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Abstract

:

Nowadays, in view of the growing traffic volume, an appropriate aircraft sequencing in the arrival sector is needed to maintain safety levels and improve the performance of the runway system and flight times. This paper presents a digital assistant supporting the air traffic controller in aircraft sequencing by providing suggestions for next waypoints, speed adjustments and altitude holdings. On the one hand, the suggested paths are such to preserve safety by ensuring the prescribed minimum separation, while also promoting environmental benefits through continuous descent operations (CDO). On the other hand, the suggestions aim to reduce landing times, improving the runway throughput. The proposed tool exploits multipath planning, for which a global optimization technique is used in conjunction with the dynamic time warping distance metric and a reinforcement learning approach to resolve conflicts through speed modulation and/or altitude holding. The performances of the assistant are assessed by means of a multi-agent simulator tailoring its reasoning on the procedures of Olbia airport (Italy). The analysis of a stream of many random aircraft has revealed its effectiveness in terms of arrival time reduction against a standard first-come-first-served strategy, usually adopted by controllers, and strong conflict reduction while considering a CDO-like adherence. Additionally, the man/machine interaction is investigated through an analysis of the overall latency from the suggestions provided by the digital assistant up to the actual aircraft maneuvers.
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1. Introduction


The goal of air traffic control (ATC) is not only to manage air traffic safely and efficiently but also to plan and coordinate it to optimize the use of available airspace and infrastructure. In particular, terminal management areas (TMAs) or, more generally, terminal control areas (CTAs), are critical areas where flows of departing and arriving aircraft with varying altitudes, speeds and directions converge, increasing traffic volumes and overall complexity [1].



Since air traffic congestion is one of the causes of flight delays, improving traffic management in the terminal area can reduce arrival delays and allow better utilization of runways. Specifically, the approach controller (APP) plays a critical role in ensuring safe, orderly and timely traffic control of aircraft during landing and takeoff operations, based on the current regulations. One of the concerns of the APP controllers is to determine the order and the times in which aircraft are to land by properly arranging the minimum longitudinal spacings on the final path. This task, known as sequencing and scheduling, is becoming increasingly difficult as traffic volumes increase and the need to optimize air traffic flow increases. However, it is evident that the proper organization of queue sequencing at an earlier time horizon can result in considerable advantages in relation to both runway capacity and throughput. Consequently, these improvements can lead to a decrease in fuel burn and consequent cost savings for the airlines.



The constraints of the so-called arrival sequencing and scheduling problem (ASSP) vary depending on the airport level and on the potential impact of their violation at the ATC segment level. They are usually grouped in hard and soft constraints [2].



The hard constraints are typically related to safety and must always be respected. One of the most limiting factors for take-off and landing frequencies is represented by wake turbulence. The wake vortex magnitude is proportional to the size of the leading aircraft and its effects are more relevant if the trailing aircraft is small [3]. Consequently, the mean separation times (MSTs) depend on the types of both aircraft, and the landing order plays an important role for the maximization of the runway capacity [4]. The MST values are derived from the ICAO minima in-trail separations and reported in Table 1, where “1” represents aircraft with a maximum weight of 7 t, “2” if their weight is more than 7 t but less than 136 t, “3” if their weight is greater than 136 t.



It must be pointed out that, recently, a finer categorization of the wake vortex separation minima has been introduced by EASA as a result of an extensive research collaboration between EUROCONTROL and FAA. With this new information, aircraft have been assigned to one of six new categories (A through F) under the RECAT-EU six-category scheme [6]. In this study, however, we will focus exclusively on the categories listed in Table 1. In fact, the inclusion of additional categories would not alter the constraints of the proposed approach but would only consider other values of separation minima.



Figure 1 reports an example of the reduction of the queue length (makespan) when a proper aircraft sequence is imposed: the optimal ordering leads to the minimum makespan achieving a reduction of about 33%. While optimal solutions are desirable, very often even sub-optimal solutions are used to improve runway throughput.



In contrast, soft constraints are constraints that can be violated leading, in this case, to a suboptimal solution to the ASSP. A typical example is represented by the planned time slots (available or assigned) for landing in airports with limited capacity. In these airports, it is acceptable to adjust the planned landing times of some aircraft in order to achieve an overall optimized solution for the ASSP [8].



To accommodate higher traffic volumes and serve the changing needs of airlines and ATC, specific arrival route structures—such as “trombone procedures” or “point merge procedures”—have been introduced based on the performance-based navigation (PBN) concept [9]. These RNAV-based arrival (or departure) procedures have been intentionally designed to support the controllers in guaranteeing a common approach to the above-mentioned tasks ensuring a certain degree of predictability. These procedures were introduced to improve and ensure greater efficiency and safety of air traffic in the terminal regions because aircraft follow specific trajectories, and their possible collisions are minimized in the early design phase of the procedures themselves. In more detail, these procedures have been demonstrated to improve lateral dispersion and distance flown, allowing, at the same time, the arriving flights to remain at higher altitudes. Two immediate benefits of this are controller workload reduction and improvement of airport capacity [10]. Such procedures are currently adopted in several large European airports.



Nevertheless, under some conditions, performing the procedure along the designed nominal routes may be highly inefficient. For this reason, the ATC is authorized (and even encouraged), when possible, to use shortcuts towards the existing waypoints to expedite traffic, while ensuring safety and maximizing the throughput. Actually, a proper management of aircraft scheduling may reduce delays, increase the number of operations per unit time and minimize fuel consumption [11]. Scheduling a specific aircraft is related to ensuring adequate airport capacity and predictability of operations. Inadequate scheduling of flight operations leads to the lack of traffic smoothness and consequently to the onset of the congestion problem. Unfortunately, the controller’s ability to achieve optimal aircraft scheduling and queue sequencing can be a highly challenging task that demands a considerable level of expertise and concentration, especially for large airports or when traffic levels in the terminal area exceed the system’s capacity. Furthermore, the risk of conflicts increases in the vicinity of final approach fixes due to the bottlenecks they create.



The above-described topics compete on the horizontal plane, but a further aspect has to be taken into consideration to complete the problem description, the so-called continuous descent operation (CDO) [12]. It is an advanced flight technique to descend continuously from cruising altitude (top of descent, TOD) to the final approach fix (FAF) without levelling and with an idle thrust setting. According to this procedure, an aircraft could stay as high as possible for a longer time than with a conventional “step descent”, expanding the vertical distance over ground and thus significantly reducing the noise levels for populated areas near airports. Furthermore, idle engine settings lead to a reduction of fuel consumption and harmful pollutant emissions [13,14]. Nevertheless, CDOs are not widely implemented, especially during high density operations, due to safety constraints. Actually, these procedures may require an increase in separation between aircraft arrivals, which may affect the airport arrival rate and runway throughput [12]. The larger separation spacing for a CDO aircraft is mainly due to two reasons: the difficulty for air traffic controllers to predict the future position of an aircraft with significantly variable speed and the inability of the pilot to quickly decelerate during descent [15]. Although CDO has been proven to be feasible and without increasing the required spacing between aircraft under light traffic conditions (such as nighttime operations), currently, aircraft flying CDO are most likely to be spaced further apart under heavy traffic conditions.



All these constraints to be considered by the APP lead to the need for new tools to assist him in giving the proper instructions. Considering the current perspective of digitalization in ATM, such new tools push the concept of a digital assistant intended as “a specialized intelligent artificial agent that helps users to do their activities” as an “intermediary between humans and other agents in a multi-agent environment” [16]. This paper presents a preliminary development of a digital assistant—named ACOP (Arrival digital assistant with COnflict Prevention)—aimed at helping the controller in the operational management of traffic during the arrival phase from the TOD up to the FAF, following trombone procedures. ACOP could support the ground controller in the specific task of shortcutting the trombone keeping safety levels, maximizing the throughput and minimizing the changes to ensure CDO adherence. ACOP uses artificial intelligence (AI) techniques and is structured in two main functionalities. The first one is based on multi-path planning triggered by any arriving flight, for which a global optimization technique is used, in conjunction with a distance metric based on the dynamic time warping (DTW) technique [17]. The second one prevents possible loss of separation (LOS) emerging at the tactical level, following a reinforcement learning approach.



The remainder of this paper is structured as follows. Section 2 reports the main current available solutions for the described problems of arrival scheduling and conflict prevention. In Section 3, the ACOP tool is described in depth, while in Section 4, the obtained simulation results are shown under the specified conditions, and in Section 5, some operational aspects are discussed. Finally, in Section 6 and Section 7, future work is addressed, and the most relevant conclusions are drawn, respectively.




2. State of the Art


The urgent need for increasing the efficiency of the ATM process, as pursued by the SESAR program [18] and FAA NextGen plan [19], is leading to intense efforts in designing automatic and semi-automatic tools to support and alleviate the work of the ACC controllers.



Generally, the two above mentioned functionalities of a ground digital assistant can be grouped in two hierarchical levels: a layer capable of solving the ASSP and one implementing a CDR capability, where the former is designed as a sporadic task, running on specific triggering events, while the latter is continuously running. In the next sections, a short overview on the main existing solutions for these two levels are provided.



2.1. Arrival Sequencing and Scheduling Problem


The ASSP aims to develop a scheduler minimizing the times of arrivals or their delays with respect to the schedule, maximizing in this way the runway throughput in compliance with safety and operational constraints.



This problem becomes a very complex task when all operational constraints are considered. Examples of these constraints are the number of delayed flights or their maximum delays, an essential aspect in terms of safety because it may be associated with a dangerous low fuel level. It is widely recognized that an exact algorithmic solution of the full ASSP is not feasible and, probably, not possible.



It is also worth noting that the scheduler must always generate an updated outcome, but several unexpected events may occur (change in airport configuration, in airport capacity, etc.), requiring an update in acceptable time (few seconds). Consequently, the scheduler should be also characterized by a low computational load [20].



Furthermore, the controllers, being driven by the general principles of fairness and safety, may be limited in flexibility to order the incoming aircraft. The strategy that often meets both principles is the so-called first-come-first-served (FCFS) one [21], playing the role of the “standard” sequence, against which all other strategies are usually referenced.



Unfortunately, the straightforward FCFS approach generally produces relevant delays; therefore, different strategies have been developed. In practice, the ATCOs use the constrained positioning shifting (CPS) technique. In particular, the k-CPS is a methodology requiring the determination of a parameter k representing the maximum number of shifts (generally less than three) of any aircraft with respect to the FCFS order.



It has been demonstrated that the CPS improves the runway throughput with low computational effort. In [22,23], two algorithms have been proposed, but no one takes into account the time slots for landing. In [24], an additional “relative” parameter is introduced to bound the workloads of controller and pilot during a re-sequencing. In [25], the authors describe a new procedure for a real-time dynamic programming by means of the optimal sequence computation that removes most of the issues of the k-CPS technique and minimizes the time makespan and the average delay. This new approach, named dynamic positioning shifting (DPS), allows for matching more quickly the operative constraints. However, the algorithm complexity increases linearly with the number of aircraft and runways, and the value of k is computed depending on the traffic level. In conclusion, the DPS behaves similarly to FCFS for a “normal” traffic volume, while it is most similar to the CPS technique for an intense one.



Another interesting line of research deals with models and algorithms based on job shop scheduling. From this point of view, the terminal area is considered as a machine [20] or as a job scheduling problem [26]. In the former work, it is shown that the ASSP corresponds to the cumulative travelling salesman problem (CTSP), where the objective is to minimize the sum of the arrival times at the customers (which are the runways, in our analogy) rather than the total travel time, as it happens in the classical TSP. The problem becomes more complex when both re-scheduling and re-routing are included in delay minimization, and for this, the job shop is a more useful approach. In this case, some heuristics are required to quickly compute good quality solutions [27,28]. In [29], the authors develop and compare different models for scheduling and re-routing, assuming high traffic volumes.



Other proposed methods include fuzzy programming [30], simplex-based [31] and genetic algorithms [32,33,34], which are particularly competitive in terms of solution quality and robustness. In particular, in [35], a genetic local search (GLS) algorithm has been proposed, but no real application was shown.



Finally, it should be noted that some works consider arrivals, departures and ground operations as parts of a more complicated but realistic problem [26,36].



The above works are generally difficult to use in a real application due to their non-negligible computation time. Some works try to fill this gap [28,37,38], but they are not fully satisfactory, and the ASSP is basically considered still as an unsolved problem, at least in real scenarios.




2.2. Conflict Detection and Resolution


Aircraft must always maintain horizontal and vertical safety distances from each other. If a potential LOS is detected in advance, the controller must provide resolution instructions to one or both aircraft to resolve the conflict. Typically, conflict resolution maneuvers involve a change in flight path, speed or flight level.



Consequently, software tools are strongly desired to ensure safety in high traffic density scenarios, often affected by high uncertainties too. Many mathematical models are proposed for conflict resolution [39]. In [40,41], the authors use reachability zones to represent the possible future aircraft positions, and conflict mitigation is achieved by separating these sets using flight dynamics relationships. However, with this approach, the computational time strongly increases with the number of aircraft and the spatial grid density. Model predictive control (MPC) is a promising approach for conflict resolution. In [42], the MPC performs trajectory prediction and conflict resolution simultaneously, but the mathematical model is quite complex, and the quality of the solution depends on the quality of the available historical data and models. MPC is also used in [43], where the authors propose many conflict resolution models that prescribe minimizing the costs associated with the maneuver. In [44], a preliminary analysis of the surrounding traffic is performed, introducing the concept of “aircraft ecosystem” and an assessment of traffic complexity. The individual aircraft pairs are then considered one-by-one for conflict resolution.



However, the conflict resolution models proposed in the above works have several common limitations. Complete knowledge of the conflict scenarios in terms of speeds and trajectories is required. For this reason, the models are very complex, and the solutions are characterized by low quality in presence of relevant uncertainties. Moreover, the input scenarios used should be well standardized. Machine learning (ML) may overcome these problems since it does not require prior knowledge of how to efficiently solve a conflict, and the algorithm can improve itself when exposed to scenarios not seen before. Unlike model-based approaches, ML can exploit the historical data considering the environmental uncertainties, and it is not required to map the actions to each possible scenario [45]. For decision problems such as conflict resolution, the breadth and continuity of state and action spaces are also important for ML methods. Reinforcement learning (RL), developed for solving various board games, can, in fact, help in this regard [46].





3. ACOP Description


The primary objective of ACOP is to assist air traffic controllers in the effective operational management of traffic during the arrival phase from the top of descent (TOD) up to the final approach fix (FAF) while following the trombone procedures. Specifically, ACOP helps in the critical task of shortcutting the trombone, while ensuring safety levels, maximizing the throughput and minimizing the changes to guarantee a significative continuous descent operations (CDO) adherence. In fact, ACOP provides two types of suggestions joining both sequencing and scheduling and conflict management functionalities issuing “Direct To” and “Conflict resolution” commands.



ACOP has been developed as a proof-of-concept for sequencing optimization in trombone procedures, with ENAV (the Italian air navigation service provider) providing the use case. To the best of our knowledge, there are currently no operational ground tools available to assist controllers in such procedures (including point merge or trombone), especially in regard to direct-to directives. As a result, ACOP solutions are compared to an air traffic control technique commonly used as a reference in research works [21], with the assumption being that a virtual controller directs traffic according to a first-come-first-served sequencing.



ACOP provides the following significant scientific contributions:




	
The tool has an intrinsic capability to reduce conflict occurrences already at the sequencing and scheduling level, by employing the DTW distance concept;



	
The tool also includes a preliminary automatic procedure for generating admissible paths starting from the STAR procedure of any airport;



	
Finally, the tool employs reinforcement learning techniques for the CDR process in order to train an agent to detect and resolve conflicts in real-time by learning from past experiences.








3.1. Functional Architecture


The right side of Figure 2 shows a functional architecture of ACOP. The dashed lines indicate the required preliminary input data (RNAV procedures of the airport and their initial off-line elaboration), while the solid lines identify the runtime modules and their interactions.



The inputs to ACOP are represented by the aircraft three-dimensional positions, horizontal velocities and categories (see Section 1). The outputs of ACOP consist instead of real-time suggestions for path changes via appropriate “Direct To” commands (including a running countdown, i.e., a time limit for the controller to provide them to the pilots) and commands to reduce speed and/or hold altitude to avoid possible conflicts.



Figure 2 also highlights the ACOP sequencing and scheduling layer (SSL) and the conflict management layer (CML). The first layer provides a solution to the ASSP, while the second layer implements the CDR functionality. This division is useful because the time horizons of the two problems are very different, and the two functionalities are decoupled. Even though the SSL guarantees separation at FAF and spreads aircraft trajectories as much as possible, some LOSs could still occur if a dedicated CDR capability is not included. Consequently, a CML must be designed to comply with the required safety levels.



Finally, the left side of Figure 2 depicts a multi-agent simulator providing the positions of all aircraft at each time step, ideally following the sequence of the given waypoints (see Section 4.3 for further details).




3.2. Design Assumptions and Limitations


In this paragraph the main ACOP design assumptions have been collected.




	
“Direct To” starting points:



The starting points of the “Direct To” commands are always the current next waypoints. In other words, an aircraft cannot leave its leg at an intermediate point.



	
Operational constraints:



Each aircraft cannot be shifted in the landing sequence if this implies a delay at FAF greater than a user-defined value.



	
CDR approach:



The available conflict resolution actions are only deceleration and levelling (no path stretch or vectoring, for example). The CDR approach is pairwise. However, if two aircraft are both already engaged in conflict resolution maneuvers, their conflict is considered not solvable.



	
Speed assumption:



The ACOP ASSP solution involves the utilization of average speeds to calculate the ETAs in advance. This design assumption is necessary, and it may potentially result in slightly downgraded outcomes (for details, refer to Section 3.4.1).



	
Other limitations:



The following factors are not considered by ACOP:




	
Previous delay cumulated by aircraft before entering the terminal area;



	
Departures;



	
Emergencies (for example, due to ground traffic or maintenance, adverse weather conditions, presence of drones, onboard health issues, commercial agreements with some airlines, etc.) that would give a higher priority to some specific aircraft.














3.3. Preliminary Computations


As shown in Figure 2, some preliminary airport data are required for the ACOP design. In more detail, both SSL and CML need the list of the admissible flown paths from a generic waypoint up to the FAF in order to provide only valid solutions to the human controller. The admissible paths are obtained imposing the following conditions:




	
Flight direction in each leg must be as specified in the STAR procedure;



	
Turns on each WP cannot be made with an angle less than 90°.









3.4. Sequencing and Scheduling Layer


The multipath planning is triggered when a new aircraft arrives on an initial fix, as no information is available on the upstream traffic (see Section 4.3). Therefore, the same aircraft can be rescheduled more than once because it is involved in multiple optimization sessions. In more detail, the SSL—developed within the MATLAB environment [47]—is composed of two in-series optimizations. They are required (1) to minimize the times of arrival and (2) to reduce the scenario complexity. Hereafter, they will be briefly described.



3.4.1. Flight Times Minimization


To maximize the runway throughput and capacity, a constrained combinatorial optimization problem must be solved.



Generally, the trajectory planning does not involve all the inflight aircraft but only those that are not already directed towards a preselected set of waypoints. At a minimum, this set of waypoints is composed only of the FAF. Additional waypoints nearby the FAF may be included in this set, but this will strongly reduce the state space and hence the possibility of finding good global solutions. In any case, all the aircraft directed to these specific waypoints will, of course, continue to be considered in the safety constraints, even if their trajectories are frozen. In our settings, no additional waypoints have been added to the abovementioned group, leaving the FAF as the only waypoint in the set.



It is assumed that the independent variable   x   is an integer vector composed of (1) the index of the path from the current next waypoint up to FAF for each of the   n   aircraft involved in the optimization process and (2) the arrival order on FAF, i.e.,:


  x = [   i   1   …   i   n   k ]  



(1)




where   k ∈   1 ; n !     represents the row index of the matrix     M   p e r m     containing all possible permutations of the   n   aircraft, with reference to chronological arrival order on the initial fixes. For example, for   n = 3  , this matrix looks like:


    M   p e r m   =          3   2   1     3   1   2     2   3   1             2   1   3     1   3   2     1   2   3           



(2)




and   k = 5   means that the arrival sequence on FAF is 1-3-2. The ETA on FAF point of the j-th aircraft can be written as:


    E T A   j   = t +     D T G       P   c u r r     j         W P   n e x t     j         V   j     +         D T G       W P   n e x t     j     F A F         i   j             V   a v g         i   j        



(3)




where:




	
  t   is the time in which an aircraft arrives in the terminal area, and the optimizer is triggered;



	
      W P   n e x t     j     is the current next waypoint of the j-th aircraft;



	
    V   j     is the current horizontal velocity of the j-th aircraft;



	
    D T G       P   c u r r     j         W P   n e x t     j       is the distance from the current position of the j-th aircraft up to       W P   n e x t     j    ;



	
        D T G       W P   n e x t     j     F A F         i   j       is the distance from       W P   n e x t     j     up to FAF, computed along the     i   j    -th path;



	
        V   a v g         i   j       is the average velocity along the     i   j    -th path, with respect to the allowed values in each leg (note: a different actual speed profile due, for example, to a CR maneuver, might lead to results slightly downgraded).








The cost function to be minimized is assumed to be the sum of the planned of the estimated time of arrival (ETA) of each aircraft, i.e.,     f   o b j   =   ∑  j = 1   n      E T A   j      . This implies that each single ETA will be minimized too, all being positive quantities. Different choices of the cost function would not ensure this result because an optimization may override the previous one. Cleary, only the last term of the above equation can actually be optimized, involving the selection of the “future” paths after the current leg.



The problem constraints are represented by the ICAO wake vortex rules for spacings (Table 1) and by the maximum admissible delay     D   m a x     for each aircraft:


  d i f f (   E T A   v e c   k   ) ≥ f (   T a b l e   I C A O   ,   C a t   v e c   k   )  



(4)






    E T A   v e c   k   −   E T A     v e c   n o m     k   ≤   D   m a x    



(5)




where:




	
    E T A   v e c   k     and     E T A     v e c   n o m     k     are   ( n × 1 )   vectors composed by the computed and nominal ETAs of the   k  -ordered aircraft, respectively;



	
  f (   T a b l e   I C A O   ,   C a t   v e c   k   )   represents a function providing the   ( n − 1 )   minima spacings for the   k  -ordered aircraft.     T a b l e   I C A O     is reported in Table 1, while     C a t   v e c   k     is a   ( n × 1 )   vector containing the   k  -ordered aircraft categories;



	
the   d i f f   operator calculates differences between adjacent elements of its vectorial argument.








A genetic algorithm [48] is used because it has proven its effectiveness for the described application.




3.4.2. DTW-Based Filtering


If the optimization described above yields multiple solutions with the same cost function value, i.e., with the same total flight time, a further selection is performed using the dynamic time warping (DTW) algorithm.



DTW is an algorithm for measuring the distance between two discrete sequences, even if they consist of a different number of samples. It was originally introduced to calculate the distance of time series. Basically, DTW recursively searches all possible points that lie between two trajectories for the point with the smallest distance. Further details can be found in [17].



In our study, the DTW distance is initially calculated for each pair of trajectories of each ex aequo scenario. Then, the DTW distances are averaged for all pairs, and finally the scenario with the largest average DTW value is selected and proposed to the controller. For example, Figure 3 shows the DTW-based selection for two equivalent sets of paths. The selected scenario is the one on the right, which contains paths further apart. This mechanism clearly helps reduce in advance LOS risks, especially near the FAF.





3.5. Conflict Management Layer


The CDR function is composed of two different sub-functions:




	
Conflict detection between all possible pairs of aircraft and;



	
Conflict resolution to separate aircraft by reducing speed and/or holding altitude.








3.5.1. Conflict Detection


The loss of separation (LOS) is a three-dimensional event defined as the violation of the horizontal and vertical separation minima at the same time.



When considering separation conditions, a key parameter to be evaluated is the expected closest point of approach (CPA) between two aircraft [49]. However, in contrast to the usual situation, the trajectory prediction here is performed along the paths previously found by the SSL.



Prediction is carried out propagating the current aircraft positions along the expected path both horizontally and vertically to check for the following separation condition:


  ∆ h >   ∆ h   m i n   ,   d >   d   m i n    



(6)







  ∆ h   being the altitude difference between the aircraft and d their relative distance. Prediction considers the current speed and flight-path angle as well as velocity limitations along the legs. Once the algorithm detects the potential LOS, coordinates of the infringement points along each path are determined. In Figure 4, an example of the “three-dimensional” CPA is reported for our application.




3.5.2. Conflict Resolution


In the CR, only two actions are supposed available: speed reduction and altitude holding. When the CPA is defined (i.e., a conflict is detected), three different cases can be distinguished:




	
Immediate speed reduction within the admissible speed range of   [   v   m i n   ;   v   m a x   ]   kts is applied to resolve the conflict. In the presented approach, it is assumed that the controller and pilot tasks are highly automated with minimal latency. However, if an estimation of the average response times and latencies is known, ACOP is capable of considering it in its computations and accounts for possible delays. In Section 5 of this study, we leverage this functionality to analyze the CDR in the context of current operational procedures with respect to different response times settings.



	
If there is no feasible speed reduction value within the admissible range, the altitude of the highest aircraft is held until the CPA is reached. More specifically, the holding altitude is set at 1000 feet above the expected conflict altitude. Of course, this maneuver breaks the CDO-like profile if the altitude holding lasts longer than 20 s [12]; however, it is necessary to avoid conflict and maintain safety.



	
If there is no speed reduction value capable of solving the detected conflict and the aircraft are only vertically separated (the aircraft are “one above the other”), we combine a predefined deceleration with an altitude holding of the highest airplane.








In the first case, the applied speed reduction is the minimum possible to avoid the horizontal infringement and is determined using a reinforcement learning (RL) approach [45,46]. When a potential conflict is detected, the trained AI model is called and returns an appropriate speed reduction for one aircraft only. The aircraft “to be controlled” is chosen considering the vehicle that is at a greater time distance to the expected CPA. If the RL solution results in a velocity value outside the allowable range, this means that speed reduction is not a feasible way to prevent the conflict, and another approach must be considered.



The RL agent training process for conflict resolution is briefly explained in the following. First of all, conflict scenarios are generated for aircraft pairs and presented to the agent using a custom learning environment. The agent, guided by the RL algorithm, learns to solve these conflicts by applying a speed reduction also given the environmental uncertainty. For such a maneuver, the agent receives a reward as performance feedback, and the value of the reward depends on the quality of the maneuvers. The learning goal is to maximize reward, and the agent is considered trained when consistently achieving high rewards for solving “never seen” conflict scenarios [46].



More formally, let   P   be the set of admissible paths. Let   A   and   B   be a pair of aircraft, and let     v   A     and     v   B     be their initial velocities. Let       d   C P A     A    ,       t   C P A     A     and       d   C P A     B    ,       t   C P A     B     be their distances and estimated times to the CPA, respectively, and let     d   r e l     be their relative distance. Let     t   s o l     be the time it takes for the controlled aircraft to reach the estimated CPA after the speed reduction, and let     t   e p i s o d e     be the episode length. Let   s   be a generic state and     s   f     the state at the end of the episode. Finally, let   R   be the reward function. We can now describe the process steps within each episode:




	
Reset the environment:




	○

	
Select two random paths     p   1   ,   p   2   ∈ P  .




	○

	
Generate aircraft   A   and   B   at random positions on the first leg of each path.




	○

	
Assign random initial velocities     v   A     and     v   B     between 210 kts and 230 kts.









	
Calculate CPA and determine       d   C P A     A    ,       t   C P A     A    ,       d   C P A     B    ,       t   C P A     B    .



	
Check for potential conflict. If no conflict, skip scenario with probability ε and reset.



	
Generate state observation   s =       d   C P A     A   ,     d   C P A     B   ,   d   r e l   ,   v   A   ,   v   B       and normalize values to [0, 1].



	
Select aircraft to control: choose   A   if       t   C P A     A   ≥     t   C P A     B     otherwise choose   B  .



	
Select the action: choose a speed reduction   δ   in the integer range [10, 30] kts.



	
Apply speed reduction to the selected aircraft.



	
Receive reward:




	○

	
If loss of separation,   R     s   f     = − 10 .  




	○

	
If safe arrival,   R     s   f     =   −   t   s o l    /    t   e p i s o d e     .  














The reward for safe arrival is such that it encourages the agent to choose the minimum speed reduction that is sufficient to solve the conflict. Otherwise, the naïve solution would be to reduce speed as much as possible. Each training episode ends either when a separation violation occurs or when the CPA is safely passed.



Since most of our generated scenarios were conflict-free, we decided to filter the episodes to feed the training loop mainly with scenarios that required conflict resolution. The training environment was implemented in Python3 [50]. We trained a DQN agent taking advantage of OpenAI Gym [51] APIs in order to be able to build a custom environment and use the StableBaselines3 RL algorithm library [52]. The DQN agent is trained to approximate the action–value function considering the MSE loss between predicted value and the target value. Satisfactory behavior was achieved after 400 k timesteps.



Figure 5 shows an example of the trained agent within a training scenario (details on the use case scenario are given in Section 4): once the potential conflict is detected (the red dots on the path indicate the CPAs for both aircraft), Aircraft A is instructed to reduce speed by 12 kts since it is temporally the farthest from the CPA (a). The black circles show the     d   m i n     buffer around the aircraft, while the light blue dot and circle are purely informative and show the position and buffer of Aircraft A without the RL model correction. When the CPA is reached, it can be seen that the conflict is resolved (b), and the episode ends once the two aircraft are safely away from the CPA (c).






4. ACOP Performance Assessment


4.1. ACOP Settings


This study focuses on the STAR RNAV1 RWY05 procedure, in force at the Olbia Costa Smeralda (LIEO) airport [53] reported in Figure 6, where the FAF is represented by the SENAL waypoint.



Preliminary offline computations on this procedure (see Section 3.3) allow the determination of valid paths from the final point of each leg to the FAF. The total number of admissible paths are 347. For example, in Figure 7, the 20 admissible paths starting from the CORSI-EO462 leg are shown.



The mentioned STAR procedure is also characterized by upper speed limits ranging from 210 to 230 kts (imposed by the next waypoints). The horizontal and vertical separation minima are assumed to be 5 NM (equal for the longitudinal and lateral directions) and 1000 ft (based on the ATM vertical separation minima), respectively. Finally, the controller can enter the following information in the ACOP user interface:




	
The list of waypoints to which the aircraft are assumed non-reschedulable (see Section 3.4.1), as a kind of “frozen horizon” (in our settings, only the planes directly heading to the FAF are considered non-reschedulable);



	
The maximum delay on FAF tolerated by each aircraft, with respect to its nominal arrival time (in our settings, it is assumed equal to 15 min for all aircraft);



	
The target altitude on FAF for all aircraft (in our settings, it is assumed equal to 5500 ft for all aircraft).









4.2. Reference Strategy


An ideal evaluation of ACOP’s performance should require an analysis of the controller’s actual behavior. In fact, we have obtained historical data concerning LIEO airport arrivals in diverse traffic level conditions, encompassing winter and summer seasons.



Nonetheless, we decided against utilizing these data because:




	
The historical data do not capture all the significant factors that influence the controller’s actions;



	
Given the low traffic volume conditions of LIEO (less than two arriving aircraft per hour), a sequencing strategy is not mandatory, rendering a legitimate comparison with the output of ACOP unmeaningful.








For this reason, the reference solution to which ACOP has been compared is a simulated “ideal controller” capable of continuously implementing a pure FCFS strategy [21] while ensuring the minimization of ETAs on FAF. This means to impose the aircraft arrival order (i.e.,   k = n !  ) in the formulation reported in Section 3.4.1. Furthermore, the reference strategy does not have the additional capability of “spreading” the horizontal trajectories to maximize their “relative distance” (an innovative ACOP feature, described in Section 3.4.2). On the other hand, the low-level functionality of CDR is the same as that of ACOP. Therefore, the FCFS strategy also allows for a clear evaluation of the capabilities of ACOP to reduce in advance the conflict occurrences.



Finally, it is emphasized that the reference sequencing is quite demanding for a human controller, as it requires a continuous search for all routes with minimum travel times, ensuring at the same time FAF spacings and minima separations along the paths.




4.3. Simulation Features and Justifications


Hereafter the main simulation choices are listed.




	
Olbia Costa Smeralda airport:



The assumed STAR procedures are related to the LIEO airport [53]. These procedures are defined within the Sardegna CTA [54]. As seen in Section 3.2 and Section 3.3, some airport data are used for the ACOP design, but actually they are used for the simulation too. In particular, the STAR procedure also provides the upper bounds for altitude and IAS for each leg.



	
Aircraft simulation model:



The behavior of each aircraft is modeled as a point mass with three translational degrees of freedom. The aircraft minimum approach speed is assumed to be equal to 200 kts. A sample time of one second is adopted.



	
No turn dynamics:



The aircraft reach waypoints without simulating the turn dynamics.



	
Initial paths:



The initial paths of all aircraft are the nominal sequences, specified in [53] for each initial fix.



	
Traffic level:



A rule of thumb for the estimation of the maximum number of the aircraft allowed in the trombone pattern is given by (D + B)/10 = (25 + 7)/10 = 3.2 ≅ 3, being the lengths of the downwind and base legs for LIEO airport equal to D = 25 NM and B = 7 NM, respectively. Of course, this condition is an indirect requirement for the traffic level simulation. In Figure 8, the trombone occupancies are reported for the assumed 1000 aircraft stream. The north and south trombone average occupancies result, respectively, on 0.56 and 1.42 for FCFS and 0.36 and 1.24 for ACOP. The related initial fix arrival times distribution is shown in Figure 9.



In more detail, the CTA time intervals are selected uniformly random between 0 and 8 min but, to avoid unrecoverable collisions at the beginning, never less than 3 min for same or adjacent initial fixes (we assume that this condition is ensured by the upstream controller). This is the reason for the peak in Figure 9 in correspondence of this specific value.



	
Weather conditions:




	
No wind. The zero-wind assumption is adopted by both the simulation and ACOP sides as we aim to isolate and evaluate the functioning of ACOP exclusively. In any case, the trombone geometry is aligned with prevailing wind directions and runway orientation. Therefore, neglecting the wind would result in a constant offset to the velocities of the involved aircraft, with minimal alteration to their relative positions. In addition, speeds received by ACOP are ground speeds. No input information on forecast wind is usually available to the controllers; therefore, the internal ACOP computations are carried out using inertial data only, and the resulting deceleration commands are also with respect to ground. It is worth noting that, even in a real operational environment, a hybrid situation exists where the speed limits on the STAR procedure and the speed considered by pilots are both indicated airspeeds (IAS), while the controller visualizes ground speed. This discrepancy between IAS and inertial speed can result in tracking errors and is a well-known limitation of the current interaction between the controller and aircraft, which is compensated by the controller’s expertise.



	
International standard atmosphere [55]. Upon arrival, all aircraft must adopt a common altimeter setting. Specifically, in the case of Olbia airport and many other airports, the QNH setting must be used, which provides all altitudes referenced to the mean sea level (MSL). As a result, the QNH altitudes will not be affected by the current atmospheric pressure. In fact, it is essential to have a common altitude reference for all aircraft to ensure comparable results and to conduct an accurate assessment of ACOP performances. Therefore, the assumption of an international standard atmosphere (ISA) is useful only to homogenize altitudes and flight levels.








	
Flight phase definition:



Each aircraft appears on an initial fix with an altitude ranging from 110 to 190 FL with steps of 1000 ft. Then, it will end its flight in correspondence with FAF (SENAL waypoint, see Figure 6), in this way excluding approach and landing from our problem.



	
CDO-like profiles:



Accurate CDO simulation is out of scope in this work. Our scenarios begin when the aircraft reach the arrival sector, while CDOs are usually established at TOD. We therefore only emulate a continuous descent behavior assuming that the optimal FPA is the one that is determined considering the DTG to the FAF and the relative altitude between the aircraft and the FAF. While usually the resulting FPAs are compatible with typical vertical speeds, the FPA is nonetheless lower saturated to −5°. The descent profile is suspended only if the minimum altitude of the current leg is reached or if a leveling command is issued by ACOP to solve a conflict. Once the minimum altitude constraint is removed (or the conflict is solved), the aircraft recomputes the FPA towards the FAF and continues its descent.



	
ACOP inputs:



The ACOP inputs are supposed not affected by any measurement error or delay.



	
Latency between ACOP outputs and their actuation:



The simulation results presented in Section 4.5 are obtained using zero latency. However, in Section 5, non-zero latencies are considered.








The above assumptions were shared with ENAV (the Italian ANSP) and are considered compatible with the assessment of the ACOP proof-of-concept feasibility, at least at this preliminary design stage. Future developments (see Section 6) will try to remove some of these assumptions and validate the digital assistant in a more relevant environment.




4.4. Metrics Definition


The ACOP general objective is to operationally support the approach (APP) controller in making decisions aimed at maintaining safety and optimizing the aircraft flow in the terminal area. However, the improvement of terminal area traffic management will necessarily have to go through the introduction of some metrics (or KPI), i.e., quantitative indications of the achievement of the declared objectives. In the following, the used metrics are introduced, while in Section 4.5, they will be evaluated for the case study. Note that, in all the mentioned metrics, the evaluations end at FAF (SENAL point).




	
A performance indicator for the efficiency could be trivially represented by the ACOP objective function, i.e., the sum of the arrival times on FAF (see Section 3.4.1). In Section 4.5.1, flight time reduction for each aircraft due to ACOP SSL will be quantified. It is worth noting that these ETA differences are strongly related to the well-known KPIs about runway capacity and throughput [56]. However, in our simulation environment, the improvements of capacity and throughput cannot be immediately appreciated because the CTA arrival frequency is kept fixed, regardless of the downstream management.



	
The predictability is defined as the percentage of the aircraft arriving on FAF with a time difference not greater than ±15 min with respect to the nominal ETAs [56]. It is clear that this indicator penalizes both too early and too late aircraft. This metric will be verified in Section 4.5.1.



	
Regarding the safety aspects, usually the main indicator is the number of LOSs, and it will be evaluated in Section 4.5.2.



	
Finally, regarding the environmental impact, a relevant indicator is related to the adherence to CDO procedures, which results from the amount of time (larger than or equal to 20 s) spent in level flight from the top of descent (TOD) to the FAF [12]. In our case, we consider only the aircraft descent from the initial fix of the STAR procedure to the FAF. We also considered the number of performed horizontal flight segments not shorter than 20 s. Of course, it should be noted that an accurate CDO simulation is out of the scope of this work, therefore we assumed that the vertical profile is simply computed by imposing a FPA that constantly points to SENAL at an altitude of 5500 ft (a tunable parameter).









4.5. Results


In this Section, a performance comparison between ACOP and the FCFS reference strategy is carried out under the same conditions. In fact, in both cases a flow stream of 1000 random aircraft is imposed using the simulation settings reported in Section 4.3. The arrivals cover a time span of 70.4 h with a flow rate of 14.2 per hour. The resulting mean arrival time on initial fixes is 4.2 min, a quite small value with respect to the considered airport. Although this scenario cannot be considered as a stress test, nonetheless, the assumed flow rate is about ten times greater than the observed one in the historical data of the same airport and for different seasons and mixed conditions (see Section 4.3).



It is noteworthy that the computational time required by ACOP is minimal (~1 s), facilitating its seamless integration into a real-world operational environment.



4.5.1. Flight Time Reduction


The FCFS strategy cannot provide solutions (i.e., paths not compliant with the ICAO constraints) in about 1.8% of cases, while ACOP in 4%. This difference can be explained considering that the FCFS strategy is a special case of the ACOP algorithm, facing a much less difficult combinatorial problem. In a real operational environment, the holding pattern procedures could be of help to solve these scenarios.



In 46.3% of the provided valid suggestions, ACOP returns solutions with the same aircraft sequence of FCFS, mainly in correspondence with low-traffic periods, as expected.



The mean aircraft queue length suggested by ACOP is 11.6 s shorter that the FCFS one, thanks to its reordering capability. In Figure 10, the histograms of the queue length margins over the minimum (optimal) values are reported for the same groups of aircraft.



In Figure 11 shows that ACOP performs a better exploitation of both runway and airspace, reducing the flight time of each aircraft from initial fix to SENAL. The time reduction has a mean of 1.44 min and a standard deviation of 3.73 min, and, after 1000 random aircraft, the “time saving” achieves the cumulated value of more than 24 h (total flight time is reduced by 10.7%).



It has also been verified that, when ACOP provides larger flight times (in about 10% of cases), the involved aircraft headed straight to FAF (and thus excluded from optimization) came from quite far waypoints.



For both FCFS and ACOP, the predictability—defined in Section 4.3—results equal to 100%, also thanks to the constraint on the maximum delay tolerated by each aircraft (see Section 3.2 point 2 and Section 4.3). Instead, analyzing historical data from real world, this metric goes down to 98.4%.



The higher ACOP performance is obtained coming closer to the safety limits. In Figure 12, it is shown that ACOP generally provides solutions within the safety margins addressed by ICAO minima spacings defined according to the wake turbulence intensity of the preceding aircraft (Table 1). The negative values reported in the figure correspond to invalid solutions, i.e., not compliant to the safety requirements and for this reason not suggested at all.




4.5.2. Conflict Prevention


As reported before, ACOP has a twofold conflict prevention capability: one related to the innovative multi-path SSL feature (Section 3.4.2) and one related to CDR low-level functionality (Section 3.5).



Table 2 shows the conflict reduction capability of the SSL only. To build this table, 50 random aircraft are simulated arriving to some initial fixes with time intervals from 2 to 14 min. The FCFS and ACOP behaviors are evaluated with the CML disabled.



It is shown that the number of LOS events decreases applying the ACOP strategy, at least until the aircraft come so rarely (time intervals larger than 8 min) that the FCFS order is suggested by ACOP too. The main reason why the infringements decrease using ACOP is the aircraft shorter permanence in the CTA.



On the other hand, both FCFS and ACOP use the same CML for CDR capability, in order to automatically detect the possible residual LOS and, in the case, suggest a maneuver to avoid it. In Table 3, the main CDR results are collected.



As expected, it is shown that ACOP helps decrease—under the same simulation conditions of FCFS—the LOS number from 5 to 1.



The “CD fail” cases are due to the assumed CDR “one-by-one” approach (see Section 3.2). In fact, when traffic levels are high, CDR is often hindered by the fact that the two involved aircraft may be both already involved in other conflict resolution maneuvers. In this case, no action is taken, and this could lead to a LOS. Actually, in all “CDR fail” cases, the south trombone occupancies were four or five, exceeding the maximum admissible value (Figure 8).



On the other hand, the “CR fail” cases are four in the FCFS scenario, while one in the ACOP one. The failed resolutions are due to the fact that as the traffic level is quite high and the FCFS order is too strict, the aircraft cannot decelerate at speeds lower than the lower limit of 200 kts, leading to a loss of separation.




4.5.3. CDO-Like Facilitation


As reported in Section 4.4, an effect of ACOP is to contain the number of levelings during the execution of the CDO-like vertical profiles (see Section 4.3 point 8 for their definition in this work). Note that we mainly focus on the ACOP improvements with respect to FCFS scenario; therefore, the exact definition of the CDO profiles fades into the background.



Table 4 reports the main CDO results for each scenario. It also contains some historical data provided by the Italian ANSP (ENAV) for the same airport. We do not know if these historical data are influenced by resolution maneuvers only or also by other factors (departures, ground operations, weather conditions, etc.). In any case, we can appreciate a significant improvement in the CDO metrics (see Section 4.4) using ACOP solution with respect to the available historical data.



The flight time reduction and the maximization of the CDO-like procedure determine tangible benefits with respect to air pollution (related to fuel consumption) and noise emissions [12].



Finally, in Figure 13, a bar chart of the altitudes reached on SENAL is reported. It is noted that the historical flights often arrive on SENAL around the minimum allowed altitude (5000 ft). Instead, in FCFS and ACOP scenarios, this altitude parameter is set to 5500 ft, an intermediate value between the minimum allowed altitude and the imposed one by previous waypoint (6000 ft) to avoid the risk of breaking the minimum altitude constraint. A small percentage of aircraft (~3.5% for both FCFS and ACOP) reach SENAL at high altitudes, i.e., >6500 ft. This happens because in certain conditions some aircraft must maintain vertical separation to avoid conflicts with lower aircraft almost up to the FAF.





4.6. ACOP Strengths and Weaknesses


The performance comparison between ACOP and the reference strategy FCFS has shown the following pros and cons.



Strengths:




	
Reduced flight times and increased runway throughput, thanks to the global optimal sequencing;



	
Reduced infringements, thanks to the DTW-based conflict reduction capability;



	
Optimized resolution maneuvers, thanks to reinforcement learning approach;



	
The aircraft paths are known in advance because the possible resolution maneuvers do not involve vectoring or path stretching, resulting in a better situational awareness;



	
Adherence to CDO-like procedures, i.e., reduced number of levelings;



	
Adaptability to any airport, regardless of its size;



	
Very low computational load.








Weaknesses:




	
Information about the airport STAR procedure must be collected before use;



	
Pairwise conflict acceptance and workload related to the use of ACOP are not yet evaluated;



	
The controller acceptance and workload related to the use of ACOP are not yet evaluated.










5. Operational Aspects


ACOP provides two types of suggestions: “Direct To” commands and “Conflict resolution” commands.



“Direct To” commands are required to be issued by the controller within the designated countdown period, as indicated by the supplementary output from ACOP. The statistical distribution of this “remaining time” is reported in Figure 14.



It is worth noting that the time for execution is considerable, showing an average value of 5.7 min. It is probable that these values exceed the real delays between the suggestion of the commands and their implementation. In any case, in the event of a missed implementation, the aircraft sequencing would remain unchanged, resulting solely in a degradation of system-level metrics, but would not pose any safety concerns.



“Conflict resolution” commands are supposed immediately actuated (Section 4.3, point 10). However, in order to consider current operational aspects of air traffic management and account for limited levels of automation, a dedicated sensitivity analysis was carried out to evaluate and quantify the robustness of the ACOP approach to CDR with regards to delays resulting from human–machine interaction. Specific evaluations of human factors were not conducted in this study. However, conservative assumptions concerning the response time of air traffic controllers and pilots can be derived from prior research.



Table 5 summarizes the average response times derived from a review of several literature papers [57,58,59,60].



By utilizing the information reported in the table above, it was assumed that the actuation of ACOP suggestions may occur with a latency ranging from 15 to 55 s, modeled as a uniform distribution. This delay encompasses various factors, including the behaviors of controllers and pilots, communication latency, and flight dynamics transients.



The sensitivity analysis was therefore carried out considering five settings as detailed in Table 6. The first setting represents the nominal configuration, in which there is no latency, and both the simulation engine and ACOP respond immediately to the computed suggestions. The next two settings account for a simulated latency modeled as a uniform distribution with values ranging from 15 to 35 s and from 35 to 55 s. These latencies affect the behavior only of the simulation engine. Therefore, in these cases, while the controller and pilot require some time to implement the suggestions, the digital assistant operates as if the commands are issued instantly. The remaining two settings allow ACOP to account for the expected latency (a mean latency of 20 s and 40 s, respectively), potentially enhancing its robustness to response times.



Table 6 reports the number of LOS incidents associated with the delay in executing the resolution maneuvers, using the same simulation configurations. The first row reports the conditions under which the results of Section 4.5 are obtained.



The results of the sensitivity analysis demonstrate that incorporating the knowledge of the average latency, if available, enhances the performance of the system (a decrease from 2 to 1 in the number of LOS incidents). However, this improvement is contingent on the latency not being too large, as beyond a certain threshold (approximately 35 s), the LOS becomes often unrecoverable.




6. Future Work


Possible future improvements of this work are the application on another airport (to validate the adaptability of the proposed digital assistant) and the removal of certain assumptions under which ACOP has been built.



Furthermore, in a future operational scenario, such a tool will accept real traffic data and output one or more actions that represent suggestions to the controller while optimizing, always in compliance with safety requirements:




	
Financial aspects (throughput, fuel consumption, delays);



	
Environmental aspects (air pollution and noise pollution).








Finally, some real-time validation sessions with air traffic controllers could be planned to demonstrate the operational effectiveness of the proposed approach.




7. Conclusions


In this paper, a digital assistant—named ACOP (Arrival digital assistant with COnflict Prevention)—has been proposed to assist air traffic controllers in the complex task of arrival traffic management. The operational requirements of ACOP have been provided by the Italian ANSP (ENAV), acting as an end-use.



The proposed solution provides near real-time suggestions for dealing with the following problems:




	
Sequencing and scheduling, which consists of determining the sequence of aircraft and their arrival times at intermediate (or final) approach fix, in order to make the best use of the terminal area space and to increase overall runway throughput and capacity. The provided solution must always meet the ICAO requirements for minima longitudinal separations, depending on the type of aircraft pairs (Table 1).



	
Conflict detection and resolution (CDR), which consists of preventing loss of separations (LOS), i.e., simultaneous violations of ICAO minima horizontal and vertical separation distances, assumed equal to 5 NM and 1000 ft, respectively. To achieve this objective, each aircraft was assumed to be able to decelerate and/or level its flight (the latter action is used the minimum necessary, to maximize compliance with CDO-like procedures).








For the first problem, a genetic algorithm has been used, while for the second problem, a reinforcement learning approach has been chosen.



The performance evaluation of ACOP is carried out using a simulation environment that assumes a continuous traffic flow of 1000 aircraft generated at the initial fixes at random instants, with random altitudes and categories. The assumed traffic volume has been found to be approximately ten times the historical volume at the same airport. The ACOP performances are then evaluated with respect to the FCFS reference strategy applied under the same simulation conditions.



The obtained numerical results are the following:




	
The average flight time to FAF of each aircraft is reduced by 1.44 min, with a cumulative time saving of more than 24 h. In addition, the average time length of the arrival queue is reduced by about 11.6 s. This better use of airspace opens the possibility of increasing runway capacity and throughput by properly tuning the upstream traffic.



	
Regarding the safety aspects, it should be noted that:




	
Thanks to the ACOP conflict reduction capability of the SSL—performed by the dynamic time warping (DTW) technique—the number of conflict detections decreases from 175 to 119, while the percentage of the successful CDRs increases from 92% to 99%;



	
The applicable ICAO safety rules are always respected, except for one case, where both aircraft were already involved in a conflict resolution maneuver. This situation can be tolerated because it is strongly related to the traffic level, which is clearly too high for the adopted airport.








	
Regarding the environmental aspects focusing on CDO, the leveled segments in the CDO-like procedures are minimized to about 2%.



	
The short ACOP response time (~1 s) and the high usability of the user interface is also an important feature, which is particularly promising with respect to the next real applications.



	
Finally, a dedicated sensitivity analysis was conducted to evaluate ACOP’s robustness to CDR with respect to potential delays resulting from human–machine interaction.
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	ACOP
	Arrival digital assistant with COnflict Prevention



	AI
	Artificial intelligence



	ANSP
	Air navigation services provider



	APP
	Approach control unit



	ASSP
	Arrival sequencing and scheduling problem



	ATC
	Air traffic control



	ATM
	Air traffic management



	ATCO
	ATC Operator



	CDO
	Continuous descent operation



	CDR
	Conflict detection and resolution



	CML
	Conflict management layer



	CPA
	Closest point of approach



	CR
	Conflict resolution



	CPS
	Constrained positioning shifting



	CTA
	Control area



	CTSP
	Cumulative traveling salesman problem



	DPS
	Dynamic positioning shifting



	DQN
	Deep Q-network



	DTG
	Distance to go



	DTW
	Dynamic time warping



	ENAV
	Ente Nazionale per l’Assistenza al Volo



	ETA
	Estimated time of arrival



	FAA
	Federal Aviation Administration



	FAF
	Final approach fix



	FCFS
	First come, first served



	FL
	Flight level



	FPA
	Flight path angle



	GLS
	Genetic local search



	IAS
	Indicated air speed



	ICAO
	International Civil Aviation Organization



	KPI
	Key performance indicator



	LOS
	Loss of separation



	ML
	Machine learning



	MPC
	Model predictive control



	MST
	Mean separation time



	NextGen
	Next generation air transportation system



	RL
	Reinforcement learning



	RNAV
	aRea NAVigation



	SESAR
	Single European Sky ATM Research



	SSL
	Sequencing and scheduling layer



	STAR
	Standard terminal arrival route



	TMA
	Terminal maneuvering area



	TOD
	Top of descent



	TSP
	Travelling salesman problem
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Figure 1. Effects on runway throughput of the optimal aircraft sequence [7]. 
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Figure 2. ACOP functional architecture. 
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Figure 3. DTW-based selection from equivalent scenarios. 
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Figure 4. Pictorial view of the three-dimensional CPA. 
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Figure 5. An example of the trained agent within the training scenario: (a) conflict detection and speed reduction; (b) conflict is correctly solved; (c) end of episode. 
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Figure 6. Trombone procedure—Costa Smeralda, OLBIA—STAR RNAV1 RWY 05 [53]. 
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Figure 7. Admissible paths (in blue) from the end of CORSI-EO462 leg to SENAL (FAF). 






Figure 7. Admissible paths (in blue) from the end of CORSI-EO462 leg to SENAL (FAF).



[image: Information 14 00216 g007]







[image: Information 14 00216 g008 550] 





Figure 8. North and south trombones occupancies for FCFS and ACOP scenarios. 






Figure 8. North and south trombones occupancies for FCFS and ACOP scenarios.



[image: Information 14 00216 g008]







[image: Information 14 00216 g009 550] 





Figure 9. CTA arrival times distribution. 
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Figure 10. Time margins with respect to the optimal queue lengths. 
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Figure 11. ACOP flight time reductions. 
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Figure 12. Safety margins over the ICAO minima separations. 
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Figure 13. Occurrence probability of the altitudes reached over SENAL. 
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Figure 14. Histogram of the expiration times for the ACOP “Direct To” suggestions. 
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Table 1. MSTs (s) according to ICAO wake vortex safety rules [5].
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Trailing Aircraft Category




	
1

	
2

	
3






	
Leading Aircraft Category

	
1

	
82

	
69

	
60




	
2

	
131

	
69

	
60




	
3

	
196

	
157

	
96











[image: Table] 





Table 2. Effect of the ACOP conflict reduction capability at SSL.
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	Arrival Time

Interval (Min)
	Nr. of LOSs

(FCFS SSL)
	Nr. of LOSs

(ACOP SSL)
	Difference





	2
	35
	32
	−3



	3
	16
	15
	−1



	4
	9
	7
	−2



	5
	5
	3
	−2



	6
	6
	4
	−2



	7
	5
	4
	−1



	8
	3
	2
	−1



	9
	2
	2
	0



	10
	1
	1
	0



	11
	1
	1
	0



	12
	1
	1
	0



	13
	1
	1
	0



	14
	1
	1
	0
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Table 3. CDR results.
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	Description
	FCFS
	ACOP





	Nr. of LOSs
	5
	1



	Nr. of LOS due to failed CDs
	1
	0



	Nr. of LOS due to failed CRs
	4
	1



	Nr. of detected conflicts
	175
	119



	Percentage of successful CDRs
	92%
	99%



	Nr. of DTW-based path selections
	N/A
	9
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Table 4. CDO-like results.
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	Description
	FCFS
	ACOP
	Historical Data





	Perc. of aircraft involved in levelings ≥ 20 s
	8%
	7.5%
	54%



	Nr. of levelings ≥ 20 s
	105
	85
	87



	Nr. of levelings < 20 s
	3
	0
	36



	Nr. of levelings imposed by STAR procedure
	288
	174
	60



	Total leveling time (≥20 s)
	264.8 min
	335.1 min
	124.5 min



	Total flight time
	13,546 min
	12,101.7 min
	726.5 min



	Perc. total lev. time (≥20 s) over tot. flight time
	1.9%
	2.8%
	17.14%
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Table 5. Characteristic response times.
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	Actor
	Response Time (s)





	Pilot
	between 10 and 25



	Controller
	between 5 and 10



	Voice communications
	less than 10



	Transmission delay
	less than 1
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Table 6. Latency sensitivity analysis (ACOP only).
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	Simulated Latency (s)
	ACOP Average Latency

Parameter (s)
	Nr. of LOS





	0
	0
	1



	[15, 35] unif. distrib.
	0 and 25
	2 and 1



	[35, 55] unif. distrib.
	0 and 45
	7 and 6
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