vertical profile similar to the CCCO is created with a long climb phase with maximum thrust.



In Scenario 4, we assume fuel burn converges to an operational minimum. For this reason, we calculate the Flight Efficiency (FE) [%] in the same way as VFE (Equation (1)).


  F E =  1 −    m  fuel , historic   −  m  fuel , Sce 4      m  fuel , historic      · 100 % .  



(13)









4. Results


4.1. Analysis of Single Flights


The differences in the 4-D trajectory between the individual scenarios depend primarily on the wind situation and of less importance on operational restrictions. Before we statistically analyze the Chinese and the European airspace, two single trajectories are shown and discussed. The assessment is summarized in Table 5. Besides fuel burn, flight time and distances, the total costs, total environmental costs (as Environmental Cost Indicators (EPI) [53]) and contrail costs are listed in Table 5 to show the impact of environmental costs on multi-criteria trajectory optimization. The transfer of contrails into costs is described in [58], as well as the conversion of the environmental impact into EPI. Although the VFE only considers fuel burn, Table 5 enhances the understanding of what would have happen, if a multi-criteria trajectory optimization would have been applied. Paying attention to total costs (including environmental costs) would sometimes have led to a different optimized trajectory than limiting than focus on fuel.



Scenario 3, (i.e., optimization taking into account the weather) often leads to lower fuel consumption and more favourable overall costs, than Scenario 2, (i.e., the aerodynamic optimum). Hence, CCCO along the aerodynamic optimum cannot always compensate for the influence of the wind. Furthermore, environmental costs are strongly influenced by the duration of the formation of the contrail. In Europe, ATC charges (depending solely on distance) are constant along an unchanging path, while charges in China (depending additionally on flight time) vary between Scenarios 1 to 3.



First, an A320 medium-haul flight from Harbin Taiping International Airport (ZYHB) to Shenzhen Bao’an International Airport (ZGSZ) is investigated in detail. Assuming a payload of   13,192   kg (seat load factor of   80 %   plus   16.9   kg baggage per passenger [60]) and fuel load of 9704 kg, the take-off mass has been estimated to be   64,996   kg. Originally, the flight was flown at very low altitudes between FL340 and FL360 with lots of flight level changes and a long level flight at FL180 with a fuel burn of 9595 kg (Scenario 1, see Figure 4 for details). The aerodynamic optimum cruising altitude (Scenario 2) turned out to be between FL385 and FL395 with a fuel burn of 8777 kg, but the weather-optimized cruising altitude (Scenario 3) was at FL380 with a fuel burn of 8668 kg. Originally, the flight took a long detour of 211 km or   7 %  . By reducing the lateral path to a multi-critically optimized minimum (Scenario 4), the resulting cruising altitude denotes FL390 with a fuel burn of 8080 kg (see Figure 5). This path optimization additionally reduces the duration of contrail formation from 85 minutes to 55 minutes and therewith reduces contrail costs from 914 € to 822 € (see Figure 5). Sticking on the originally filed path, fuel burn could be reduced by   9.6 %   resulting in   V F E = 90.34 %   of the historic flight. Allowing additionally a route change, fuel burn could be reduced by   15.7 %  .



The eminent impact of the multi-criteria trajectory optimization could be seen on a long-haul example B767-300 flight from Newark Liberty International Airport (KEWR) to London Heathrow Airport (EGLL) assuming a payload of   29,089   kg and a fuel load of   40,234   kg. Differences in fuel burn of   4.9  % between Scenario 1 and the optimum along the filed path (in this case: Scenario 3) were mainly erased due to two level segments at altitudes far below the optimum cruising altitude (see Figure 6). This additional fuel burn of Scenario 1 results in   V F E = 95.01 %  . The differences can be exceeded if the path is included in the optimization (Scenario 4). Then   5.5  % fuel can be saved on the flight. However, considering the total costs of a flight including environmental costs, the real flight has not been too bad, because the low cruising altitudes reduced flight time with contrail formation of 41 min, compared to 63 minutes in the multi-criteria optimized trajectory (see Figure 7, Figure 8 and Figure 9). The impact of contrail costs (indicated by ice-supersaturated regions) on the pathfinding algorithm can be seen in Figure 9. The real aircraft (Scenario 1, rose) produces much shorter contrails than the multi-criteria optimized flight at F390 due to its lower cruising altitude FL350 and FL370. Scenario 1, on the other hand, takes a   2.6  % detour.




4.2. Level-Flight Segments during Climb and Descent


To comply with EUROCONTROL’s definition of VFE, number, duration and distance flown in level flights during climb and descent have been analyzed and compared between China and Europe. The results are summarized in Table 6. In Europe, half of the analyzed flights (81) managed the climb and descent phase without any level flight. In China, 19 flights (i.e., 20%) managed without a horizontal segment. Averaged over all flights with level segments, in China, aircraft spend   3.70   min along   20.39   NM and during   3.26   level flights when excluding flight without level segments, whereas in Europe, VFE decreased due to   1.39   level-flight segments during   9.17   min along   43.28   NM, on average. The increased number, duration and distance flown in level-flight segments in China might be rooted in a high number of restricted areas in China with different altitude constraints. Statistical analyzes in Table 6 show that when a level flight is flown, European flights travel longer and over further distances in levels. This supports the thesis that operational constraints in China are more limiting to air traffic.




4.3. Typical Historic Cruising Altitudes


As discussed earlier in this paper, from a physical point of view, not only level flights during climb and descent, but also climb rate, descent rate and the cruising altitude play an important role in the assessment of VFE, especially when considering weather-specific and aerodynamic constraints. For this reason, we analyzed the historic flights (Scenario 1) and categorized them into groups with different cruising altitudes by data binning. Averaged over all flights, the cruising altitudes in Europe seem higher than those in China (see Figure 10 for binned values). One reason for this could be that the Chinese data are primarily limited to domestic flights, albeit with similar distances to the European dataset (see Figure 11, left and Table 7 for details). Maybe, domestic flights are vertically separated from international overflights (the latter are in higher altitudes). Averaged over all analyzed flights, in China, a median of     h ˜  China  = FL 310   has been observed in the historic flight data, compared to     h ˜  Europe  = FL 360   in Europe. In China, the variation of detected cruising altitudes is larger than in Europe, because lower altitudes are additionally used in China. Unless typical weather conditions in China or noticeably lighter aircraft require lower altitudes to be fuel-efficient, it is suspected that the low cruising altitudes in China lead to lower VFE. However, very short distances in China (e.g., ZPPP (Kunming Changshui) to Dali, Yunnan (ZPDL) with 208 km) may distort the statistics.




4.4. Important Optimization Target Function for Trajectories with Minimum Fuel Burn


To evaluate the VFE using Equation (1), the trajectory with minimum fuel burn is chosen among Scenarios 1 to 3 as reference trajectory. To avoid lateral path deviations during the flight, which have been unusual up to now, the fuel minimum (i.e., the reference trajectory) is first searched for among those scenarios along the filed path. Table 8 shows the frequency distribution of those scenarios with minimum fuel. Obviously, the influence of the wind on the optimum altitude is stronger than the advantage resulting from an optimized CCCO. In the case of an optimized CCO (Scenario 2), both speed and altitude are adjusted to the maximum specific range at each time step and the thrust required for this is calculated. In Scenario 3, on the other hand, the aircraft climbs to a cruising altitude with maximum climb thrust and a speed for a maximum climb rate and then remains at this altitude until TOD. To determine the cost minimum in Scenario 3, the cruising altitude was iteratively increased, and the cost minimum was stored. High cruise altitudes in Scenario 3 result in a trajectory with a long climb phase, which purely externally resembles a CCCO to the desired cruise altitude (please see single trajectories in Figure 4 and Figure 6). The difference, with impact on fuel burn, lies in the objective functions for thrust and speed.



The statement that the most efficient cruising altitudes are more dependent on the wind and less dependent on flight performance is particularly advantageous for flight planning and flight execution. Since the aerodynamic optimum is strongly dependent on the aircraft mass and thus on the estimated masses (payload, seat load factor, cargo, fuel), and since a certain uncertainty is to be feared in the estimation, this estimation error can be excluded in the primarily weather-based optimization.



Table 8 supplements the statement with the number of trajectories with minimum fuel consumption per scenario and per region. Besides Scenario 4 (vertically and laterally optimized) the weather-optimized Scenario 3 mostly results in a minimum-fuel trajectory.



The effect of the optimization strategy on the resulting average cruising altitude is clearly visible in Table 7. It is clear that especially in China (but to a lesser extent also in Europe) optimized flight altitudes are higher than the historical cruising altitudes. The aerodynamically and weather-based optimized cruising altitudes are higher in both regions and spread over a similar range of values between FL300 and FL420, which is a narrower range than in the historic Scenario 1. The altitudes tend to be slightly higher in Scenario 2, compared to Scenario 3. This result is not an effect of specific wind directions in China or Europe, because the analyzed and optimized flights cover all possible flight tracks. The tracks of the analyzed flights can be seen in [8]. A closer analysis of Table 7 and Figure 10 also shows that the spread of weather-optimized cruising altitudes compared to aerodynamically optimized altitudes is lower in China (FL340 to FL420), while it remains approximately the same in Europe (FL320 to FL420). It is also noticeable that in Europe the optimized cruise altitudes are only shifted upwards by one class (  2000 f t  ) compared to the historical flights. In detail, in China, mean weather-optimized cruising altitudes (    h ˜   China , Sce 3   = FL 390  ) are remarkably higher, than the historic cruising altitudes (    h ˜  China  = FL 310  ). In Europe, weather-optimized cruising altitudes     h ˜   Europe , Sce 3   = FL 410   are slightly higher than historic ones (    h ˜  Europe  = FL 350  ).



The impact of the increased cruising altitude on fuel flow, compared to the historic flights can be seen in Figure 12. Presumably, due to the already closer to optimum cruising altitudes in Europe, the difference in fuel consumption between historical and optimized flights is expected to be smaller in Europe (i.e., blue dots should be closer to the 45° line) than in China (see Figure 12, left). However, Figure 12 indicates European a view data points with a large distance to the 45° line. In part, this suggests a higher potential for trajectory optimization in Europe, compared to China. In China, the mean optimization potential seems to be limited, since the difference in fuel burn between historic and optimized flights is smaller than in Europe. One explanation for this could be the tougher restrictions on airspace use in China, which have already been discussed in [8]. Note, the number of data points may be too small for a generalization of these results.



The difference in fuel burn between the minimum-fuel trajectory (chosen between Scenarios 2 and 3, along the identical lateral path) and the historic trajectory further indicates the VFE. From Equation (1) follows, the larger the difference between    m  fuel , historic     and    m  fuel , min    , the smaller VFE of the historic flight. At first glance, this result seems unexpected. Looking more closely at the blue (European) points in Figure 12 (left), one sees that most of the points are already very close to the 45° line and strong deviations between    m  fuel , historic     and    m  fuel , min     are the exception. In China, on the other hand, there are no strong deviations between    m  fuel , historic     and    m  fuel , min    , but most of the red points are further away from the 45° line. This results in a lower mean VFE in China.




4.5. Vertical Flight Efficiency


Finally, the VFE along a fixed lateral path can be calculated using Equation (1) by considering fuel burned in the historic scenario    m  fuel , historic     and in the minimum-fuel scenario    m  fuel , min    . Averaged values in Table 9 confirm the expectations of a higher VFE in Europe, than in China. The main reason may be found in the lower cruising altitudes in China (see Figure 10). Although the analyzed Chinese flights result in a mean VFE of     V   F  ˜  E  Chin  = 91.62 %  , a mean VFE     V   F  ˜  E  Chin  = 96.61 %   has been calculated for Europe. Although operational constraints (e.g., level cappings) of both regions were taken into account in the optimization to the best of our knowledge, a higher optimization potential was identified in China. However, each flight was optimized individually in the optimization and thus no consideration was given to the air traffic flow, capacity or controller workload.



The higher variation in optimization potential in Europe, which was already discussed in Section 4.4 and a larger number of data points, result in a higher standard deviation of the European VFE (see Table 9). Not only averaged values but also binned individual values of VFE show a higher vertical flight efficiency in Europe (see Figure 13). Table 9 indicates a fuel-saving potential of   8 %   in China and   3 %   in Europe through vertical adjustments of the trajectory alone.




4.6. Benefit of Vertical and Lateral Trajectory Optimization


Four-dimensionally defined input variables (e.g., 4-D wind conditions) and maybe multi-criteria target functions convert aircraft trajectory optimization into a nonlinear optimization problem. From this follows (as already seen in the analysis of single flights), the impact of a purely vertical trajectory optimization on fuel efficiency is limited when sticking to an old lateral flight path. The fuel burn calculated in Scenario 4 is compared with the historic fuel burn and is used to calculate the optimization potential of Scenario 4 in China and Europe. Figure 12, right indicates the decrease in fuel burn, compared to the historic scenario in a shallower slope of the regression lines and some large differences between historic and optimized fuel burn for a few European data points.



Furthermore, the fuel burn calculated in Scenario 4 is compared with the historic fuel burn and is used to calculate the FE according to Equation (13). The results of FE are shown in Figure 14 and statistically evaluated in Table 10. The stronger scatter of the data points in Figure 12 (right) emphasizes the sometimes strong influence of the weather data on trajectory optimization. Thus, individual flights could be made remarkably more efficient due to optimized routing. As in Scenario 2 and 3, operational constraints (e.g., level cappings or restricted areas) of both regions were taken into account in the optimization to the best of our knowledge and each flight was optimized individually in the optimization and thus air traffic flow concerns, capacity or controller workload did not comply.



The FE shows a stronger dispersion in both regions than the VFE (see Figure 14 and Table 10). It also follows that weather has a strong influence on individual trajectories, whose efficiency can be eminently improved by path adjustment (compare also with Figure 12). The even stronger difference between China and Europe, already discussed in Figure 12, also becomes clear here. Considering the additional fuel savings due to the lateral path optimization, the FE of the historic flights decreases to values below   90 %  :      F E  ˜  Chin  = 87.32 %   and      F E  ˜  Eur  = 89.84 %  . It follows that in China, on average, just under   13 %   fuel could be saved through optimal vertical and horizontal routing. In Europe, the figure is a good   10 %  .





5. Conclusions and Outlook


This is a continuation of a similar study of representative single trajectories in Chinese and European airspace [8] where the HFE was in focus of the study. The operational constraints of the Chinese and European air traffic systems, as well as the optimization potential of vertical flight efficiency and horizontal routing in the upper airspace, have been analyzed and compared in this study between two airspaces that are outwardly very similar (in terms of size, number of aircraft movements, number of airports, and distances between airports as described in Section 2.3). At cruising altitude, both airspaces have similar basic meteorological conditions without weather-related disruptions. From a meteorological point of view, cruising in China and Europe should be relatively unrestricted.



In both airspaces, 92 Chinese and 159 European representative trajectories, extracted based on historical flight movements, were evaluated regarding fuel flow and flight time (Scenario 1) and compared with optimized trajectories under the same operational constraints as applied to the historical flights (Scenarios 2 to 4).



Several optimizations with different objective functions were carried out. Although in Scenario 2 the vertical profile was optimized purely aerodynamically, in Scenario 3 the vertical profile was optimized taking into account the current wind conditions along the historical lateral path. Finally, in Scenario 4, both the lateral path and the vertical profile were optimized multi-criteria and a cost minimum of direct operating costs and environmental costs was achieved.



By comparing the optimized trajectories with the historical trajectories, the vertical flight efficiency VFE (comparison of the historical trajectories with the cost minimum from Scenario 2 and 3) and the flight efficiency FE (comparison of the historical trajectories with Scenario 4) of the historical flights were calculated and evaluated comparatively between China and Europe. Remarkably lower cruising altitudes in China indicate lower VFE and FE there. Even taking into account numerous vertical and lateral constraints, vertical and lateral optimization in China saved an average of   13 %   of fuel, while in Europe it saved an average of   10 %   of fuel. Vertical optimization alone saved a mean of   8 %   of fuel in China and a mean of   3 %   in Europe.



Since ICAO [4] recommends flight planning and operation, the procedures are relatively comparable in both airspaces and do not propose any substantial variances in routing.



We were surprised by the already high values of VFE and FE of both regions. For both regions, purely vertical adjustments of the trajectory already allow 50% (in China even 61%) of the maximum possible fuel savings. To further reduce fuel consumption without overloading air traffic control, these vertical adjustments (i.e., CCO, CDO and a wind-optimized cruising altitude) could be implemented first and then the implementation of a dynamic trajectory optimization based on current weather information could be considered. It should be noted that due to missing information in the ADS-B data, the speed (true airspeed) was replaced by optimized speeds in all scenarios (also in historical Scenario 1). This could possibly have increased the values of VFE and FE if the historical trajectories were not flown at fuel-minimal speeds.



The special feature of this study is that the efficiency of the individual trajectories was not carried out based on a theoretical optimum, but with the help of multi-criteria optimized trajectories, taking into account all known operational constraints. Furthermore, we intentionally did not compare the fuel consumption of individual trajectories between Europe and China (to respect differences in operational constraints) but limited ourselves purely to the optimization potential between historical flights and optimized trajectories in each region.



Since the representative trajectories of both airspaces and their principal cruise limits are known, other influencing factors on flight efficiency, such as aircraft type selection, typical airline business models, and delay handling, will be compared in the future. The goal is to always look at the usability of publicly accessible flight tracks to improve future air traffic efficiency.
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Figure 1. Kernel functions   G ( x , 0 , 1 )  ,   G ( x , 1 , 3 )   and   S ( x ; 1 , 2 )  ,   S ( x ; 2 , 7 )  . 
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Figure 2. Three main parts of the air traffic optimization environment’s simulation-based optimization tool TOMATO. 
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Figure 3. SOPHIA’s control loop. To control true airspeed   v TAS  , the lift coefficient    c L   ( t )    is employed as a regulative variable. The parameters   K P  ,   K I  ,   K D  , and the reset time   T N   are affected by aircraft type and mass and flight phase. 
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Figure 4. Profiles of flight CSN6273 from Harbin Taiping International Airport (ZYHB) to Shenzhen Bao’an International Airport (ZGSZ). Left: The real flight (Scenario 1) has been operated below an optimum cruising altitude with numerous level flights. Optimized profiles result in similar cruising altitudes. Right: Weather-optimized profile (Scenario 3) with highlighted contrail formation (red line) and ice-supersaturated regions (blue circles). Three contrails with a total formation time of 55 min cause 592 € in environmental costs. 
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Figure 5. Lateral paths of flight CSN6273 from ZYHN to ZGSZ. Left: yellow-red colour scheme indicates wind speed in knots. Middle and right: blue areas indicate ice-supersaturated regions. The real path (Scenario 1, rose) makes a detour of 7% and a contrail is induced during another 30 min of flight time (85 min, compared to 55 min in the path-optimized scenario). 
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Figure 6. Profiles of flight UAL940 from Newark (KEWR) to London (EGLL). The real flight (Scenario) begins its cruise at FL350 and climbs later to FL370 and contains two level-flight segments, resulting in   28,542   kg fuel burn, compared to   27,728   kg for the aerodynamically optimized trajectory (Scenario 2) and   27,118   kg for the weather-optimized solution (Scenario 3). 
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Figure 7. Profiles of flight UAL940 from Newark (KEWR) to London (EGLL) in ice-supersaturated regions (blue circles) indicating contrail formation (red flight segments) with additional environmental costs. (Left): The real flight (rose) induced three short contrails during 55 min flight time inducing 445 € contrail costs. (Right) The multi-criteria optimized path and profile (purple) induced two long contrails during 85 min resulting in 675 € contrail costs. 
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Figure 8. Lateral paths of flight UAL940 from Newark (KEWR) to London (EGLL). Yellow-red colour scheme indicates wind speed in knots. The historical flight was filed more southerly with a diversion of 150 km, which corresponds to a detour factor of   2.6  %. 
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Figure 9. Lateral paths of flight UAL940 from Newark (KEWR) to London (EGLL). Blue areas indicate ice-supersaturated regions with contrail formation. Due to its lower cruising altitude (FL350-FL370, top), the real flight (Scenario 1, rose) produces considerably shorter contrails than the multi-criteria optimized flight at FL390 (bottom, purple). However, Scenario 1 flies a detour of   2.6  %. 
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Figure 10. Comparison of binned mean cruising altitudes per flight between aerodynamic optimized cruising altitudes (Scenario 2, left) and weather-optimized Scenario 3 (right). In most cases, Scenario 3 resulted in a minimal fuel flow. See Table 1 for scenario definition. 
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Figure 11. (Left) Binned distances of historic flights (Scenario 1), calculated along flown lateral flight paths in China (red) and Europe (blue). Both data sets represent typical mid-haul distances between 800 NM and 1700 NM. (Right) mean cruising altitudes of historic flights (Scenario 1) in China are remarkably lower with a larger standard deviation, than in Europe. 
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Figure 12. (Left) comparison of historic fuel burn with minimal fuel burn from Scenario 1:3 per flight. (Right) comparison of historic fuel burn with minimal fuel burn from Scenario 4 per flight. Red and blue lines: regression line for fuel burn values. Note, the flatter the slope of the regression lines, the greater the difference between historical and optimized fuel consumption. 
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Figure 13. Histogram of VFE (Equation (1)) between historic and minimum-fuel flights (Scenario 2 or 3) in China and Europe. Here, a constant lateral flight path is used. 
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Figure 14. FE (Equation (13)) between historic and 3-D optimized flights in China (red) and Europe (blue). 
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Table 1. Four Scenarios are analyzed in this study to compare historic flights (Scenario 1) with minimum-fuel-optimized trajectories.






Table 1. Four Scenarios are analyzed in this study to compare historic flights (Scenario 1) with minimum-fuel-optimized trajectories.





	Scenario
	Optimization Target





	Scenario 1
	historic vertical and lateral profile



	Scenario 2
	aerodynamically optimized vertical profile (see Section 3.4) and historic lateral profile



	Scenario 3
	weather-optimized vertical profile (see Section 3.5) and historic lateral profile



	Scenario 4
	both weather-optimized vertical profile and lateral profile (see Section 3.6)
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Table 2. Kernel function for all the phases with altitude z [ft], ground speed   v GS   [kt], and Rate of Climb (RoC) [ft min    − 1   ] as input [40].
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	Kernel    K ( · )   
	Altitude z [ft]
	Ground Speed    v GS    [kt]
	Rate of Climb RoC [ft min     − 1    ]





	Ground
	   S ( z , 0 , 200 )   
	   G (  v GS  , 0 , 50 )   
	   G ( R o C , 0 , 100 )   



	Climb/Descent
	   G ( z , 10 , 000 , 10 , 000 )   
	   G (  v GS  , 300 , 100 )   
	   S ( R o C , 10 , 1000 )   



	Cruise
	   G ( z , 35 , 000 , 20 , 000 )   
	   G (  v GS  , 600 , 100 )   
	   G ( R o C , 0 , 100 )   



	Level flight
	   G ( z , 10 , 000 , 10 , 000 )   
	   G (  v GS  , 300 , 100 )   
	   G ( R o C , 0 , 100 )   
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Table 3. Kernel function values for the data point   ( z = 34,000 ,  v GS  = 590 , R o C = 0 )  .
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	Kernel    K ( · )   
	    K ( z )    
	    K (  v GS  )    
	    K ( RoC )    
	    min  K  ( z )  , K  (  v GS  )  , K  ( RoC )      





	Ground
	1
	0
	1
	0



	Climb/Descent
	0.06
	0.01
	1
	0.01



	Cruise
	1
	1
	1
	1



	Level flight
	0.06
	0.01
	1
	0.01
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Table 4. Similarity among characteristics of the areas of investigation.
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	China
	Europe





	Coordinates: longitude [°]
	[101–125]
	[  − 10  –25]



	Coordinates: latitude [°]
	[20–41]
	[35–55]



	Area size [km   2  ]
	   9.6 ×  10 6    
	   10.5 ×  10 6    



	Inhabitants
	   1.4 ×  10 9    
	   0.75 ×  10 9    



	Mean # of movements per year
	   11.6 ×  10 6    
	   11.2 ×  10 6    



	Total # of trajectories
	12,721
	18,264



	# of analyzed trajectories
	99
	160
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Table 5. Assessment of two single trajectories with different optimization strategies. The term EPI summarizes environmental costs including contrail costs and is described in [53].






Table 5. Assessment of two single trajectories with different optimization strategies. The term EPI summarizes environmental costs including contrail costs and is described in [53].





	

	
Fuel

	
Flight

	
Ground

	
Air

	
Total

	
Contrail

	
Contrail

	
EPI

	
ATC

	
VFE




	
Flight/Scenario

	
Burn

	
Time

	
Distance

	
Distance

	
Costs

	
Time

	
Costs

	

	
Charges

	




	

	
[kg]

	
[h]

	
[km]

	
[km]

	
[€]

	
[min]

	
[€]

	
[€]

	
[€]

	
[%]






	
CSN6273

	

	

	

	

	

	

	

	

	

	




	
1

	
9595

	
4.70

	
3013

	
3299

	
35,306

	
85

	
914

	
1674

	
3933

	
90.34




	
2

	
8777

	
4.33

	
3013

	
3258

	
32,435

	
74

	
826

	
1528

	
3930

	
98.75




	
3

	
8668

	
4.31

	
3013

	
3246

	
32,092

	
55

	
592

	
1285

	
3929

	
100




	
4

	
8080

	
3.96

	
2966

	
2966

	
30,039

	
77

	
822

	
1469

	
3673

	
-




	
UAL940

	

	

	

	

	

	

	

	

	

	




	
1

	
28,542

	
6.72

	
5711

	
5225

	
100,552

	
41

	
445

	
2950

	
6698

	
95.01




	
2

	
27,728

	
6.56

	
5711

	
5213

	
99,779

	
56

	
600

	
3068

	
6698

	
97.80




	
3

	
27,118

	
6.61

	
5711

	
5210

	
99,028

	
55

	
588

	
2896

	
6698

	
100




	
4

	
26,968

	
6.52

	
5561

	
5161

	
97,750

	
63

	
675

	
3115

	
6212

	
-
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Table 6. Number, distance and duration spend in level flight during climb and descent. (Note: flights with 0 level segments are excluded).
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	# of Flights with
	
	
	
	
	
	
	
	
	
	





	# of level segments
	0
	1
	2
	3
	4
	5
	6
	7
	8
	12



	China
	19
	27
	11
	9
	8
	6
	11
	2
	3
	1



	Europe
	81
	66
	6
	1
	2
	3
	1
	0
	0
	0



	Distance flown in level [NM]
	0–50
	50–100
	100–150
	150–200
	200–250
	250–300
	300–350
	
	
	



	China
	235
	16
	1
	2
	0
	0
	0
	
	
	



	Europe
	81
	18
	8
	0
	2
	0
	1
	
	
	



	Time spent in level [min]
	0–10
	10–20
	20–30
	30–40
	40–50
	50–60
	60–70
	
	
	



	China
	244
	7
	3 0
	0
	0
	0
	
	
	
	



	Europe
	76
	21
	9
	2
	1
	1
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Table 7. Counts and frequencies of mean cruising altitudes of historic flights (Scenario 1) and optimized flights (Scenarios 2 and 3) in China and Europe. Note: altitude 200 means the altitude bin   [ 200 , 210 )  .






Table 7. Counts and frequencies of mean cruising altitudes of historic flights (Scenario 1) and optimized flights (Scenarios 2 and 3) in China and Europe. Note: altitude 200 means the altitude bin   [ 200 , 210 )  .





















	Altitude Bin [FL]
	200
	220
	240
	260
	280
	300
	320
	340
	360
	380
	400
	420
	440





	Scenario 1: China
	
	
	
	
	
	
	
	
	
	
	
	
	



	# of flights
	1
	4
	5
	4
	11
	19
	25
	13
	7
	0
	0
	0
	0



	frequency
	0.001
	0.002
	0.003
	0.002
	0.006
	0.011
	0.014
	0.007
	0.004
	0
	0
	0
	0



	Scenario 1: Europe
	
	
	
	
	
	
	
	
	
	
	
	
	



	# of flights
	0
	0
	0
	0
	2
	4
	19
	50
	50
	25
	6
	0
	0



	frequency
	0
	0
	0
	0
	0.001
	0.001
	0.006
	0.016
	0.016
	0.008
	0.002
	0
	0



	Scenario 2: China
	
	
	
	
	
	
	
	
	
	
	
	
	



	# of flights
	0
	0
	0
	0
	0
	1
	3
	2
	11
	14
	51
	10
	0



	frequency
	0
	0
	0
	0
	0
	0.001
	0.002
	0.001
	0.006
	0.008
	0.028
	0.005
	0



	Scenario 2: Europe
	
	
	
	
	
	
	
	
	
	
	
	
	



	# of flights
	0
	0
	0
	0
	0
	0
	5
	2
	16
	89
	36
	7
	0



	frequency
	0
	0
	0
	0
	0
	0
	0.002
	0.001
	0.005
	0.029
	0.012
	0.002
	0



	Scenario 3: China
	
	
	
	
	
	
	
	
	
	
	
	
	



	# of flights
	0
	0
	0
	0
	0
	0
	0
	2
	11
	40
	27
	15
	0



	frequency
	0
	0
	0
	0
	0
	0
	0
	0.001
	0.006
	0.021
	0.014
	0.008
	0



	Scenario 3: Europe
	
	
	
	
	
	
	
	
	
	
	
	
	



	# of flights
	0
	0
	0
	0
	0
	0
	5
	2
	11
	72
	55
	10
	0



	frequency
	0
	0
	0
	0
	0
	0
	0.002
	0.001
	0.004
	0.023
	0.018
	0.003
	0
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Table 8. The number of minimum-fuel flights for each scenario in China (92 flights in total) and Europe (159 flights in total). See Table 1 for scenario definition.






Table 8. The number of minimum-fuel flights for each scenario in China (92 flights in total) and Europe (159 flights in total). See Table 1 for scenario definition.












	
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4





	China
	0
	2
	11
	79



	Europe
	0
	4
	12
	143
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Table 9. Mean, median, and standard deviation (sd) of VFE (Equation (1)) between historic and minimum-fuel flights (Scenario 2 or 3) in China and Europe, considering a constant lateral flight path in each scenario.






Table 9. Mean, median, and standard deviation (sd) of VFE (Equation (1)) between historic and minimum-fuel flights (Scenario 2 or 3) in China and Europe, considering a constant lateral flight path in each scenario.





	VFE [%]
	China
	Europe





	mean
	91.62
	96.61



	median
	93.69
	98.32



	sd
	8.87
	6.37
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Table 10. Mean, median, and standard deviation of FE (Equation (13)) between historic and 3-D optimized flights in China and Europe.






Table 10. Mean, median, and standard deviation of FE (Equation (13)) between historic and 3-D optimized flights in China and Europe.





	FE [%]
	China
	Europe





	mean
	87.32
	89.84



	median
	89.33
	93.84



	sd
	12.64
	13.20
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