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Abstract

:

The use of small aircraft for a wide range of missions in urban airspace is expected to increase in the future. In Europe, efforts have been invested into developing a unified system, called U-space, to manage aircraft in dense very-low-level urban airspace. The Metropolis II project aimed to research what degree of centralisation an air traffic management system should use in such airspace. The paper at hand is a follow-up, and investigates improvements that can be brought to the tactical conflict prevention, detection, and resolution module of such a system in order to harmonise these components with an organic high-density U-space environment. The proposed improvements are: the prioritisation of vertical conflict prevention in intersections, the use of intent in detecting and resolving conflicts, and the use of heading-based manoeuvres in open airspace. Results show that the use of intent information in the conflict detection process, as well as the implementation of suitable tactical prevention procedures, can greatly increase airspace safety. Furthermore, the experiments revealed that the effectiveness of conflict resolution algorithms is highly dependent on the airspace rules and structure. This reiterates the potential for increasing the safety and efficiency of operations within constrained airspace if the tactical separation modules are unified with the other components of air traffic management systems for U-space.
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1. Introduction


The popularity of the use of small drones in recent years has grown greatly, especially for entertainment and leisure purposes. This sparked an increase in research on the possibility of using these aircraft for a wide range of missions, from package delivery services [1] to urban air mobility [2] and infrastructure surveillance [3]. However, if small aircraft are to become a core transportation method in cities, new air traffic management systems need to be developed in order to handle the issues and obstacles that this environment creates.



Compared to conventional airspace, urban airspace has a higher degree of complexity [4]. Because operations take place at a lower altitude, factors such as obstacles, local weather, and privacy considerations have a greater influence in this type of airspace. There is currently no established procedure for how aircraft should safely and efficiently navigate this kind of airspace [5]. While several initial concepts of operations have been created [6,7,8], the rules for new types of airspace still need to be investigated and set.



One of the airspace volumes for which research and development is still ongoing for the creation of a common set of rules is the “Zu” volume, defined as urban airspace controlled by a U-space system [9]. The lower part of this volume, defined as very-low-level (VLL) airspace (i.e., airspace between ground level and an altitude of 500 ft [10]), might host a very high volume of small aircraft traffic in the future.



The Metropolis II project sought to investigate the impact of the degree of centralisation in terms of separation management on the efficacy of a U-space air traffic control system. Both ends of the centralisation spectrum imply advantages and disadvantages: an air traffic control architecture focused around a central authority (as used in conventional air traffic control) has the potential to better optimise airspace use [11], while a decentralised approach (comparable to how car traffic is organised) has the benefit of being more responsive to unexpected events (i.e., weather, congestion) and can more easily handle large volumes of aircraft [12]. The Metropolis II project results show that a combination of decentralised and centralised elements (i.e., a hybrid concept) provides a system architecture that includes the benefits of both ends of the centralisation spectrum [13].



The research at hand focuses on improving the tactical conflict prevention, detection, and resolution (CPD&R) component of urban small aircraft operations, with the aim of providing the insight and tools necessary for a better integration within a future hybrid U-space air traffic control architecture. Such an architecture will need to include both a centralised, strategic component, and a decentralised, tactical one. The paper is structured as follows: Section 2 presents a summary of the decentralised air traffic management concept of operations developed within the Metropolis II project, as well as the proposed improvements for the tactical CPD&R module of the concept; Section 3 explains the experimental environment and conditions used to simulate traffic scenarios; Section 4 and Section 5 contain the results and discussion on the observed effects of the modifications on airspace safety and efficiency. Lastly, Section 6 presents the conclusions and recommendations for future research.




2. Methods


The following section presents a brief description of the decentralised concept of operations we developed within the Metropolis II project [14], with an emphasis on the tactical conflict detection and resolution (CD&R) algorithm, together with the proposed improvements to this system. More details about the concepts designed within Metropolis II can be found in the project publication database [15].



2.1. Decentralised Air Traffic Management Principles


A decentralised air traffic management system is hypothesised to offer several benefits in the high-air-traffic-density situations of VLL airspace, including scalability and a high level of fairness [16]. By distributing the separation responsibility among operators, operational bottlenecks associated with a highly centralised system are potentially mitigated. The decentralised concept of operations described in the paper at hand is designed according to the following principles, derived from [12]:




	
Due to privacy and communication bottleneck considerations, minimal information is exchanged between operators;



	
All operators should have equal access to the airspace, and departure delays should be minimal;



	
All operators plan their paths individually, with minimal knowledge about the missions of other aircraft;



	
All deconfliction is performed tactically following predefined rules.









2.2. Urban Environment


Within the Metropolis II project, we chose to use the city of Vienna, Austria, as a subject for the development of air traffic management concepts of operation. The city authorities offer a wide range of open access information on infrastructure and demographics, such as wealth distribution and population density [17]. Thus, realistic operational scenarios could be designed and considered by designing missions focused on parcel deliveries and emergency flights.



The U-space airspace around Vienna was taken as a circle with a radius of 8 km from the centre of the city, as shown in Figure 1. This area was further divided into two airspace types: open airspace, representing the area on the outskirts of the city, and constrained airspace in the city centre. In open airspace, aircraft can fly direct routes, assuming that the lowest flight level is above the highest obstacle. Restricted areas, such as parks, important landmarks or cemeteries, need to be avoided. In constrained airspace, aircraft must follow the existing street network due to factors such as privacy and obstacle avoidance. It should be noted that this design choice was made to study the interactions between aircraft that occur at the border between open and constrained airspace, and does not constitute a proposal for urban airspace design.




2.3. Missions


A wide range of potential missions were included and modelled within the research presented in this paper. These were reduced to the three following fundamental types of missions, depending on their flight planning characteristics:




	
Hub and spoke missions, which are characterised by aircraft departing from a major vertiport (i.e., parcel distribution centres);



	
Point-to-point missions, in which aircraft depart and arrive from any point to any other point in the city;



	
Emergency missions, which take the highest priority above all other missions, but are relatively rare (0.05% of traffic).








The first two types of missions were also assigned priority levels between 1 (lowest) and 3 (highest) depending on the degree of importance of the mission. These were allocated such that an equal proportion of each priority level would be present in the airspace.




2.4. Airspace Structure


In the research at hand, we chose to design the structure such that the individual decisions of the agents are facilitated, while also setting global rules to increase traffic alignment and increase safety. This was achieved by using the method of air traffic layers and one-directional travel along streets. The first segments traffic and distributes it across set flight levels. The latter increases traffic alignment and prevents head-on conflicts.



2.4.1. Layering


The first Metropolis project showed that, by segmenting the airspace in layers and aligning aircraft in function of their relative speed, the number and severity of conflicts and intrusion events is reduced [18]. Thus, within the concept of operations at hand, we chose to use such a structure for both constrained and open airspace, which imposes constraints on the heading range that an aircraft can select.



Within open airspace, an airspace structure similar to the that used within the first Metropolis project was designed, presented in Figure 2. The aircraft are separated in function of the bearing of their track, thus achieving a high degree of velocity alignment. Each layer had a heading range of 45°, starting at 0° at the lowest altitude level. There are two sets of layers (i.e., the layer set presented in Figure 2 represents one set, there are two vertically stacked sets), such that aircraft have access to more cruising altitude options.



For constrained airspace, a different approach was taken. As aircraft are limited to flying along the existing street network, their possible heading ranges are locally limited. Due to this, if the heading range method would be used, aircraft would be unevenly distributed on a local level. Another challenge within constrained airspace is handling intersections, as turning aircraft must slow down in order to not under- or overshoot, hindering other aircraft from cruising normally, and creating conflicts.



Therefore, a modified version of the urban airspace structure developed in [19] was used. The authors introduced turning layers within the airspace such that aircraft that slow down to perform a turn first descend in such a layer while not affecting another aircraft. The airspace structure also staggers cruise layers at intersections in order to avoid conflicts and interactions between cruising aircraft coming from different streets. The structure was modified to include more cruise layers and fewer turning layers, as the Metropolis II project aimed to test very high traffic densities.



The resulting airspace structure is presented in Figure 3. The categorisation of the streets into two groups (east/west and north/south) is further explained on in this work. In Figure 3a, an isometric view of an intersection and one layer set is presented. The two cruising layers do not intersect, thus allowing aircraft that do not turn to continue cruising unhindered. The turn layer is at the same altitude on both streets, meaning that the turning aircraft does not turn directly into a cruise layer, but must find a way to merge safely.



Figure 3b shows a representation of the full-layer structure in function of the street category. In order to ensure that cruising aircraft have minimal interaction at intersection, certain altitudes are reserved for cruising within either street type. This results in the existence of unused layers within the structure.




2.4.2. Street Directionality


Previous research has shown that one-way streets are safer than two-way streets in an urban airspace environment [20], as this eliminates the possibility of head-on encounters. This principle was incorporated in the design of the constrained airspace structure for the concept of operations presented in this paper.



Thus, the streets contained within the defined constrained airspace area in Vienna were categorised into two cruising groups. This was performed by extracting the street network graph of the city using OSMnx [21]. The individual edges of the street network graph were grouped into larger street strokes using the COINS algorithm, which groups the edges of the graph in function of their continuity [22]. These street strokes were then allocated within one of the two cruising groups through the use of a genetic algorithm optimisation method. The cost function was defined in function of intersections where the cruising layers of the same type intersect, with the scope of globally minimising such intersections. More information about the method can be found in [23]. The method yielded the directional graph presented in Figure 4.



In this network, one group tends to be aligned in the north/south direction (blue), and the other in the east/west direction (red). These groups were further categorised using another genetic algorithm in order to designate the direction in which aircraft are allowed to move along them. In order to ensure that all destination nodes can be reached from any origin node, the graph had to be modified by eliminating a small number of edges and nodes.





2.5. Mission Planning and Capacity Balancing


Within a decentralised concept, the responsibility for flight planning and management lies with the individual agents and operators. Thus, each agent is required to plan their own flight path from the origin to the destination without knowledge of the flight paths of other agents in the system. However, comparable to how car traffic management tackles capacity balancing through the use of centralised systems (i.e., navigation mobile applications with congestion information, or lane management on motorways), the proposed air traffic management system includes a central entity responsible for supervising and managing traffic flow.



Thus, a path planning component for each individual aircraft is implemented. When the mission route is planned, live congestion information provided by the central entity is used to balance the travel distance with the predicted travel time. Aircraft can also replan their route while the mission is ongoing if the congestion information experiences changes.



The proposed path planning approach is a unified methodology for both open and constrained airspace. The entirety of the airspace is described as a directional graph such that, using the D* Lite algorithm [24,25], the shortest path connecting the origin and destination waypoints can be calculated. After D* Lite computes the optimal path, the path segments contained in open airspace are post-processed by a smoothing algorithm to minimise the unnecessary turns. The path planning algorithm is completely decentralised, and every aircraft generates its flight plan with no knowledge of current or future flight plans and thus includes no strategic deconfliction.



The centralised capacity balancing component is inspired by the work performed in [26]. It gathers the current positions of all aircraft in the air at a constant frequency. The positions of the aircraft are used to compute the current local traffic densities, which are globally provided as congestion information. The capacity balancing component is not responsible for the replanning process, nor for modifying a flight plan. When aircraft receive the updated traffic data, they update their graph costs based on the traffic density and use the D* Lite algorithm to replan when appropriate.




2.6. Conflict Detection Method


An important component of the decentralised concept of operations presented in this work is the tactical conflict detection and resolution algorithm. It is a major contributor to safety, and is the main subject of the research at hand. Within the following section, detection and resolution algorithms developed as part of the Metropolis II project are presented. Later in this work, the possible improvements to these algorithms are described.



The first action that the CD&R system performs is conflict detection (CD). For this research, a state-based conflict detection algorithm was used, due to its robustness and flexibility [27]. Such algorithms linearly extrapolate the current state of aircraft within a certain look-ahead time, and determine the distance at the closest point of approach (CPA), as shown in Figure 5. A conflict is detected when this distance is lower than the minimum allowed safe separation, and a conflict resolution (CR) algorithm has the role of increasing this distance beyond the minimum allowance within the look-ahead time. For the simulated traffic scenarios within this work, a look-ahead time of 10 s was used, in combination with a minimum separation distance of 32 metres horizontally and 25 feet vertically. These values are estimated from the signal-in-space performance requirements in Table 3.7.2.4-1 of [28].




2.7. Conflict Resolution Algorithm


The automation of conflict resolution manoeuvres has been proposed within the air traffic management domain for an extended period of time [29]. However, it has never gained full traction for conventional aviation. As predictions estimate that a large number of unmanned aircraft will operate in VLL airspace [30], automated conflict resolution becomes a promising solution for handling high traffic densities.



Due to the topology of constrained urban airspace, the solution space for conflict resolution manoeuvres is limited in the horizontal dimension. As the aircraft must follow the street network, the only possible manoeuvres that do not risk collision with obstacles are altitude-based or velocity-based. Thus, due to the similarity of the conflict resolution problem, inspiration was drawn from the way in which conflicts are tackled for car traffic on motorways.



Similarly to how car traffic must cruise in the right-most lane if possible, aircraft within the decentralised concept must cruise within the lowest cruise layer, if possible. If a faster aircraft approaches from behind, a conflict will occur. In this case, regardless of the mission priority assigned to the slower aircraft, the manoeuvring responsibility would always lie with the aircraft that is behind, as this is predicted to result in a more stable situation than requiring lower-priority aircraft to move out of the way. Thus, the faster aircraft can initiate an overtake manoeuvre by ascending to a superior cruise level if possible, or otherwise adjust their velocity such that the conflict is solved.



For lateral conflicts, a non-cooperative velocity obstacle method [31] is used, as presented in Figure 6. In such situations, the aircraft with the lower priority is responsible for performing the resolution manoeuvre. The required change in velocity (  Δ v  ) is achieved by only changing the absolute value of the velocity vector. Thus, the heading of the aircraft does not change, as it is restricted by the direction of the path it is following. Multi-aircraft conflicts are also resolved using this method by stacking multiple velocity obstacles. A summary of the resulting algorithm used for conflict resolution within the decentralised concept of the Metropolis II project is presented in Algorithm 1.



	
Algorithm 1: Conflict resolution algorithm of the decentralised concept of operations




	
1:

	
for each intruder of this ownship do

	




	
2:

	
    if intruder is behind then:

	
▹ ownship does not perform an action




	
3:

	
        return Continue cruising

	




	
4:

	
     else if intruder is in front then:

	




	
5:

	
         if ownship can ascend then:

	
▹ ownship can ascend to next cruise layer




	
6:

	
           return Ascent command

	
▹ ownship overtakes




	
7:

	
        else

	
▹ ownship cannot overtake




	
8:

	
           return Speed-based CR command

	




	
9:

	
    else if intruder is directly above or below then:

	




	
10:

	
        set ownship and intruder vertical speed to 0

	
▹ stop vertical manoeuvring




	
11:

	
        if ownship has priority then:

	
▹ ownship continues cruising




	
12:

	
           return Maintain altitude, continue cruising

	




	
13:

	
        else

	
▹ intruder has priority




	
14:

	
           return Slow down to let intruder merge

	




	
15:

	
    else

	
▹ intruder is coming from the side




	
16:

	
        if ownship has priority then:

	
▹ ownship does not perform an action




	
17:

	
           return Continue cruising

	




	
18:

	
        else

	
▹ intruder has priority




	
19:

	
           return Speed-based CR command

	










2.8. Proposed Improvements for Conflict Prevention, Detection, and Resolution


The following section presents the potential improvements that were investigated as part of the research at hand, with the purpose of improving the tactical conflict resolution component of an urban airspace air traffic management system.



2.8.1. Use of Intent in Conflict Detection


The first proposed investigation concerns the conflict detection method. A major issue with the use of a state-based conflict detection algorithm in a constrained urban environment (as used in the baseline concept of operations) is the risk of incorrectly assessing the conflict situation [13]. As presented in Figure 7, scenarios can arise in which conflicts are detected that will in reality not occur based on the flight paths of aircraft (false-positive detection events, shown in Figure 7a). There is also a risk of not detecting conflicts in a timely manner (false-negative detection events), as shown in Figure 7b.



The proposed solution for this issue is the use of intent information. Agents would be responsible to communicate their intent within the look-ahead time, and take into account this information when deciding whether a conflict is occurring. Previous studies have explored the use of intent within conflict detection and resolution systems [32,33,34] for open airspace or conventional aviation. However, the use of this information could produce a destabilising effect on the airspace, as any resolution manoeuvre also changes the intent of aircraft. In constrained airspace, the intent information remains constant, as aircraft cannot change their intended path or heading due to a conflict. Thus, this kind of conflict detection has the potential to be suitable for urban traffic situations.



Thus, a detection algorithm that includes intent information while retaining the robustness of state-based methods was developed. In the initial stage of the algorithm, a fast geometry-based search is conducted based on the paths and intent information of the aircraft. Aircraft pairs with intersecting intent paths are further investigated to determine whether a conflict event is occurring. As presented in Figure 8, the states of the aircraft are projected linearly from the intersection point in function of the route distance. A state-based conflict detection method is then applied, determining whether the aircraft will breach the minimum separation distance at the intersection point.



While the prediction is inaccurate when turns are present, it is expected that the iterative nature of the algorithm will account for these inaccuracies, incrementally adjusting the resolution manoeuvre until a solution is reached. However, the filtering of false-positive events should not be affected, as they are mostly characterised by a lack of intersecting paths. The resulting projection-based algorithm is presented in Algorithm 2.



	
Algorithm 2: Projection-based conflict detection algorithm




	
1:

	
for each aircraft close to this ownship do:




	
2:

	
    check intersections of own path with intent information




	
3:

	
    for each intersection do:




	
4:

	
        determine projected state of intruder




	
5:

	
        determine projected state of ownship




	
6:

	
        apply state-based conflict detection method




	
7:

	
        if conflict is detected then:




	
8:

	
           return Projected conflict geometry




	
9:

	
        else




	
10:

	
           return Not a conflict









For open airspace, due to the lack of a predetermined network that needs to be followed, the use of intent information would produce the destabilising effects described in the literature. Thus, a state-based detection method continues to be applied in situations where both aircraft are in open airspace. Furthermore, the projection-based algorithm does not consider vertical intent. For such conflicts, a state-based method is also used for both open and constrained airspaces.




2.8.2. Enabling Heading Manoeuvres in Open Airspace


For the baseline decentralised concept of operations, we decided to limit conflict resolution manoeuvres in open airspace to velocity-only as well, similarly to constrained airspace. This was performed in order to avoid situations in which aircraft choose trajectories that would result in the breaches of restricted airspace, as well as the emergence of a high frequency of altitude changes due to the heading ranges presented in Figure 2. However, this has the potential of unnecessarily restricting the solution space, especially when faster aircraft need to overtake slower aircraft.



Thus, the final proposed improvement investigated within the work at hand is the enabling of heading manoeuvres for conflict resolution in open airspace in order to investigate the benefits on overall airspace safety. A simple method, based on that described in Figure 6, was implemented. The priority rules described in constrained airspace still apply (i.e., the aircraft in front has priority, mission priority levels). While this method may result in an increase in the number of restricted area breaches, the investigation at hand does not consider these events for the performance analysis, as the aim is to isolate the benefit of enabling heading-based overtake manoeuvres.




2.8.3. Vertical Conflict Prevention during Turn Manoeuvres


The final investigation concerns the conflict prevention component of a decentralised system. In the baseline system, aircraft are obligated to use a turn layer when decelerating to perform a manoeuvre at an intersection. The aircraft first checks whether it can use the turn layer below, then it checks whether it can use the one above. If none are available, it still attempts to use the turn layer below and perform a merge manoeuvre within this layer. This is performed in order to prevent horizontal conflicts that would result from the aircraft slowing down with the aircraft behind it in a turn layer.



The potential to improve this system stems from the observation that merge manoeuvres are the main source of intrusions in constrained urban airspace [20]. Thus, the proposed change to the baseline concept of operations is to eliminate the obligation to merge and use the turn layer to decelerate, thus giving priority to preventing vertical conflicts as opposed to horizontal ones. Aircraft are required to check whether either the turn layer above or below is free to use, otherwise, they will just use the cruise layer to decelerate. While this has the potential to affect the cruising aircraft behind the turning aircraft, it is expected that the horizontal conflicts are easier to solve than the vertical merging conflicts.



It is important to note that this method implies that the aircraft will most probably end up in an unused layer when turning from a cruise layer onto another street, as evidenced by Figure 3. Thus, the obligation to merge back into a cruise layer after the turn manoeuvre is maintained.






3. Experiments


The following section presents the experiments performed to determine the effect of the proposed improvements to conflict prevention, detection and resolution on safety and efficiency metrics when compared to the original methods.



3.1. Traffic Scenarios


The traffic scenarios were generated by considering the population density and local gross productivity values for the city of Vienna, assuming that these would correlate with the demand for urban air traffic services. Thus, origin and destination nodes were placed throughout the districts of the city, with their density depending on the aforementioned factors.



The service demand was then estimated as a function of the current parcel delivery demand in 20% increments from 20% to 100%. The scenarios were then generated for one hour of operation. The resulting number of aircraft that need to operate within an hour is presented in Table 1. For each density, nine different repetitions were created.



Several simplifying assumptions were made in order to better control the variables of the experiment and focus on the cruising phase of the operations. Thus, the aircraft were simulated using a point-mass model, and elements such as parcel weight and energy consumption were not taken into account. Furthermore, the landing phase of the missions was eliminated, as it would create a disproportional number of vertical conflicts and intrusions during this process, affecting the cruising results. The take-off phase was kept, as it plays an essential role in the way aircraft spawn within the simulation (when the traffic density around the take-off point is low enough).




3.2. Simulation Environment


The traffic scenarios were simulated using the BlueSky Open Air Traffic Simulator [35]. Previously described algorithms were implemented as plugins. Two types of aircraft were used, based on the model of the DJI Matrice 600 included in BlueSky, differing only in their cruise speed, as shown in Table 2.




3.3. Independent Variables and Experiment Conditions


Three separate experiments were conducted to determine the effect of each proposed modification on the safety and efficiency metrics when compared to the baseline case. These were run under very similar conditions. All shared the same traffic scenarios, mission procedures, urban environment, and safety parameters (i.e., minimum separation, look-ahead time, etc.). The only difference between conditions are the proposed modifications to the tactical conflict prevention, detection, and resolution modules. Thus, each experiment had different independent variables.



Experiment 1: Conflict detection



The independent variable of the first experiment is the detection method used within constrained airspace. Four conflict detection algorithms were tested, as presented below:




	
State-based, representing the baseline condition also used within the Metropolis II project;



	
Projection-based, representing the direct implementation of the projection-based method, as described in Section 2.8.1;



	
Projection-based filter, where an initial state-based detection iteration is performed, and the false-positive conflicts are filtered using the projection-based algorithm by only considering the conflicts that are detected by both methods;



	
Projection-based and state-based, where both methods are run in parallel, and all detected conflicts are pooled and send to the conflict resolution module.








Experiment 2: Conflict resolution



The conflict resolution experiment had two experimental conditions: the baseline condition, where heading-based conflict resolution manoeuvres are not allowed in open airspace, and the “heading” condition, where such manoeuvres are enabled.



Experiment 3: Conflict prevention



The final experiment was conducted to determine the effect of the modified turn logic on airspace safety and efficiency. Thus, the two experimental conditions consist in the baseline turn logic, used within the original Metropolis II concept, and the modified turn logic presented in this paper.




3.4. Dependent Measures


The metrics that were used to analyse whether the methods improved upon the baseline case are:




	
Number of conflicts, both in total and in constrained airspace;



	
Number of intrusions, both in total and in constrained airspace;



	
Earliest detection time of conflicts that resulted in an intrusion, i.e., the maximum time duration, limited at 60 s, between the detection of a conflict and the intrusion event between the two conflicting aircraft;



	
Distance travelled efficiency, computed as a percentage of the ideal route distance for each mission;



	
Mission duration efficiency, computed as a percentage of the ideal duration for each mission.









3.5. Hypotheses


Experiment 1: Conflict detection



The projection-based conflict detection method is hypothesised to increase airspace safety when compared to the baseline case, as conflicts that were not detected by only using a state-based method should be detected by including intent information. Furthermore, out of the three variations of the projection-based method, the one augmented with state-based detection will perform the best, as more conflicts will be detected and accounted for.



Experiment 2: Conflict resolution



Allowing aircraft to laterally overtake in open airspace is hypothesised to produce a small benefit to overall airspace safety, as faster aircraft will not be forced to slow down and wait behind slower aircraft, creating repeat conflicts and potential intrusion events.



Experiment 3: Conflict prevention



The initial strategy for turning was developed under the assumption that the use of turn layers would reduce conflicts and improve the intersection throughput. However, issues with this strategy were observed at high densities, when several aircraft would attempt to use turn layers at the same time. Thus, it is hypothesised that the modified turn logic will improve the airspace stability and reduce the number of intrusions, as aircraft will not attempt to merge into a turn layer if there are other aircraft within it. At the same time, the duration of missions is expected to increase, as cruising the aircraft will have to slow down for turning aircraft more often.





4. Results


The following section presents the results of the experiments performed to determine the effect of the proposed modifications to the tactical conflict prevention, detection, and resolution module of the decentralised concept of operations developed as part of the Metropolis II project. The results are divided into three subsections, one for each experiment.



4.1. Experiment 1: Effect of Intent Information on Conflict Resolution Performance


The first experiment to be discussed concerned the inclusion of intent information within the conflict detection process. The safety metrics of this experiment are presented in Figure 9. Using intent information increased the number of conflicts that were detected, with the greatest increase observed in the case where both projection-based and state-based methods were used. As expected, filtering presumably false-positive conflicts also resulted in a lower number of detected conflicts.



In terms of the number of intrusions, the results were relatively unexpected. The projection-based method experienced a higher number of intrusions than the baseline method, especially at high densities. On the other hand, the best performing method was the combined one, with a slightly better intrusion performance when compared to the baseline. Finally, the worst performing method was the projection-based filter, which experienced a significantly higher number of intrusions than all other methods.



One of the reasons for the increased number of intrusions can be seen by analysing the first detection time for these events. In Figure 10, the frequency distribution of the first warning time for a conflict within a maximum of one minute ahead of the intrusion is plotted as compared to the baseline case. In the projection-based case, there is a noticeable increase in detections that occur within 5 s of the intrusion event, meaning that the aircraft had less time to act and solve the conflict than in the baseline case. This means that many conflicts that resulted in an intrusion were initially discarded, but then only considered when an intrusion was inevitable (within 3 s).



However, adding intent information to the state-based method resulted in a distribution comparable to the baseline case, showing that more conflicts were detected in a timely matter. Thus, the peak of the projection-based method at low detection times was mitigated.



Another interesting result of the experiment can be seen when analysing the intrusion prevention rate for each conflict detection method, as presented in Figure 11. The most notable difference comes in case of the projection-based filter method, which achieved the lowest conflict prevention rate. This can be explained by the fact that intrusion events will always be detected by the state-based detection method, but they only pass the filter when there is little time to act, thus decreasing the prevention rate. The other methods have a similar prevention rate, with the combined projection and state-based method being slightly better. This shows that not only did the method detect more conflicts, but the conflict resolution module was also able to use the extra information to better solve the conflicts.



Lastly, in terms of efficiency performance, as presented in Figure 12, the conflict detection method did not have a significant effect on the distance or duration of the missions. The small differences can be attributed to the fact that solving more conflicts is associated with an overall slower cruising velocity, as the main solving strategy is speed reduction.




4.2. Experiment 2: The Use of Heading-Based Conflict Resolution in Open Airspace


The following section presents the results of the experiment in which the effect of introducing heading-based conflict resolution algorithms in open airspace is compared to the baseline case, which uses a speed-based algorithm. All results in this case show little to no improvement over the baseline case. This is most probably due to the already established airspace structure in open airspace, where aircraft are allocated a certain cruise altitude based on their heading. Due to this, encounters between aircraft usually happen with a small heading deviation and relative velocity, where a speed-based solution already performs well. Thus, in terms of the safety metrics presented in Figure 13, the performance of the two methods are similar.




4.3. Experiment 3: Improving Turning Logic for Conflict Prevention


The third experiment aimed to determine the effect of the modified turn logic on airspace safety. The results of the safety metrics, presented in Figure 14, show an unexpected improvement brought by the proposed modification, with a reduction of up to approximately 30% in conflicts and 40% in intrusions that occurred in constrained airspace. This shows that merging within an already populated turn layer was one of the major contributors to conflicts in the original Metropolis II decentralised concept, especially at high traffic densities.



Thus, it is apparent that the conflicts generated by aircraft not using turn layers destabilise the airspace less than those generated by aircraft attempting to merge within a turn layer. This information can be seen in Figure 15, which shows the distribution of intrusion events in function of the layers in which the two aircraft were found. In the baseline case, most intrusions occurred when both aircraft were inside a turn later (T-T), or were attempting to merge into a turn layer from a cruise layer (C-T).



By changing the turn logic, many of the turn layer-related intrusions were eliminated, while the number of intrusions between aircraft in cruise and unused layers (C-U) experienced a slight increase. This can be explained by the fact that, if an aircraft turns from within a cruise layer onto a street that has a different layer configuration, it will find itself within an unused layer (as seen from Figure 3), and only then attempt to merge back into a cruise layer. Such merges seem to be more successful, as traffic within cruise layers is more predictable than in turn layers, and aircraft are less prone to initiating vertical manoeuvres.



Finally, a difference can be observed in the efficiency metrics presented in Figure 16. The modified turn logic shortens the duration of flights, an effect that can be attributed to the presence of a lower number of conflicts, and thus, less time spent at lower, conflict resolution velocities.





5. Discussion


The experiments and results presented in the paper at hand show that improvements can still be made for the decentralised tactical component of a future hybrid concept of operations for U-space.



The inclusion of intent information within conflict detection proved to be beneficial to overall airspace safety and stability when the information is used in parallel with state-based linear extrapolation methods. The results show that the inclusion of more information about the aircraft in proximity is more beneficial than filtering out conflicts and thus excluding information. However, it should be noted that this implementation would require increased communication between agents, which would be compatible with a hybrid air traffic management system.



An interesting implication of the findings presented in this paper is that false-positive conflicts appear to have a stabilising effect on the airspace. Aircraft that solve these conflicts typically adopt a slower velocity in situations where the traffic density is high and other aircraft are present in the area. This then helps in preventing and solving real conflicts. This effect can be compared to the concept of “defensive driving”, as car drivers are encouraged to slow down even if the certainty of a conflict occurring is not high. This can have an effect on efficiency, as mission duration will increase. However, the results presented in this paper show that the difference is small.



It should be mentioned that the projection-based method developed for this research does not account for inaccuracies resulting from aircraft slowing down for turns. Instead, the algorithm relied on subsequent iterations in order to adjust for these situations. However, a downside of this was that a binary decision (conflict or not) was taken based on the intent information, leading to some conflicts only being detected very late when the accuracy of the intent information was higher. Thus, the algorithm can be improved by accounting for these inaccuracies and uncertainties, possibly by implementing greater safety margins, or using probabilistic-based predictions and decision making.



The method could also potentially be improved by considering vertical intent, especially as altitude changes are another important source of unpredictability. Aircraft could consider the intention of other traffic when a vertical manoeuvre is desired.



The hypothesis regarding the effect of including intent information in the conflict detection process is partly rejected, as the projection-based method did not outperform the state-based method. However, in line with expectations, using both methods in parallel did increase airspace safety.



The results of the second experiment show that using a speed-based conflict resolution method in layered open airspace achieves similar results to a heading-based method. This can be explained by the fact that traffic had a high degree of alignment due to similar routing patterns and the narrow heading-ranges of layers. However, this result is highly specific to the chosen layer structure and routing method. In the research at hand, while traffic was heterogeneous, it still had a high degree of homogeneity. Heading-based conflict resolution might still be the preferred option if vehicles with greater differences are flying within the same airspace layers, and the faster aircraft will have to overtake the slower ones.



Thus, the previously stated hypothesis on the effect of using heading-based manoeuvres in open airspace is rejected. It was expected that the ability to overtake slower aircraft would reduce the number of conflicts and intrusions. However, in the traffic scenarios created and simulated as part of the research, the traffic speed heterogeneity and density were not great enough to observe this effect.



The last experiment produced results with unexpected magnitudes in the observed differences between cases. Both the number of conflicts and intrusions were greatly reduced by using the modified turning strategy, showing that slowing down traffic in cruise layers is a more stable turning strategy than forcing the use of a turn layer in high density cases. This can be explained by the fact that vertical conflicts are more complex than horizontal conflicts, and the speed-based conflict resolution algorithm was more suitable for the latter. Furthermore, traffic in cruise layers is more predictable, as vertical manoeuvres are less likely to be initiated, whereas aircraft in turn layers are forced to perform two vertical manoeuvres during a turn when using the baseline turning strategy.



The analysis of the distribution of intrusions in function of the layer types they occurred in reveals that a major source of conflicts are transitions that involve turn layers. With the modified turning strategy, many of these intrusion events do not occur, with only a small number of them being transferred to the cruise-unused layer category. Thus, even though the obligation to merge into a cruise layer after turning is maintained, this manoeuvre is better handled by the conflict detection and resolution module than the merge within a turn layer. This could be explained by the fact that, if two aircraft decide to merge within the same turn layer, a conflict in which both aircraft have a vertical velocity emerges, which is more difficult to solve than a situation in which only one aircraft is performing such a manoeuvre.



Furthermore, the conflict resolution algorithm presented in Algorithm 1 commands aircraft to stop ascending or descending while the manoeuvre is being performed. When merging within a turn layer, such a command might stop the aircraft at an altitude at which it conflicts with both cruising aircraft and aircraft in the turn layer, thus increasing the conflict and intrusion probability in an already unstable part of the airspace (areas before intersections). Thus, the increased predictability of simply slowing down within the cruise layer and not performing vertical manoeuvres is beneficial to stability and safety.



Therefore, the hypothesis regarding the proposed modification to the conflict prevention module is partly accepted, as it did increase the safety of the airspace. A surprising result, that goes against the hypothesis, is that the average mission duration efficiency was positively impacted. The magnitude in the difference in the number of conflicts and intrusions means that aircraft were solving less conflicts overall, spending more time at cruise speed than at slower, resolution speeds.



Overall, the improvements brought to the decentralised concept of operations developed within the Metropolis II research project showed both that the original concept was relatively robust, but also that more research is needed to improve the tactical components of future hybrid air traffic control systems for U-space. The partial decentralisation of operations can offer great benefit in terms of safety and efficiency for urban operations, and the complex emerging behaviours that are produced as a result of high traffic densities need to be further studied and understood.




6. Conclusions


This paper aimed to investigate the improvements to the tactical conflict prevention, detection, and resolution module of the decentralised concept of operations for U-space developed as part of the Metropolis II research project. For this, urban air traffic scenarios, amounting to over one million missions, were simulated within constrained airspace designed for the city centre of Vienna. The proposed improvements consist of modifications brought to each major component of the tactical separation system: improved conflict detection in constrained airspace through the use of intent, more flexible conflict resolution algorithm through the use of heading-based manoeuvres in open airspace, and an alternative conflict prevention strategy in turning manoeuvre situations.



Several conclusions can be drawn from the results of the different experiments performed for this work. Firstly, while the use of intent improves conflict detection and resolution performance in constrained airspace, it only does so when used in combination with the established state-based detection methods. This effect shows that false-positive detection events might have a stabilising effect on the airspace, equivalent to the concept of preventive car driving.



Next, the effectiveness of the conflict resolution algorithm is closely related to the airspace structure and rules. For example, enabling the use of heading-based conflict resolution in an already aligned open airspace did not yield improvements in safety when compared to using one-dimensional speed-based manoeuvres. However, this result might be different if traffic heterogeneity would be higher than in the scenarios developed for this research.



The last set of results show that major improvements can still be achieved in the field of tactical conflict prevention. The proposed modification greatly increased safety within the constrained airspace, as aircraft were only allowed to use turn layers if the chances of another aircraft intending to do the same were small. Thus, most aircraft performed turns directly within cruise layers, creating simpler conflict situations at intersections, and increasing airspace stability. Performing less vertical manoeuvres would also have the benefit of improved energy efficiency, as such manoeuvres have a high energy consumption.



The results of the Metropolis II project show that, in terms of the degree of centralisation, a combination of decentralised and centralised components is a good way to manage air traffic in urban airspace. The proposed improvements presented in this paper contribute to a better understanding of the traffic behaviour and dynamics produced by the tactical component of air traffic management systems, which serves towards the development of a future hybrid concept of operations that will safely and efficiently route aircraft in constrained urban airspace.



Further research should therefore focus on developing tactical CPD&R strategies in order to be better suited for handling high traffic densities in constrained urban environments. Tactical conflict prevention algorithms are shown to have the potential to greatly increase airspace safety, and better strategies to achieve this should be investigated (e.g., using machine learning methods). CD methods should be further researched and developed to better make use of the extra information that constrained airspace provides as opposed to open airspace. CR algorithms also need to be adapted and integrated with the other components of a hybrid air traffic management concept of operations (i.e., central strategic planning authority, airspace structure and rules, etc.) in order to achieve system harmonisation and cooperation. Furthermore, if intent information will be an integral part of tactical conflict resolution, communication methods and security considerations need to be a part of the investigation.



Lastly, more work is needed for studying the feasibility of urban airspace operations. Factors such as energy consumption and on-board processing power are key hardware-related elements that need to be considered. Furthermore, the take-off and landing phases of missions are critical operations during which a lot of conflicts can occur, and thus require procedures to be developed in order to ensure the operational safety.
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Figure 1. The urban environment used to develop the air traffic management concepts of operation within the Metropolis II project. The central area is constrained airspace, whilst the outer area is open airspace with restricted air volumes in red. 
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Figure 2. Layer configuration in open airspace. 
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Figure 3. The layer configurations used within constrained airspace. (a) Isometric view of layers at intersections, configured such that cruising aircraft do not interfere with each other, and turn layers are always at the same altitude; (b) Layer configuration in function of street categorisation. Certain altitudes are reserved for cruising either in the east/west or north/south directions. Each layer is 30   f t   in height. 
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Figure 4. The resulting categorisation of streets within constrained airspace into mostly north/south (blue) and mostly east/west (red) directions by the genetic algorithm optimisation method. 
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Figure 5. Functioning principle of state-based conflict detection. The relative speed (  V  r e l   ) and relative position (  x  r e l   ) from the ownship (blue) to the intruder (red) are used to determine the distance at the closest point of approach (  d  C P A   ), and check whether this distance is smaller than the minimum allowance within the look-ahead time (t). 
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Figure 6. Velocity obstacle methods calculate the required change (  Δ v  ) in relative speed between two aircraft (  v  r e l   ) in order for the minimum separation distance (defined by the radius of the protection zone   R  p z   ) to not be breached. 
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Figure 7. Situations in which a state-based conflict detection method is considered unsuitable: (a) False-positive conflict, blue aircraft detects a conflict based on a linear extrapolation of the current state of the red aircraft; (b) False-negative conflict, blue aircraft has no knowledge of the future turn of the red aircraft, and cannot anticipate the conflict. 
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Figure 8. Projection-based conflict detection method: if intersecting paths are detected, the intruder is projected linearly from the intersection point, and a linear detection algorithm is applied: (a) Intersecting intent information is detected between two aircraft in constrained airspace; (b) Aircraft states are projected linearly from the intersection point (dashed lines) such that a state-based conflict detection method can be applied. 
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Figure 9. Safety metrics of the projected conflict detection method when compared to the baseline state-based method: (a) Total number of conflicts per scenario in function of the traffic density; (b) Number of conflicts per scenario that occurred within the constrained airspace in function of traffic density; (c) Total number of intrusions per scenario in function of traffic density; and (d) Number of intrusions per scenario that occurred within constrained airspace in function of traffic density. 
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Figure 10. Distributions of the earliest detection time of conflicts that resulted in an intrusion for the three detection method cases compared to the baseline case for a high density scenario: (a) Distribution for the projection-based case; and (b) Distribution for the projection-based and state-based case. 
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Figure 11. Intrusion prevention rate for the conflict detection methods. 
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Figure 12. Efficiency metrics of the projected conflict detection method when compared to the baseline state-based method: (a) Average flight route length efficiency per scenario in function of traffic density; and (b) Average flight route duration efficiency per scenario in function of traffic density. 
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Figure 13. Safety metrics of the heading-based conflict resolution algorithm when compared to the baseline method for open airspace: (a) Average number of conflicts in open airspace per scenario in function of traffic density; and (b) Average number of intrusions in open airspace per scenario in function of traffic density. 
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Figure 14. Safety metrics of the modified turning method when compared to the baseline turning method: (a) Total number of conflicts per scenario in function of traffic density; (b) Number of conflicts per scenario that occurred within a constrained airspace in function of traffic density; (c) Total number of intrusions per scenario in function of traffic density; and (d) Number of intrusions per scenario that occurred within constrained airspace in function of traffic density. 
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Figure 15. Classification of intrusions in function of the layers in which the aircraft were when the loss of separation event occurred, averaged over high-density scenarios. 
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Figure 16. Efficiency metrics of the modified turning method when compared to the baseline turning method: (a) Average flight route length efficiency per scenario in function of traffic density; (b) Average flight route duration efficiency per scenario in function of traffic density. 
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Table 1. Number of aircraft per one-hour scenario for each traffic density.
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	Density
	Number of Missions per Scenario
	Peak Aircraft Density per sq. km





	Very Low
	1660
	1.74



	Low
	3340
	3.48



	Medium
	4990
	5.47



	High
	6650
	7.46



	Very High
	8290
	9.95
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Table 2. Simulated aircraft specifications.






Table 2. Simulated aircraft specifications.





	Internal Aircraft Name
	MP20
	MP30





	Max horizontal speed (m/s)
	13
	18



	Average cruise speed (m/s)
	10
	15



	Max vertical speed (m/s)
	5
	5



	Min vertical speed (m/s)
	0
	0



	Max take-off mass (kg)
	15
	15



	Max acceleration/deceleration (m/s2)
	3.5
	3.5
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