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Abstract

:

The demand for air mobility services will depend on the safety of these operations but also on the transportation time savings in congested urban areas. An adequate air space structure is therefore essential to achieve both objectives. Corridors, the most extended solution proposed nowadays, can meet the safety requirements necessary for air taxi operations, but they are rigid (point-to-point solutions) and would increase delays. As an alternative, this paper presents the airspace structure proposed in the SESAR AMU-LED Project, based on layers to assure both safety and efficiency of air taxi operations. In this proposal, small UAS will fly in the bottom part, called the Very Low Level, whereas air taxis will fly in the upper part. The paper applies a collision risk model to determine the minimum required safety buffer between both layers to assure the necessary safety levels. The results obtained show that a buffer of 10 m between them would meet the required safety levels for air taxi operations.
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1. Introduction


The technological developments in automation and electric batteries and propulsion over the past years have boosted interest for Urban Air Mobility (UAM) [1]. In particular, electrical vertical takeoff and landing (eVTOL) vehicles are expected to generate less noise and to be safer and cheaper to produce and operate than helicopters, opening the door for short-range passenger air transportation on a regular basis [1].



Air taxi or air shuttle services based on eVTOL aircraft are expected to experience a big demand in upcoming years, with initial deployments already foreseen in 2025 [2]. NASA expects that by 2030, a commercial market for last-mile delivery operations and air metro [3] could be established in the largest metropolitan areas, whereas air taxis could be profitable by that year in some niche markets. Other market studies [4,5] foresee that by as soon as 2025, air taxis could be providing commercial services in certain locations, and by 2035, around 25,000 eVTOL would be operating worldwide. More recent studies [6] show that global air taxis’ passenger demand will rise quadratically until 2040, reaching a demand of 900 million passengers, although mostly concentrated in the biggest metropolitan areas worldwide, with intra-city operations being more demanded than inter-city operations.



However, the aforementioned market studies might overestimate users’ willingness to pay for these kinds of mobility services, not properly considering the potential constraints that could reduce demand. Analysing airport shuttle and air taxi services, Ref. [7] shows that only 0.5% of unconstrained trips (air taxi and airport shuttle combined) would be captured using air mobility, with infrastructure (both the number of vertiports and capacity) being the greatest constraint on the demand for these services; moreover, the paper states that non-discretionary trips (fixed routes such as airport shuttles) are more likely to be demanded than air taxis (discretionary trips), which will be limited to those with a travel time greater than 30 min by ground transportation.



Focusing on the factors driving the demand for air mobility services, Ref. [8] revealed that individuals’ willingness to hire and willingness to pay for flying taxis depends on socio-demographic characteristics, individual experiences and, above all, the perceived concerns and benefits of flying cars. The study determines that an attractive pricing and regulatory framework will be essential for the development of this sector, which will be concentrated in densely populated urban areas, as inhabitants in congestion-prone urban areas are looking for lower and more reliable travel times and, therefore, are more likely to pay for flying taxis. With regard to concerns, the study also shows that respondents who are familiar with advanced vehicle safety features are willing to hire human-operated flying taxis and, congruously, that those who are very concerned about the safety consequences of flying car equipment/system failure are not willing to hire autonomous flying cars.



Similarly, Ref. [9] conducted surveys to understand the impact on UAM adoption of socio-demographic parameters and their attitudes, whose results indicated high adoption rates for UAM, but also that many respondents were reluctant to use the service, with safety being the factor perceived to be of highest importance regarding the use of UAM.



In addition to these surveys, a case study in San Francisco and New York [10] shows, considering population density and airspace restrictions, that UAM applications will be mostly demanded in the areas called HL (i.e., High population/Low airspace availability); thus, efficient traffic flow management is needed, considering the high UAM demand and the limited airspace availability, especially due to the necessary safety restrictions.



Therefore, it can be concluded that two main factors will determine the demand for air mobility services: (1) the transportation time savings in congested urban areas and (2) the safety of these operations.



This paper presents the airspace structure proposed in the SESAR AMU-LED Project, based on layers, to assure both conditions for eVTOL operations, as well as the reasons underpinning this approach and an analysis of its feasibility. Section 2 summarises the state-of-the-art on UAM. Section 3 describes the proposed airspace structure, whereas Section 4 describes the methodology used to estimate the minimum buffers required to guarantee a low enough collision risk among layers. Section 5 presents the results and minimum buffers and, finally, Section 6 shows the main conclusions.




2. State-of-the-Art of UAM with Regard to Safety


As discussed, it is clear that no efficiency or time saving benefit will generate a high demand for air taxi services if the societal perception of the safety of this means of transportation is not high enough, i.e., the results of air taxi services are at least as safe as other transport means, if not even safer.



Accordingly, the first objective of Aviation Authorities is focused on assuring that the operation of eVTOL vehicles carrying people on board assures safety levels similar to those of manned aviation today. EASA includes this type of operation in the so-called ‘certified category’ [11], which will demand certification of the aircraft and of the operator, as well as licensing of the remote pilot, in order to guarantee the required safety levels. To address the certification of these operations, EASA will propose amendments to the existing regulations that are applicable to manned aviation [12,13]. The FAA follows a similar approach [14], as do other National Aviation Authorities. For the time being, and considering the specifications for the type of certification required for this kind of product, EASA has already published dedicated technical specifications by means of a Special Condition for VTOL [15].



However, the required safety levels will not depend only on the features of the vehicle, the type of operator and the pilot licensing; it is also essential to assure that collisions with other aircraft can be generally avoided. In the case of manned aviation, the ICAO’s Rules of the Air [16] assign the responsibility for detecting and avoiding collisions in uncontrolled airspace to the pilot-in-command on board the aircraft, following the principle of “See and Avoid”; obviously, this approach is not valid for unmanned aircraft, so collision risk has to be avoided by other means. Considering that most general aviation aircraft are not conspicuous, i.e., they do not broadcast or share their position by means of TCAS, ADS-B or FLARM equipage on board [17], in order to avoid collisions with them, UAS would have to detect them by relying on non-cooperative devices, whose technical requirements are far from being met by existing technologies.



To solve this problem, a first solution is to allow VTOL air taxi operations only with a pilot on board; this is the initial approach followed by EASA in the “Type #3 operations” defined in the NPA 2022-06 [13]. However, this can only be seen as a first step to facilitate the development of the sector, not a final solution; these operations are conceptually designed to be unmanned, as the cost of these services is a critical factor for the potential demand.



A second solution that has been used for most drone operations through the present day consists of segregating them from manned aircraft. As ICAO’s Rules of the Air [16] specify that VFR flights shall take place below 1000 ft above the highest obstacle over cities and congested areas and 500 ft elsewhere, except when necessary for take-off or landing, or except by permission from the competent authority. This lowest part of the airspace, known as the Very Low Level (VLL), has been generally assigned for UAS operations to keep them segregated from manned aircraft.



However, UAM includes many other applications and Unmanned Aerial Systems (UASs). A clarifying definition of UAM is provided in [18] “Urban Air Mobility is a transformational mobility concept for urban areas, making use of all types of UAS to perform any type of missions operated in the VLL airspace that aims to improve the welfare of individual and organizations”. This definition clearly shows that UAM encompasses not only large eVTOL vehicles, but any kind of drone, which implies that the safe coexistence with different types of unmanned aircraft is essential for the development of intraurban passenger transport based on eVTOL aircraft, especially if they are going to share the same portion of airspace.



As explained, integrating such operations in the ATM (Air Traffic Management) system would require a drastic overhaul of this system; therefore, UAM operations will more likely be conducted in a separated airspace with new rules and standards [19]. Because eVTOL and other UAS will compete for the same limited space, smaller separation standards will be required.



To allow the safe development of the expected amount of UAS operations and provide those required smaller separation standards, U-space/UTM is considered a key enabler. U-space services aim to provide automated, interoperable, and sustainable traffic management solutions for achieving the safe integration of drones in all classes of airspace in the long term, but starting in the VLL [20].



Additionally, although sharing airspace with other UAS operations is a challenge for air taxis, last-mile deliveries could also pave the way for future UAM passenger transportation, allowing the development of enabling technologies and exploring the most efficient way for the implementation of these types of services, including concept development, regulations and public acceptance [21].



However, as explained, this solution implies the coexistence of people-carrying VTOL aircraft with the rest of UAS, and the performances of both types of vehicles can be very different, especially considering UAS in the Open and Specific Categories [11], as well as the required safety levels, which have to be greater for air taxis, as they carry people on board. To cope with this problem, segregating large eVTOL vehicles from small UAS also becomes essential. The most extended solution is the deployment of corridors for UAM, in which these eVTOL vehicles for carrying people or goods will be separated from manned aircraft and UAS, which do not meet the requirements to operate in this environment [22]. Therefore, this corridor solution can assure the required safety levels.



However, an exhaustive analysis of urban airspace design initiatives [19] shows that less structured airspace, such as the concept of Free flight, allows greater capacity and route efficiency but requires greater technological capabilities and reduces safety. In this case, the detect-and-avoid system is the only barrier that prevents an accident. On the other hand, more restrictive structures, such as tubes and lanes, enable the operations of less-equipped aircraft but increase inefficiency and delays.



Therefore, corridors can meet the safety requirements necessary for air taxi operations in terms of segregation, but they are inefficient, rigid (point-to-point solutions) and would increase delays. As explained, the second key element for the adoption of air taxis are the transportation time savings in congested urban areas. With this idea in mind, corridors can only be considered as a temporary solution.



A potential solution would be to segregate aircraft of different capabilities (e.g., eVTOL and small UAS) into different layers. Layers reduce the probability of a collision [23] by providing vertical separation among operations, segregating flights depending on their headings and speeds, as well as on the aircraft capabilities. The layered approach could therefore meet the required levels of safety without generating delays that would limit interest in air taxis. For this reason, the AMU-LED project has proposed an airspace structure based on layers for eVTOL and small UAS operations in the VLL.




3. AMU-LED Airspace Structure


As explained, the integration of large eVTOL (e.g., air taxi, big cargo; from now on, High Performance Vehicles or HPVs) operations within an urban environment brings a number of challenges that need to be addressed. Above all, the main challenge is to assure the safety of these operations, considering that to remain well clear with manned VFR aviation and other small UAS (from now on, Standard Performance Vehicles or SPVs), HPVs cannot generally rely on pilot visibility if the pilot is not on-board. Additionally, when transporting passengers, the operational air risk, i.e., the risk of damages to people on board due to a collision, is much higher than for other UAS. Therefore, the safe and efficient integration of UAM operations needs to tackle several separation and conflict avoidance problems, which can be summarized as follows:




	
Separation between HPVs and manned aircraft:




	○

	
General Aviation (VFR) commonly lacks transponder/conspicuity means, which make non-visual separation very difficult.




	○

	
Having different altitude references for unmanned (GNSS) and manned aviation (barometric) is also an important concern.




	○

	
High cruise speeds, which make timely reactions to non-nominal or contingent operations difficult.









	
Separation between HPVs and SPVs:




	○

	
The limited range of existing drone remote eIdentification (eID) solutions (bluetooth/wifi) means that they are not applicable for separation assurance and DAA (Detect and Avoid) within UAM.




	○

	
ADS-B (Automatic Dependent Surveillance—Broadcast) cannot be generalised to every drone to avoid 1090 MHz saturation, and other surveillance systems are not yet widely used.




	○

	
SPVs and HPVs have different features and performances (speed, etc.).




	○

	
SPVs cannot be mandated to carry on board equipment with the same level of performance than those for HPVS, as the high cost and even size/weight could jeopardize the accessibility of these vehicles to the airspace.









	
U-space traffic management issues:




	○

	
U-space Service Providers (USSPs) have to provide an appropriate performance level at all times, but different performance requirements may coexist, depending on the aircraft needs and type of airspace.




	○

	
Having several USSPs collaborating, together with other actors like Air Traffic Control, increases complexity and requires important interfacing and procedures standardization efforts to provide their services.




	○

	
Tactical separation/deconfliction complexity, considering the manoeuvrability of rotorcraft and VTOL, the different types and sizes of SPVs/HPVs, and the lack of flight procedures/routes.














To cope with these problems, the project AMU-LED in its Concept of Operations for UAM [24] proposes a layered airspace structure that would enable the safe operation of different vehicles in a U-space environment, also facilitating the required flexibility and efficiency to avoid delays, which would limit the demand for HPV services. In this structure, all UAM operations would be developed in the VLL to guarantee safe separation from manned aircraft, but would be distributed in layers depending on the type of vehicle: upper layer or High-Performance Layer for HPVs, and lower layer or Standard Performance Layer for SPVs.



	
The high-performance layer—HPV layer—would be a CORUS type Z airspace [20] devoted mainly to HPV cruise operations and forbidden for common drones (SPVs), assuring sufficient separation between them. If the type Z airspace is located in controlled airspace, it is categorised as Za, with Zu being located in uncontrolled urban airspace. As this layer is still within the VLL, this also ensures separation with manned aviation. Moreover, manned aviation could enter this layer, provided that such manned vehicles adhere to the rules and procedures, carry on board the required technologies and make use of the required U-space services, in accordance with EU U-space Regulations [25,26]. Moreover, in controlled airspace, ATC could demand a dynamic airspace reconfiguration of the U-space volume to allow a temporary invasion of a manned aircraft (e.g., a police helicopter), but this reconfiguration would imply that every UAS (even HPV) would have to leave that portion of the airspace during the time required for the operation of the manned aircraft.



	
The standard-performance layer—SPV layer—would be assigned for the rest of UAS, including CORUS type Z, Y and X volumes, depending on the area needs (density of operations and complexity).






The AMU-LED solution would solve the separation problems among different types of airspace users identified previously during the cruise phase. Understandably, HPVs’ take-off and landing will be performed from Vertiports located in the SPL. To guarantee an appropriate segregation of HPVs from SPVs during these phases, the HPVs will be connected to those vertiports by means of promulgated restricted airspace volumes, so that when HPV operations are being carried out within the volumes, they cannot be breached by any other aerial vehicle.



	
These volumes will be published in the Drone Aeronautical Information as Restricted Access Volumes, so airspace users will be aware that entering these volumes will not be possible in certain moments; additionally, the publication will provide situational awareness of potential danger when flying in the vicinity.



	
However, as they will be promulgated as restricted access volumes, other SPV flight plans could be allowed to cross them when no HPV operations are expected, i.e., when they are not active. However, when a HPV operation is expected or is close to happening, the restricted volume will be activated (volume booked in the HPV flight authorisation) and any SPV flight plan crossing the volume will be rejected.



	
The USSP/Vertiport Operator will be responsible for the activation of the corresponding restricted airspace volume, as well as for its deactivation once the HPV’s operation is completed. Thus, restricted landing and take-off volumes allow for a maximization of the use of the airspace by other users when HPVs are not making use of them.



	
In the case of requested landings to unprepared locations (e.g., emergency landing) where no vertiport is available, a temporary segregation could be defined by means of a geo-fenced volume for the landing/take-off of these HPV vehicles, which would be distributed by the Geo-Awareness service [25].






The proposed Layered Structure is depicted in Figure 1, where safety buffers between these layers have been also considered. The CORUS airspace types (Za, Zu, Y or X) are also represented, differentiating the type Z airspaces in the HPL (ZaH or ZuH) from those in the SPL (ZaS or ZuS).



The buffer to segregate manned aircraft from HPVs must be wide enough to cope with the different vertical references of manned and unmanned aviation (barometric and GNSS, respectively). A vertical margin of 100 ft must therefore be considered to assure that drones and eVTOL are deemed to be separated from manned aircraft [27], which is the one currently approved for VLL drone operations in most States (i.e., drones are nowadays allowed to fly below 400 ft AGL or 900 ft AGL in urban environments) [11,28].



Regarding the separation between HPL and SPL, UAS will operate in a U-space environment [25], independently of the layer, so they are assumed to be Strategically Deconflicted (i.e., each UAS has submitted a flight plan or flight authorisation before the flight, which has to be free of intersection in space and time with any other notified UAS flight authorisations to be approved). However, the real trajectories of the UAS flights may differ from the nominal operation requested in the flight plan, and although all UAS in a U-space volume will have to report their position (network identification), considering the different performances and capabilities of HPVs and SPVs, it is not realistic to apply common means to solve tactical conflicts, so a buffer between the HPL and the SPL can also be necessary to guarantee an adequate separation both types of UAS.



The following sections present an evaluation of the minimum buffer required between the HPL and the SPL, applying a collision risk model to determine it.




4. Materials and Methods


Collision Risk Models can be applied to calculate the probability of mid-air collisions between drones and the derived fatality risk within a given volume of operation. This is the approach taken to determine the acceptability of the operations in the HPL and SPL layers proposed by AMU-LED and to identify the minimum vertical buffer required between both layers, i.e., between HPVs and SPVs. The collision risk in this layered structure will be compared, applying different buffers, to a Target Level of Safety (TLS) to determine the minimum required buffer between both layers.



The collision risk model applied has been developed as part of the SESAR DACUS Project [29]. As a starting point to identify potential collisions, the model applies the equations concerning relative velocities and distances between aircraft (as explained further on) from Annex 1 of the “Manual on airspace planning methodology for the determination of separation minima” [30] developed by ICAO.



The model applies a Monte Carlo simulation approach to estimate the mean collision risk per flight hour, generating scenarios with randomised UAS positions and speed vectors, based on nominal drone operation plans. These randomised trajectories are then projected forward in time, considering the following variables of each flight:



	
    x   i   ( t )  : Random position of UAS “i” in the east–west direction



	
    y   i     t    : Random position of UAS “i” in the north–south direction



	
    z   i   ( t )  : Random altitude of UAS “i”



	
    v   i     t    : Velocity of UAS “i”



	
    θ   i     t    : Heading in the horizontal plane (x,y) of UAS “i”



	
    ϕ   i     t    : Pitch in the vertical plane (y,z) of UAS “i”.






These values are then used to calculate the distance D between any UAS pair, as follows:


    D   i j     t   =   D   i j       t   0     +   V   r e l _ i j   2     t   2   + 2 B t  



(1)







This equation specifies the distance in an instant   t   between UAS i and j, where:


    V   r e l _ i j   =    v   i   2   +   v   j   2   − 2   v   i     v   j   c o s   ϕ   i   c o s   ϕ   j       cos  ⁡    Δ θ     + s i n   ϕ   i   s i n   ϕ   j       



(2)




and,


  B = Δ x     t   0         v   i   c o s   ϕ   i   c o s   θ   i   −   v   j   c o s   ϕ   j   c o s   θ   j     + Δ y     t   0         v   i   c o s   ϕ   i   s i n   θ   i   −   v   j   c o s   ϕ   j   s i n   θ   j     + Δ z (   t   0   ) (   v   i   s i n   ϕ   i   −   v   j   s i n   ϕ   j   )  



(3)







A collision is considered to occur when:


    D   i j   (   t   m i n   ) < M A R G I   N   C O L L I S I O N    



(4)




where   (   t   m i n   : m i n i m u m   t i m e )   is the instant when distance D between UAS “i” and UAS “j” is minimum, and the margin of collision is the distance from which a pair of UAS are so close that they would collide, i.e., the distance would be lower than the sum of the characteristic dimensions of both UAS.



In the scope of this document, the aforementioned equations will be used to calculate the collision risk of HPVs (large eVTOL) with SPVs (small UAS), disregarding the collisions of HPVs with HPVs and SPVs with SPVs, as the objective of this paper is to evaluate the feasibility of a layered structure, to segregate both types of drones, and to determine the minimum required buffer between both layers. The paper assumes that the collision risk of vehicles of the same category within their respective layers will be mitigated by the U-space services providing strategic deconfliction, based on the flight plans, and tactical deconfliction during flight for HPVs, based on the detection of situations where the minimum safe separation between a pair of aircraft has been lost; the minimum separation needed is a complex matter which depends on the type of UAS, speed and relative direction of the aircraft, and it is beyond the scope of this paper.



As explained, Monte Carlo simulations will be used to estimate the collision risk between HPVs and SPVs, randomising time of operation and position errors with regard to a nominal scenario composed by a set of pre-defined drone operation plans (DOPs). The nominal scenario considered is the reference scenario modelled in DACUS D4.2 Experiment 4 [31], which represents the expected drone traffic in Madrid city in a typical day by the year 2035. This scenario foresees a wide range of small drones ranging from very small surveillance drones (less than 1 m in length and under 2 kg weight) to delivery drones of varying sizes with MTOW up to 18 kg, as well as large passenger-carrying air taxis (up to 13 m in length and 5600 kg MTOW). The numbers of SPV and HPV operations during the day in this reference scenario are shown in Figure 2.



Each DOP in this reference scenario is the initial planned mission 4D trajectory, which is created prior to flight execution, i.e., a deterministic trajectory. However, the real execution will present uncertainties both in time (delay or advance with regard to the nominal case) and in position/heading (navigation system error, i.e., difference between the position calculated and the real position of the UAS); therefore, different uncertainties in terms of time, position and headings must be introduced to assess the real collision risk associated with the foreseen operations of each HPV and SPV. To that end, given the scheduled trajectories in a period of time     t   i n i t i a l   ,   t   f i n a l    , N different iterations introducing errors are generated for each     t   i      (n time samples in the analysed period) for every DOP, and the collisions which would take place among DOPs of pairs of HPVs-SPVs in each of these iterations are calculated and then averaged to obtain the expected collision risk in the considered time period. The collision risk per flight hour for that period of time would be:


  C o l l     R i s k   H P V − S P V   =     ∑  t i = t i n i t i a l   t i = t f i n a l      ∑  i t = 1   i t = N    C o l l i s i o n s   ( H P V − S P V )       N × n ×   ∑  t i = t i n i t i a l   t i = t f i n a l      ∑  H P V = 1   H P V = n    F l i g h t T i m e ( H P V )        



(5)







It can be noted that the considered flight time is only that of the HPVs, as we are looking for the air risk, i.e., the risk of fatality of people on board an HPV due to a collision with an SPV. The total flight time is the sum of the time in the air of each HPV flying during the analysed time period.



To introduce the uncertainty in time, i.e., delays or advances with regard to the nominal timing, it is supposed that   x     t   i     ,   y     t   i     ,   z     t   i     ,   v     t   i     ,   θ     t   i     ,   ϕ     t   i        (Position (  x , y , z  ), velocity (  v  ), yaw (  θ  ) and pitch (  ϕ  )) are actually   x     t   i   *     ,   y     t   i   *     ,   z     t   i   *     ,   v     t   i   *     ,   θ     t   i   *     ,   ϕ     t   i   *       in each simulation, where the relation between     t   i       and     t   i   *       is a random time chosen from a Gaussian distribution centred in     t   i     and assuming that for 95% of the times, the deviation is lower than T seconds (being T the period among time samples,     t   f     = t   i   + n × T  ):     t   i   *   ∈ N (   t   i   ,   T   1.98   )  .



To introduce the uncertainty in position in each simulation, i.e., the Total System Error, it is supposed that   x , y , z , v , θ , ϕ     t   i   *       are actually     x   *   ,   y   *   ,   z   *   , v ,   θ   *   ,   ϕ   *   (   t   i   *   )  , which are random values from the positioning and heading Gaussian error distributions. The ICAO PBN Manual [32] details the components of the Total System Error (TSE), which are basically two: Navigation System Error (NSE) and Flight Technical Error (FTE).



The Navigation System Error is due to the accuracy of the Navigation System used by the aircraft and represents the unknown deviation with regard to the desired trajectory. The NSE values considered in those described in Table 1, which are consistent with the navigation accuracy declared by GNSS Service Providers, as can be seen in the GPS, Galileo, WAAS and EGNOS performance reports [33,34,35,36], as well as with the specifications of the manufacturers of GNSS receivers for UAS [37,38,39,40,41,42,43]. They are also consistent with existing literature on typical UAS Navigation System Errors, which provide results of UAS real flight data errors [44,45,46].



Similarly, the Flight Technical Error relates to the air crew or autopilot’s ability to follow the defined path, including pilot/autopilot errors, wind effects, etc., and is the known part of the deviation with regard to the desired trajectory. The FTE values considered are those presented in Table 2, which are based on the results provided by different UAS experiments [44,45,46,47].



Accordingly, simulated positions are defined following a normal distribution centered in nominal variables and deviation   σ F T E  , and summing and independent normal distribution centered in cero and with deviation   σ N S E ,   based on CNS performance data (i.e., accuracy), as follows [37,38,39,40,41,42,43]:


    x   i   *   ~ N     x   i   ,   σ F T E   x   2   +   σ N S E   x   2      



(6)






    y   i   *   ~ N     y   i   ,   σ F T E   y   2   +   σ N S E   y   2      



(7)






    z   i   *   ~ N     z   i   ,   σ F T E   z   2   +   σ N S E   z   2      



(8)






     θ   i   *   ~ N (   θ   i   ,   σ   θ   2   )   ,   where     σ   θ   = ± 0.01 °   



(9)






    ϕ   i   *   ~ N (   ϕ   i   ,   σ   ϕ   2   ) ,   where     σ   ϕ   = ± 0.01 °  



(10)







The results of the Monte Carlo simulations, developing a high enough number of iterations, allow for an estimation of the collision risk of HPVs with SPVs with different segregation structures: without layers (HPVs and SPVs operating in the same volume), with layers but no buffer, and with layers and different buffers between layers (5 m, 10 m, and 20 m).



Finally, to determine if the collision risk would be acceptable, they are compared with a pre-defined TLS. The TLS considered in this analysis is of 1 × 10−7 fatal accidents/flight hour, as proposed by [48], to reduce the average fatal accident risk of the civil aviation operations by at least six times compared with the historical data, in accordance with the work developed by [49]. This is a TLS considerably lower than the actual accident rate for general aviation and helicopters.



However, the proposed TLS is expressed in terms of fatal accidents and not in terms of collisions. As HPVs will be much bigger than SPVs, not every collision will cause major damage and ultimately become a fatal accident. The likelihood of a collision of an HPV with an SPV becoming a fatal accident will depend on the relative speeds, the weight of the SPV and the location of the impact on the SPV. Unfortunately, to estimate this probability there are no statistics available nowadays, nor specific models; accordingly, in this paper we have taken the statistics on bird strikes with helicopters as a reference [50], which states that in the USA, there were 1019 collisions of birds with helicopters from 2000 to 2014, but only 8 of them resulted in a fatality and 42 caused injuries. With these figures, and assuming that most SPVs will be bigger than a common bird, but also that an HPV will be more stable than a helicopter, we have assumed that only 1 SPV–HPV collision out of 50 will cause a fatal accident. Translating the proposed TLS in terms of collisions per flight hour determines that the maximum acceptable rate of collisions must be 5E−6 collisions per flight hour.




5. Results


This section presents the results from the Monte Carlo simulations developed to quantify the risk of collisions among HPVs and SPVs. The analysis was performed for five different scenarios with HPVs and SPVs operating in the VLL, in the cruise phase:




	
Without layers: HPVs and SPVs can fly in the entire volume of the VLL;



	
With layers: HPVs and SPVs are separated into layers (HPVs fly above 75 m and SPVs below 75 m), but there is no buffer between layers;



	
Buffer 5 m: HPVs and SPVs are separated into layers with a buffer of 5 m between them (HPVs fly above 77.5 m and SPVs below 72.5 m);



	
Buffer 10 m: HPVs and SPVs are separated into layers with a buffer of 10 m between them (HPVs fly above 80 m and SPVs below 70 m);



	
Buffer 20 m: HPVs and SPVs are separated into layers with a buffer of 20 m between them (HPVs fly above 85 m and SPVs below 65 m);








In each of these scenarios, the set of trajectories proposed in DACUS D4.2 [31] are taken as a reference, but the cruise altitudes are modified to random distributions within the height levels assigned to each type of UAS (HPV and SPV). This set of trajectories comprise 24 h with a total of 6372 drones flying and was simulated 5000 times for each scenario, which corresponds to a total of 300,000 simulated hours of flight.



The collision risk per flight hour calculated is compared to determine if it is below the proposed TLS or not, in which case, the airspace structure analysed in the scenario would not be considered safe enough. The nominal trajectories were not strategically deconflicted between one another, relying only on the airspace structure (layers and buffers) to keep the collision risk conveniently low.



The results for the different scenarios are presented hereafter.



5.1. Without Layers


In this scenario, HPVs and SPVs will not be segregated, operating simultaneously in the same volume of airspace even during the cruise phase of the flights. Figure 3 represents a set of these trajectories, considering different types of SPVs (categories 0, 1 and 2, which correspond to a small photography drone, an inspection drone and a delivery drone, respectively) and HPVs (category 5). It is worth noting that although the trajectories shown include the whole flight trajectory, from landing to take off, the analysis was developed only for the cruise phase.



The distribution of heights for HPVs and SPVs is shown in Figure 4.



The results of the simulations developed in this scenario are shown in Table 3, which shows an average fatality risk of 6.99 × 10−5 and peaks up to 1.54 × 10−4, far above the requested TLS. Accordingly, this airspace structure cannot be considered safe enough for air taxi operations with the levels of demand analysed in this paper.



The number of collisions is very high, as the HPVs and SPVs are not separated in their cruise phases. Figure 5 presents the nominal trajectories of HPVs and SPVs that would collide in a certain time frame, along the time of the day in seconds, as well as the heights of the collisions in the simulations. It can be seen that collisions are frequent and could occur at any height.




5.2. With Layers


In this scenario, HPVs and SPVs will be segregated into layers in the cruise phase, but without a buffer between them. Figure 6 represents a set of these trajectories.



The distribution of heights for HPVs and SPVs is shown in Figure 7.



The results of the simulations developed in this scenario are shown in Table 4, which shows an average fatality risk of 9.21 × 10−6 and peaks up to 4.59 × 10−5, which is slightly worse in average than the requested TLS. Therefore, this airspace structure cannot be accepted without an adequate buffer to reduce the risk of collision.



The number of collisions is less than a 15% compared to the scenario without layers. Figure 8 presents the nominal trajectories of HPVs and SPVs that would collide in a certain time frame, along the time of the day in seconds, as well as the heights of the collisions in the simulations. It can be seen that collisions would only happen close to a height of 75 m, but they would be still routinary to some extent.




5.3. Buffer 5 m


In this scenario, HPVs and SPVs will be segregated into layers in the cruise phase, with a buffer of 5 m between these layers. Figure 9 represents a set of these trajectories.



The distribution of heights for HPVs and SPVs is shown in Figure 10.



The results of the simulations developed in this scenario are shown in Table 5, which shows an average fatality risk of 3.09 × 10−6 and a peak of 9.47 × 10−6, which is below the requested TLS in average, but not during the peak hour. This airspace structure can be considered acceptable, as a peak value above the TLS is only reached in three timeframes; however, a greater buffer can be considered desirable.



The number of collisions is less than a 4.5% compared to the scenario without layers. Figure 11 presents the nominal trajectories of HPVs and SPVs that would collide in a certain time frame, along the time of the day in seconds, as well as the heights of the collisions in the simulations. It can be seen that collisions are very rare and would only happen close to a height of 75 m.




5.4. Buffer 10 m


In this scenario, HPVs and SPVs will be segregated into layers in the cruise phase, with a buffer of 10 m between these layers. Figure 12 represents a set of these trajectories.



The distribution of heights for HPVs and SPVs is shown in Figure 13.



The results of the simulations developed in this scenario are shown in Table 6, which shows an average fatality risk of 1.38 × 10−6 and a peak of 7.87 × 10−6, which is below the requested TLS both in average and in all the timeframes, except for the peak hour, which can be considered an outlier. This airspace structure can be considered acceptable.



The number of collisions is less than 2% compared to the scenario without layers. Figure 14 presents the nominal trajectories of HPVs and SPVs that would collide in a certain time frame, along the time of the day in seconds, as well as the heights of the collisions in the simulations. It can be seen that collisions are very rare and would only happen close to a height of 75 m.




5.5. Buffer 20 m


In this scenario, HPVs and SPVs will be segregated into layers in the cruise phase, with a buffer of 20 m between these layers. Figure 15 represents a set of these trajectories.



The distribution of heights for HPVs and SPVs is shown in Figure 16.



The results of the simulations developed in this scenario are shown in Table 7, which shows an average fatality risk of 1.1 × 10−7 and a peak of 1.62 × 10−6, which is below the requested TLS both in average and in peak hour. This airspace structure can be considered acceptable, as the likelihood of collision is negligible.



The number of collisions is less than a 0.2% compared to the scenario without layers. Figure 17 presents the nominal trajectories of HPVs and SPVs that would collide in a certain time frame, along the time of the day in seconds, as well as the heights of the collisions in the simulations. It can be seen that collisions are very rare and would only happen close to a height of 75 m.




5.6. Summary of Results


The Figure 18 and Figure 19 show, respectively, the probability of collisions between sUAS and air taxis at different times of day for the five different airspace structures considered, and the mean of the collision probability at different times of day. As discussed, the layered structure with a buffer of 10 m would provide a safety level that meets the requirements for air taxi operations in the cruise phase.




5.7. Sensitivity of Results with Regard to FTE


The results shown in the previous paragraphs depend on the vertical errors of the aircraft, i.e., NSE and FTE. GNSS performance is measured continuously by Service Providers and GNSS receivers are used routinely, with their specifications being well consolidated; accordingly, no great variations in NSE values can be expected. However, with regard to the FTE of UAS and particularly eVTOL, there are still very few data and literature available, so the values proposed must be confirmed in the future. Therefore, in order to understand the impact of a greater FTE, a new set of simulations were run, considering FTE values 50% greater than those presented in Table 2. The Figure 20 and Figure 21 show, respectively, the probability of collisions between sUAS and air taxis and the mean of the collision probability, obtained with such FTE values.



The results obtained show similar collision probability values for the cases of an airspace structure without layers and the case of layers without buffers; however, for the case of a 5 m buffer, the average collision probability is almost two times that with the nominal FTE and in the case of a 10 m buffer, almost three times the previous collision probability. For the 20 m buffer, the collision probability is ten times greater. However, even with such FTE values, the collision probability would be lower than the TLS for the layers with a 10 m buffer, although a buffer of 20 m would be preferable.





6. Discussion


The proposed airspace structure, based on layers in the VLL separating HPV from SPV, has been found to be feasible, reaching a safety risk below the defined TLS if a minimum buffer of 5 m, and preferably 10 m, among layers is introduced. Considering only the mean collision risk, separating the airspace into two layers considerably reduces the probability of collisions between sUAS and air taxis; the collision probability is 7.5 times smaller with layers than without layers. Adding a buffer within the layers reduces the probability of collisions 25 times with a buffer of 5 m, 50 times with a buffer of 10 m and up to 625 times with a buffer of 20 m.



The results obtained, however, are dependent on the vertical errors and, particularly, on the FTE. The sensitivity analysis developed shows that for FTE values 50% greater, a layered structure with a buffer of 10 m would still be acceptable, although a 20 m buffer would be preferable.



It is important to remark, anyhow, that these collision risk figures were obtained for trajectories which have not been strategically deconflicted between one another; therefore, as these operations are expected to be developed with support by U-space services, lower collision risks can be expected with a Strategic Conflict Resolution service in place.



Additionally, it is also important to consider that the collision risks were calculated dividing only into the HPV flying time (in cruise phase), whereas the risk also depends on the total flying time of SPVs. If we consider the total UAS flight time (both HPVs and SPVs), collision risks would have been 27.5 times lower.



In summary, the proposed airspace structure based on layers with a buffer of 10 m among them would meet the required safety levels for air taxi operations in the cruise phase. Therefore, as exhaustive analysis of urban airspace design initiatives shows that less structured airspace, such as the Free-Routes supported by the layered structure, allows for greater capacity and route efficiency [19] than restrictive structures, such as tubes and lanes, it can be concluded that the proposed airspace structure would be much more adequate to meet the requirements of Urban Air Mobility than the traditional approach based on corridors, especially when the demand for air taxis starts to grow as expected in big metropolises.



Other Considerations


Even though the two main goals necessary for sustainable air mobility services’ demand are met, i.e., high safety levels and efficient operations to provide time savings in congested urban areas, the proposed air space structure will not be feasible if the operations developed within it are not socially acceptable. Community acceptance will depend on an acceptable drones’ path separation from citizens to limit visual pollution, privacy concerns and, above all, noise annoyance.



With regard to noise, although electric engines create significantly lower noise than a helicopter engine, the propellers cause annoying high-frequency sounds; therefore, noise exposure should be controlled by means of appropriated route distance from residential areas. The Uber Elevate WhitePaper [51] considered that a reasonable goal would be a noise level below 67 dBA at ground level from an eVTOL at 250 ft altitude, which would be comparable to a Prius at 25 feet from the listener, driving by at 35 mph. This noise level is achievable by eVTOL. For example, Joby S4 was tested by NASA, recording 45.2 dBA on the ground when the aircraft flew at 500 m altitude at 185 kph [52]. As propeller sound decreases by about 6 dB with every doubling of distance from the source, this is equivalent to 61.5 dBA at 75 m (250 m) above the ground; this is the sound level of a normal conversation [53,54].



Ultimately, an eVTOL flying at 50 m will make much less noise than a helicopter flying at 500 m, which should favour their social acceptance, even flying in the VLL. During takeoff, eVTOL are also more than 100 times quieter than a helicopter: 65 dBA vs. 93 dBA.



On the other hand, technology will also have a word on the design of the airspace structure, especially battery life. The endurance of a battery imposes severe constraints on the operational time of an electric UAM aircraft, so trajectories will have to be carefully designed to minimise energy consumption. Energy efficiency drops with cruise altitude, so flying at lower altitudes and shallower descents is preferable. This is another advantage of the layered airspace structure compared to corridors, which would demand greater cruise altitudes.



Therefore, considering the analysis carried out and the two potential constraints described in the above paragraphs (impact of noise and technology limitations), we conclude that the layered approach defined in the AMU-LED project is feasible for medium demand scenarios while holding safety and efficiency levels to a sufficiently high standard.
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Figure 1. AMU-LED airspace structure. 






Figure 1. AMU-LED airspace structure.



[image: Aerospace 10 00609 g001]







[image: Aerospace 10 00609 g002 550] 





Figure 2. Drone traffic density in the Reference Scenario per timeframe. 
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Figure 3. Sample of HPV and SPV trajectories in the Scenario Without Layers. 
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Figure 4. HPV and SPV heights distribution in the Scenario Without Layers. 
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Figure 5. Sample of trajectories evolution along time and collisions in the Scenario Without Layers. 
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Figure 6. Sample of HPV and SPV trajectories in the Scenario With Layers. 
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Figure 7. HPV and SPV heights distribution in the Scenario With Layers. 
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Figure 8. Sample of trajectories evolution along time and collisions in the Scenario With Layers. 
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Figure 9. Sample of HPV and SPV trajectories in the Scenario Buffer 5 m. 
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Figure 10. HPV and SPV heights distribution in the Scenario Buffer 5 m. 
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Figure 11. Sample of trajectories evolution along time and collisions in the Scenario Buffer 5 m. 
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Figure 12. Sample of HPV and SPV trajectories in the Scenario Buffer 10 m. 
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Figure 13. HPV and SPV heights distribution in the Scenario Buffer 10 m. 
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Figure 14. Sample of trajectories evolution along time and collisions in the Scenario Buffer 10 m. 
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Figure 15. Sample of HPV and SPV trajectories in the Scenario Buffer 20 m. 
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Figure 16. HPV and SPV heights distribution in the Scenario Buffer 20 m. 
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Figure 17. Sample of trajectories evolution along time and collisions in the Scenario Buffer 20 m. 






Figure 17. Sample of trajectories evolution along time and collisions in the Scenario Buffer 20 m.
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Figure 18. Air Taxi Collision risk with sUAS per timeframe for different structures. 
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Figure 19. Average Air Taxi Collision risk with sUAS for different structures. 
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Figure 20. Air Taxi Collision risk with sUAS per timeframe for different structures. 1.5FTE. 
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Figure 21. Average Air Taxi Collision risk with sUAS for different structures. 1.5FTE. 
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Table 1. Navigation System Errors considered for HPVs and SPVs (in meters).






Table 1. Navigation System Errors considered for HPVs and SPVs (in meters).





	Vehicle–Receiver
	NSE_H RMS1
	NSE_V RMS1
	NSE_H 1 95%
	NSE_V 95%





	SPV (GPS L1)
	1.63
	2.55
	3.994
	4.998



	HPV (GPS/Galileo + SBAS)
	1.02
	1.1
	2.499
	2.156







1 Navigation errors are assumed to follow a normal distribution, so the 95% percentile corresponds to 2.45 times the Root Mean Square Error (RMS) for bi-dimensional distributions (Horizontal), and to 1.96 times the RMS for one-dimensional distributions (Vertical).
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Table 2. Flight Technical Errors considered for HPVs and SPVs (in meters).






Table 2. Flight Technical Errors considered for HPVs and SPVs (in meters).





	Vehicle
	FTE_H 1 95%
	FTE_V 95%





	SPV
	1.5
	3.0



	HPV
	6.5
	7.0







1 Flight Technical Errors are also assumed to follow a normal distribution.
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Table 3. Collision risk per time frame Scenario Without Layers.






Table 3. Collision risk per time frame Scenario Without Layers.













	Time Frame
	Air Taxi

Flight Time (h)
	All UAS

Flight Time (h)
	Iterations
	HPV-SPV

Collisions
	Collision Risk





	07:00:00–08:00:00
	3.67
	79.77
	5000
	73
	6.6256 × 10−5



	08:00:00–09:00:00
	4.66
	166.56
	5000
	212
	1.5172 × 10−4



	09:00:00–10:00:00
	4.84
	115.01
	5000
	26
	1.7900 × 10−5



	10:00:00–11:00:00
	3.92
	92.22
	5000
	58
	4.9311 × 10−5



	11:00:00–12:00:00
	4.21
	99.02
	5000
	27
	2.1388 × 10−5



	12:00:00–13:00:00
	3.89
	96.78
	5000
	53
	4.5417 × 10−5



	13:00:00–14:00:00
	4.77
	110.17
	5000
	38
	2.6553 × 10−5



	14:00:00–15:00:00
	4.14
	144.77
	5000
	152
	1.2249 × 10−4



	15:00:00–16:00:00
	3.73
	124.73
	5000
	172
	1.5391 × 10−4



	16:00:00–17:00:00
	3.87
	155.06
	5000
	172
	1.4809 × 10−4



	17:00:00–18:00:00
	4.45
	99.96
	5000
	61
	4.5644 × 10−5



	18:00:00–19:00:00
	4.03
	104.02
	5000
	44
	3.6426 × 10−5



	19:00:00–20:00:00
	3.79
	100.95
	5000
	33
	2.9021 × 10−5



	20:00:00–21:00:00
	3.56
	94.84
	5000
	48
	4.4897 × 10−5



	21:00:00–22:00:00
	2.88
	94.28
	5000
	98
	1.1349 × 10−4



	Average
	
	
	
	
	6.9914 × 10−5
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Table 4. Collision risk per time frame Scenario With Layers.






Table 4. Collision risk per time frame Scenario With Layers.













	Time Frame
	Air Taxi

Flight Time (h)
	All UAS

Flight Time (h)
	Iterations
	HPV-SPV

Collisions
	Collision Risk





	07:00:00–08:00:00
	3.67
	79.77
	5000
	2
	1.8152 × 10−6



	08:00:00–09:00:00
	4.66
	166.56
	5000
	8
	5.7254 × 10−6



	09:00:00–10:00:00
	4.84
	115.01
	5000
	2
	1.3769 × 10−6



	10:00:00–11:00:00
	3.92
	92.22
	5000
	4
	3.4008 × 10−6



	11:00:00–12:00:00
	4.21
	99.02
	5000
	36
	2.8517 × 10−5



	12:00:00–13:00:00
	3.89
	96.78
	5000
	5
	4.2846 × 10−6



	13:00:00–14:00:00
	4.77
	110.17
	5000
	22
	1.5373 × 10−5



	14:00:00–15:00:00
	4.14
	144.77
	5000
	57
	4.5935 × 10−5



	15:00:00–16:00:00
	3.73
	124.73
	5000
	4
	3.5793 × 10−6



	16:00:00–17:00:00
	3.87
	155.06
	5000
	8
	6.8877 × 10−6



	17:00:00–18:00:00
	4.45
	99.96
	5000
	7
	5.2379 × 10−6



	18:00:00–19:00:00
	4.03
	104.02
	5000
	4
	3.3114 × 10−6



	19:00:00–20:00:00
	3.79
	100.95
	5000
	4
	3.5178 × 10−6



	20:00:00–21:00:00
	3.56
	94.84
	5000
	1
	9.3535 × 10−7



	21:00:00–22:00:00
	2.88
	94.28
	5000
	3
	3.4741 × 10−6



	Average
	
	
	
	
	9.2151 × 10−6
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Table 5. Collision risk per time frame Scenario Buffer 5 m.






Table 5. Collision risk per time frame Scenario Buffer 5 m.













	Time Frame
	Air Taxi

Flight Time (h)
	All UAS

Flight Time (h)
	Iterations
	HPV-SPV

Collisions
	Collision Risk





	07:00:00–08:00:00
	3.67
	79.77
	5000
	8
	7.2609 × 10−6



	08:00:00–09:00:00
	4.66
	166.56
	5000
	5
	3.5784 × 10−6



	09:00:00–10:00:00
	4.84
	115.01
	5000
	2
	1.3769 × 10−6



	10:00:00–11:00:00
	3.92
	92.22
	5000
	3
	2.5506 × 10−6



	11:00:00–12:00:00
	4.21
	99.02
	5000
	2
	1.5843 × 10−6



	12:00:00–13:00:00
	3.89
	96.78
	5000
	0
	0.0000



	13:00:00–14:00:00
	4.77
	110.17
	5000
	2
	1.3975 × 10−6



	14:00:00–15:00:00
	4.14
	144.77
	5000
	6
	4.8353 × 10−6



	15:00:00–16:00:00
	3.73
	124.73
	5000
	1
	8.9483 × 10−7



	16:00:00–17:00:00
	3.87
	155.06
	5000
	11
	9.4706 × 10−6



	17:00:00–18:00:00
	4.45
	99.96
	5000
	2
	1.4965 × 10−6



	18:00:00–19:00:00
	4.03
	104.02
	5000
	5
	4.1393 × 10−6



	19:00:00–20:00:00
	3.79
	100.95
	5000
	3
	2.6383 × 10−6



	20:00:00–21:00:00
	3.56
	94.84
	5000
	1
	9.3535 × 10−7



	21:00:00–22:00:00
	2.88
	94.28
	5000
	5
	5.7902 × 10−6



	Average
	
	
	
	
	3.0901 × 10−6
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Table 6. Collision risk per time frame Scenario Buffer 10 m.
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	Time Frame
	Air Taxi

Flight Time (h)
	All UAS

Flight Time (h)
	Iterations
	HPV-SPV

Collisions
	Collision Risk





	07:00:00–08:00:00
	3.67
	79.77
	5000
	3
	2.7228 × 10−6



	08:00:00–09:00:00
	4.66
	166.56
	5000
	11
	7.8724 × 10−6



	09:00:00–10:00:00
	4.84
	115.01
	5000
	1
	6.8844 × 10−7



	10:00:00–11:00:00
	3.92
	92.22
	5000
	0
	0.0000



	11:00:00–12:00:00
	4.21
	99.02
	5000
	0
	0.0000



	12:00:00–13:00:00
	3.89
	96.78
	5000
	0
	0.0000



	13:00:00–14:00:00
	4.77
	110.17
	5000
	1
	6.9875 × 10−7



	14:00:00–15:00:00
	4.14
	144.77
	5000
	1
	8.0588 × 10−7



	15:00:00–16:00:00
	3.73
	124.73
	5000
	3
	2.6845 × 10−6



	16:00:00–17:00:00
	3.87
	155.06
	5000
	0
	0.0000



	17:00:00–18:00:00
	4.45
	99.96
	5000
	0
	0.0000



	18:00:00–19:00:00
	4.03
	104.02
	5000
	1
	8.2786 × 10−7



	19:00:00–20:00:00
	3.79
	100.95
	5000
	3
	2.6383 × 10−6



	20:00:00–21:00:00
	3.56
	94.84
	5000
	1
	9.3535 × 10−7



	21:00:00–22:00:00
	2.88
	94.28
	5000
	0
	0.0000



	Average
	
	
	
	
	1.3795 × 10−6
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Table 7. Collision risk per time frame Scenario Buffer 20m.
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	Time Frame
	Air Taxi

Flight Time (h)
	All UAS

Flight Time (h)
	Iterations
	HPV-SPV

Collisions
	Collision Risk





	07:00:00–08:00:00
	3.67
	79.77
	5000
	0
	0



	08:00:00–09:00:00
	4.66
	166.56
	5000
	0
	0



	09:00:00–10:00:00
	4.84
	115.01
	5000
	0
	0



	10:00:00–11:00:00
	3.92
	92.22
	5000
	0
	0



	11:00:00–12:00:00
	4.21
	99.02
	5000
	0
	0



	12:00:00–13:00:00
	3.89
	96.78
	5000
	0
	0



	13:00:00–14:00:00
	4.77
	110.17
	5000
	0
	0



	14:00:00–15:00:00
	4.14
	144.77
	5000
	2
	1.61175 × 10−6



	15:00:00–16:00:00
	3.73
	124.73
	5000
	0
	0



	16:00:00–17:00:00
	3.87
	155.06
	5000
	0
	0



	17:00:00–18:00:00
	4.45
	99.96
	5000
	0
	0



	18:00:00–19:00:00
	4.03
	104.02
	5000
	0
	0



	19:00:00–20:00:00
	3.79
	100.95
	5000
	0
	0



	20:00:00–21:00:00
	3.56
	94.84
	5000
	0
	0



	21:00:00–22:00:00
	2.88
	94.28
	5000
	0
	0



	Average
	
	
	
	
	1.10361 × 10−7
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
W II NI I I IIIII I





media/file4.png
700

Number of drones along the day, per type

H

e 8 S I I R
FFLLF LT TSI ET P L
e & BT R Y Y I Y R CHNY T R R I
0%@ @@ & & Oﬁ“ o F & & & & & F F - & P






media/file30.png
UAS trajectories

UAS category:
)

il
2
5

— .
— _ 140
| =

120

ey
1

80

V4
Z

60

40

20

—3.85

40.50

Altitude AGL





media/file39.jpg





media/file18.png
UAS category:
0

1
2
5

UAS trajectories

40.50

Altitude AGL





media/file35.jpg
SPYHPYcollisionrosabilypar gt hour o HPY






media/file21.jpg
Atude ]

B

0

g

5

WITH BUFFER = 5m
16:00:00 - 17:00:00

/.

Time ofthe day 5]





media/file26.png
Cruise altitude of the drones along the day, per category
WITH BUFFER OF 10 METERS

e o .o

o sesssss = oe s e see

- ee .

B0 G00 00 0 0 900 SN S S0 S SE RN B e .

e s & s sees

SEEEIEE S48 5 SIEEEINEE § SELEIIEEIES SEESIIERIES

SEEEE S5 SELIIEIIEL S5 SEIEEES SESIEIEE SEESIIEILNS

SEEEEEE 54 S04 SEEEE SEEIIIIIEINIEINEE S48 S48 04

HPV

140

120 A

100 A
8

T
o o
4 o

[w] apmuyy asinid

[
00.,....
Q. ©
N
2.
@
G, ©
i,
.00.
%. @
2,
%,
(7}
QI
00.0
...v.BO.
%. b 2
)
.»,Qo.
)
% ¢
£
«,.oo.
s
on.«
.».QQ.
()
% ¢
)
»,09
()
& 0
s
\..00.
-3
e ¢
2
oo.@
&% °
e
.0.0.
S
Gy, *
%
4
"
Qo..o
%, <
%.
,00.
%
oo..a,
0.00‘
%. %
.
QQ»\
°
%
40.0

0,
QQA;
9. °
.
2.
a. P
2.
%
QQ. i
%
%.
%
.00.
o
%
s
o,
%,
©
%.
2
%,

Timeslot





media/file27.jpg
WITH BUFFER = 10m
08:00:00 - 09:00:00

Time o the day (4]





media/file3.jpg
Number of drones.long the day, pertpe

PSP L P L LS LS LSS LS LS LSS
R
PSSP






media/file22.png
Altitude [m]

140 |

120 |

100

80

60

40

20

0

WITH BUFFER = 5m

16:00:00 - 17:

00:00

57600

57800

58000

58200 58400 58600
Time of the day [s]
——SPV ——HPV X collisions

58800

59000

59200





media/file19.jpg
|
|
|

TSI, ST






media/file7.jpg
TSI

VPIDIITIIIIIIIY






media/file28.png
Altitude [m]

140

120

100

80

60

40

20

0

WITH BUFFER = 10m
08:00:00 - 09:00:00

28600

28800

29000

29200

29400 29600

29800 30000

Time of the day [s]

e SPV e HPV

X collisions

30200

30400

30600

30800





media/file10.png
(=Y
B
o

[y
N
o

WITHOUT LAYERS
14:00:00 - 15:00:00

=
o
o

(o]
o

[

Altitude [m]

D
o

B
o

*

51500 52000 52500 53000 53500 54000
Time of the day [s]

s SP\/ e H PV/ X collisions





media/file40.png
1.8000E-04

1.6000E-04

1.4000E-04

1.2000E-04

1.0000E-04

8.0000E-05

6.0000E-05

4.0000E-05

2.0000E-05

0.0000E+00

07:00:00 -
08:00:00

SPV-HPV collision probability per flight hour, for HPV (1.5FTE)

= \Vith buffer=20m  -------

mmm \Vithout Layers

mmm \Vith Layers

mm \\/ith buffer=5m

m \Vith buffer=10m

AVERAGE

08:00:00 -
09:00:00

09:00:00 -
10:00:00

10:00:00 -
11:00:00

12:00:00

12:00:00 -

13:00:00

13:00:00 -
14:00:00

14:00:00 -
15:00:00

15:00:00 -
16:00:00

16:00:00 -
17:00:00

17:00:00 -
18:00:00

18:00:00 -
19:00:00

19:00:00 -

20:00:00

20:00:00 -
21:00:00

21:00:00 -
22:00:00





media/file33.jpg
At (]

]

©

a0

WITH BUFFER =

20m

20:00:00 - 21:00:00

3

a0

o 700

0

Time o the day (]

——

5400

se0

7se00





media/file32.png
Cruise altitude of the drones along the day, per category
WITH BUFFER OF 20 METERS

- . L I R I L I U Y

. BB S e oo

L L L L L L ]

BN MM M e

..

00 000 000 S00000 4 40 B SHIE B SN B S HE N 4 e 8N

L UL L L L I L ] Ll

e Seeee L B0 B8 & S MMM E M e M

SEPEIIIRINIIIN B8 SE FEESIIIIIE SBINES Sesee

B8 858 SRRRRNEMSIIININEININNNE S00000 & W

R T

SPV

HPV

L - . - e " - e s e -
. -e . Lt ] - - . LA -
. . . .. .. . . s
.. - . .- . s .
. . - - - - -
.. - L] L -
-e - - .. L - -
. . . . . » .-
T T T
o o o
= ™~ o
= i o

[w] apmy asiniD

Timeslot





media/file14.png
Cruise altitude of the drones along the day, per category
WITH LAYERS

be s o sme o

e se e

... . . wee .-
. " e me . eee e
. - - Raaaadb I

BSOS B S BN B SR SN 8 e

L 4 8 48 e

R Y

e 00 o mee o s

WO B B S REE SRS W e e =

8 B e

. -

e SIS s EEMEEE -

e sssses o SEEEE B S B B SIS B8 SN 4 SR s 8 s e

B8 80 S8S  SEEEE SRR B B8R s ee s e sese
" e m e W BN SR B AEEE 8 S0 e S8 e see
e s sme  aee BN SEEIIEE B4 SE BEE B S & e .
® SEE e 8 80 80 NN B #9508 SEeE S8 e eees s e
ses e w0 » e * 0 .. . se B SEESSEESEEE S0 S5  SEEEEE B4 B0 SEEEEE HEES $ES8E &
. - . . . . .- - . S SE5 S S50 55 FRREEE B4 SRR SHEE HHHEE FHEEENNEE S0
. . . . . B S S S S EEEEE B SEEEEE B B4 SEEE FEMEEELIEEEEE S840 4
. . . e . ® SEEEES § SEENEEEE S48 SEE SEEEELEEEEENE §5 $8 $08 8
e L] .. L] " = ®  S55S SSSSSES SESESEE & SEENE & SEEEENE SNNEESEEE Seees
. . .- . . e .e es eessesss  Ge sessses S SESINESEEES SRsRsssRees  oe
. . see . e e .. . SPEEsEsEIE &SNS SEEE S FESEIIEINIIAEIENS §  Suss Bes Ww
wn I
. o
T T T T T T T
o (=] (=] o o o
< ~ o @ o m ~
—~ ~ [

[w] apmn)y asinid

Timeslot





media/file11.jpg
UAS trajectories
UAS category:
=0
—a
—2

—s

140
120

100

8

60

385

050

Alttude AcL





media/file6.png
UAS category:
0

1
2
5

UAS trajectories

[/
IILA)

|

40.48
40.50

-3.85

" 140

120

100

Altitude AGL





media/file36.png
1.8000E-04

1.6000E-04

1.4000E-04

1.2000E-04

1.0000E-04

8.0000E-05

6.0000E-05

4.0000E-05

2.0000E-05

0.0000E+00

07:00:00 -
08:00:00

mmmm \\Vithout Layers

SPV-HPV collision probability per flight hour, for HPV

mmm \Vith Layers

m— \Vith buffer=5m

mm \Vith buffer=10m

m \Vith buffer=20m  ----=--

AVERAGE

08:00:00 -
09:00:00

09:00:00 -
10:00:00

10:00:00 -
11:00:00

11:00:00 -
12:00:00

12:00:00 -
13:00:00

13:00:00 -
14:00:00

14:00:00 -
15:00:00

15:00:00 -
16:00:00

16:00:00 -
17:00:00

17:00:00 -
18:00:00

18:00:00 -
19:00:00

19:00:00 -
20:00:00

20:00:00 -
21:00:00

21:00:00 -
22:00:00





media/file15.jpg
Aitude m)

sis0

WITH LAYERS
14:00:00 - 15:00:00

s s

saso0

Time o the day ]

£

S50

saon0

sas00





media/file41.jpg
SPV-HPV collision probability per flight hour (AVERAGE - 1.5 FTE)

AWt iers MWLy BWR ufersSm B W bl W fers20m






media/file37.jpg
SPV-HPV collision probability per fight hour, for HPV (AVERAGE)

oA Loy WWHhLayers WIR bfleSm MW Buflr1om 8 W bufer-20m






nav.xhtml


  aerospace-10-00609


  
    		
      aerospace-10-00609
    


  




  





media/file16.png
Altitude [m]

140

120

100

80

60

40

20

—

WITH LAYERS
14:00:00 - 15:00:00

0
50000

50500 51000

51500 52000

52500

Time of the day [s]

e SPV e H PV

X collisions

53000

53500

54000

54500





media/file2.png
MANNED
AVIATION

VLL

SAFETY BUFFER

« a

TYPEZUS

HIGH
PERFORMANCE
LAYER

SAFETY BUFFER

W

3
¥

STANDARD |
PERFORMANCE |
LAYER

© ROYAL NLR 2021





media/file20.png
Cruise altitude of the drones along the day, per category
WITH BUFFER OF 5 METERS

sse o . .

e see wme s

B S S SN S0 SENENE S S4 SN SR S L ee S e e e

SPV

T T T
o o o o
< o~ o [
- - (=

20 4

3 2

[w] apmnyy asinid

Timeslot





media/file23.jpg
UAS trajectories

UAS category:
—0

1
2
s

190

10

100

0

0

W

2

Alttude AGL





media/file5.jpg
UAS trajectories

UAS category

140

10

100

0

o

Altitude AGL





media/file24.png
UAS category:
0

1
2
5

UAS trajectories

40.50

Altitude AGL





media/file29.jpg
UAS category:
)

1
2
s

UAS trajectories

385

050

140

120

100

Alttude AcL





media/file1.jpg





media/file31.jpg
T

FET S J Sl il






media/file25.jpg
!

|

|

|

i
/x‘ SIS IIII TP ',‘,'f’.f','.*',f‘,",‘.{.zf‘






media/file12.png
UAS trajectories

UAS category:
0

1
2
5

140

120

100

80

60

40

20

-3.85

40.50

Altitude AGL





media/file9.jpg
WITHOUT LAYERS
14:00:00 - 15:00:00

3

S0 S0 S0 s s s swm  sew sem s
Time o the doy ]






media/file0.png





media/file42.png
SPV-HPV collision probability per flight hour (AVERAGE - 1.5 FTE)

B Without Layers B With Layers B With buffer=5m B With buffer=10m B With buffer=20m

8.00E-05

7.26532E-05

7.00E-05
6.00E-05
5.00E-05
4.00E-05
3.00E-05

2.00E-05
1.18462E-05

7.47586E-06
.6749E-
|

air taxi

1.00E-05

0.00E+00





media/file38.png
8.00E-05

7.00E-05

6.00E-05

5.00E-05

4.00E-05

3.00E-05

2.00E-05

1.00E-05

0.00E+00

SPV-HPV collision probability per flight hour, for HPV (AVERAGE)

B Without Layers ~ ® With Layers  ® With buffer=5m m With buffer=10m W With buffer=20m

7.15008E-05

8.89138E-06

3.19659E-06 1.32496E-06 i
| —

airtaxi






media/file8.png
Cruise altitude of the drones along the day, per category
WITHOUT LAYERS

B8 6 sestes seessses e 8e sesses

€08 08 00 06 4 B e BE SEe s B SEMNNNNE & SHEsEEEs & & & Sesssssses

. BE SSEES B9S850 S5 S S SS ST S SEEE SR S BEE S 8 SENEE 6 B8 BH SHEE S S B S B S S S8 e

T Y

® 6 Seeess seses 6 Seee & SE GeeE See SEE 4 4 SH 4 See Sesess e e seres

L ® oo eee sees s 0e @ Sees s 48 48 S8 4 sesess 04 Sess & sesess

SO6 S SEE & S8 00 SEE S S0 BE S SESIEE S8 6 GEEE S48 6 SEE S0 8 6 S8e See

120 A

T
o
(=]

100 A

[w] apmnyy asind

T
o
o

Timeslot





media/file34.png
Altitude [m]

[y
F-3
o

[y
N
o

[y
o
o

[0
o

[e)]
o

FoN
o

N
o

WITH BUFFER =20m
20:00:00 - 21:00:00

0
74200

74400

74600

74800 75000

75200

Time of the day [s]

e SPV e H PV

X collisions

75400

75600

75800





media/file17.jpg
UAS trajectories

UAS category:
g
—1
—a2

—s

120

100

0

&

o

0

a8

4050

Alttude AGL





