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Abstract

:

Large-scale adoption of drone-based delivery in urban areas promise societal benefits with respect to emissions and on-ground traffic congestion, as well as potential cost savings for drone-based logistic companies. However, for this to materialise, the ability of accommodating high volumes of drone traffic in an urban airspace is one of the biggest challenges. For unconstrained airspace, it has been shown that traffic alignment and segmentation can be used to mitigate conflict probability. The current study investigates the application of these principles to a highly constrained airspace. We propose two urban airspace concepts, applying road-based analogies of two-way and one-way streets by imposing horizontal structure. Both of the airspace concepts employ heading-altitude rules to vertically segment cruising traffic according to their travel direction. These airspace configurations also feature transition altitudes to accommodate turning flights that need to decrease the flight speed in order to make safe turns at intersections. While using fast-time simulation experiments, the performance of these airspace concepts is compared and evaluated for multiple traffic demand densities in terms of safety, stability, and efficiency. The results reveal that an effective way to structure drone traffic in a constrained urban area is to have vertically segmented altitude layers with respect to travel direction as well as horizontal constraints imposed to the flow of traffic. The study also makes recommendations for areas of future research, which are aimed at supporting dynamic traffic demand patterns.
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1. Introduction


The current advancement in unmanned aerial vehicles, which is commonly referred to as drones, has potential applications in agriculture, research, inspection, health-care, urban air mobility [1,2,3,4,5,6,7], and logistics, especially in the transport of small express packages of consumer goods and fast-food meals within cities [8,9,10,11]. Recently, this demand has been exemplified by commercial logistics companies conducting drone delivery test flights in dense urban areas [12,13]. One reason for this interest is the potential environmental benefit [14] and the attractive economics of drone-based delivery [15,16]. However, if the large-scale adoption of drone-based delivery does begin to unfold, safely organising such traffic in the low altitude urban airspace, which is highly constrained by existing street networks and buildings, will be one of the main challenges to overcome.



In order to cope with the future demand for drone-based services, previous research, such as the Metropolis project, has demonstrated that vertically segmenting the airspace in order to separate cruising traffic with respect to travel directions at different altitudes, leads to high levels of safety [17,18]. The study revealed that two factors, segmentation of traffic and the reduction of relative velocities (i.e., alignment of traffic), between cruising traffic at the same altitude were the main contributors to lowering the conflict probability and, thus, an increase in airspace safety [19]. In a follow-up study, these principles were formalised in a concept, called Geovectoring, as a means to define airspace designs [20,21]. However, all of these past studies have been limited to unconstrained airspace environments, which is, airspace above buildings or free of any built-up areas.



Other recent studies have investigated different risk-based path-planning algorithms for drones in constrained urban environments [22,23,24]. Studies have also been done in finding the optimal three-dimensional (3D) paths with respect to the locations of charging stations for a limited number of drones in built-up areas [25]. While a fair amount of work has been done in proposing airway routes for drones in cities [23], they are mainly policy-based studies. Further, unmanned traffic management programs, such as U-Space, are supporting the use of four-dimensional (4-D) trajectory and detect-and-avoid technologies to navigate the urban environment [26].



This study will investigate approaches to structure the urban airspace to facilitate large-scale drone delivery traffic by applying the principles of traffic alignment and segmentation to a constrained urban area. For this purpose, two en-route urban airspace concepts will be presented: a two-way and one-way concept. By using fast-time simulations, the performance of the two concepts are compared for multiple traffic demand scenarios with respect to safety, stability, and efficiency metrics.



The research that is described in this study is performed within the context of a futuristic drone-based delivery mission. This is done in order to mimic one example of a potential scenario for autonomous flying entities operating in a constrained urban environment in high traffic densities, which allows for evaluating and comparing the two airspace concepts. Drone-based delivery is just one side of the spectrum of potential users of the urban airspace. There also exist other candidates, such as flying taxis [7], which may also manifest in high traffic densities. Therefore, the aim of this research is not to provide an operational-ready urban airspace design solution for a particular type of drone; instead, the study focuses on the effect of high traffic densities and how it may influence the constrained urban airspace concepts.



The remainder of this paper is structured, as follows: Section 2 outlines essential background material. Section 3 and Section 4 present the methodology of the study. In particular, Section 3 describes the design of the two urban airspace concepts for constrained environments and Section 4 explains the simulation set-up that was used to compare the performance of the concepts. In Section 5, we present the results of the simulations. We then discuss the key findings, outline the limitations of the study, and present avenues for future research in Section 6. Finally, Section 7 summarises the main conclusions of this study.




2. Background


In this section, a summary of relevant background material is presented. The section begins with a quick overview of common traffic structuring concepts found in manned aviation and road-based transport. Next, a description of the relationship between conflicts and intrusions is given. Thereafter, we discuss how traffic segmentation and alignment help to mitigate conflict probability and how they can be applied to a constrained environment.



2.1. Airspace Structure


The function of airspace structure is to provide a priori separation and the organisation of traffic [17,18,27]. The hemispheric rule is a widely used airspace structuring example found in manned aviation. This rule ensures that cruising aircraft above flight level FL240 with respective travel directions in ranges of 000–089   ∘   and 090–179   ∘   are assigned to odd flight-levels in multiples of 10, while cruising aircraft with headings between 180–269   ∘   and 270–360   ∘   are also allocated to fly at even flight-levels in multiples of 10 [28,29]. Similar to the hemispheric rule, there also exists a more finer-grained airspace concept known as the quadrantal rule, which is enforced within the altitude range of 3000   ft   to FL240 [28]. In the quadrantal rule, aircraft with headings between 000–089   ∘   are required to fly at odd altitudes in multiples of 1000   ft  , while aircraft with headings 090–179   ∘   are instructed to also fly at odd altitudes in multiples of 1500   ft   [28]. Similarly, flights with headings between 180–269   ∘   must utilise even altitudes in multiples of 1000   ft  , while flights with headings in the range of 270–359   ∘   are allocated to fly at even altitudes in multiples of 1500 ft [28]. Both methods of airspace structure lead to lower conflict probability and thus higher airspace safety and capacity. Note that the hemispheric rule is similar to the ’layers’ airspace concept in the Metropolis study, which promoted traffic alignment and segmentation [17,18].




2.2. Road and Street Structure


Road and urban street networks contain a great deal of structure that is largely shaped by the physical layout of cities [30]. Current road and street networks are primarily structured with channelisation planes, which define flow paths for traffic using road markings, islands, and raised medians [31]. Such structuring modes help to lower the occurrence of conflicts, especially at intersections where conflicts are widely prevalent [31,32]. These measures also help to define and segregate two-way and one-way streets (see Figure 1), which are proven techniques for increasing the safety and throughput of the street network [31,33].




2.3. Conflicts and Intrusions


The number of conflicts and intrusions are important metrics that describe the safety of an airspace. An intrusion, i.e., a loss of separation, occurs when the separation requirements, both in the horizontal and vertical plane between aircraft, are violated. In contrast, a conflict, which is defined as a predicted loss of separation, occurs when the horizontal and vertical separation distances between two aircraft, in this case, drones, are expected to be less than the established separation requirements within a prescribed ’look-ahead’ time. This means that a conflict is an expected/anticipated intrusion (see Figure 2).




2.4. Traffic Segmentation and Alignment


The effect of traffic segmentation and alignment can aptly be described while using the mathematical combinatorics that are expressed by Equation (1), which has been extensively validated in recent airspace studies [19,20].


  C  R  g l o b a l   =  1 2  N  ( N − 1 )   p 2   



(1)







Using the above equation, it can be seen that, for a given volume of airspace, increasing the number of possible drone combinations (N) causes a quadratic increase in the global conflict rate (  C R  ) or conflict probability. Increasing the probability of conflict of possible drone combinations (  p 2  ) increases   C R   linearly.



The parameters N and   p 2   influence the conflict probability of the airspace structure. Therefore, the conflict probability can be mitigated by effectively decreasing N and   p 2  . The former is achieved by the segmentation of traffic, while the latter is primarily done by reducing the relative velocities of cruising drones in order to promote traffic alignment [19]. Note that segmentation, as well as relative velocity reduction, have a linear relationship with conflict probability [19]. Therefore, simultaneously influencing the parameters of N and   p 2   will have a greater impact to the conflict probability.




2.5. Constrained Urban Airspace


Past research have applied the principles of segmentation and alignment to a unconstrained or free airspace [17,18]. However, the very low altitude urban airspace, where drones are expected to operate, contains operational complexities, due to the presence of dynamic and static obstacles as well as temporary and permanent no-fly-zones [34]. This part of the airspace is also frequently occupied by general aviation aircraft and helicopters. Therefore, the urban airspace is heavily constrained when compared to manned aviation airspace. Nevertheless, many of these operational complexities (and their characteristics) are shared by ground-based traffic, for which there exists a wide body of literature [31,35,36,37].



Similar to road vehicles, drones can employ existing street networks and, thus, ’fly-over-streets’ in constrained urban spaces. However, with the expected large-scale drone traffic volumes, simply flying over streets may not be adequate to ensure airspace safety. When drones fly in competing travel directions in a constrained environment, a large number of conflicts would be triggered, due to high average relative velocities and limited flexibility of the airspace. As a result, applying segmentation and alignment principles to this portion of the airspace, in particular, would organise traffic into different altitude layers with respect to travel directions and, thus, add more structure to the constrained environment.





3. Design of Urban Airspace Concepts for Constrained Environments


In this section, the motivation to fly-over-streets in constrained urban areas is first presented. Before describing the airspace concepts, key observations from the initial experiments are revealed. Thereafter, the section describes and compares the two urban airspace concepts for a constrained environment.



3.1. Flying over Streets


Extrapolating from the research study of Metropolis [17,18] and urban street network studies [33,38,39], we developed a two-way and a one-way airspace configuration. In this sense, the flight routes adhere to the urban street network, i.e., the drone flights are directly guided along the streets. The two-way concept has no horizontal constraints that are imposed to the flow of traffic, while the one-way concept contains horizontal constraints to achieve one-way directional flow. In both of the concepts, the airspace is vertically segmented to form a stack of altitude layers for which traffic is organised in accord to north, east, south, and west directions, which are also known as the cardinal directions.



Having drone flights follow existing street networks offers two main benefits. The first being the relatively lower risk of privacy concerns as drones will not directly fly over private properties. Second, existing parcel transportation modes, such as trucks and vans, can potentially work in tandem with delivery drones in urban areas in order to optimise the last-mile delivery schedule [40].




3.2. Preliminary Investigations and Key Observations


3.2.1. Turning Flights


By applying the two airspace concepts to an actual urban network, our initial trial experiments indicated a strong association between the turning radii at intersections in the urban network and the performance of the drone. Because our initial experiments incorporated a constant drone cruise speed (10.3 m/s) and bank angle (35   ∘  ), the trial simulations showed that, when drone flights maintained its cruise speed while executing turns, it caused the drones to deviate from their actual route. In order to address this challenge, the initial investigations revealed the need for drones to decelerate by at least 50 percent (i.e., 5 m/s) of its respective cruise speed in order to safely execute the turns.




3.2.2. Through and Turn Altitude Layers


To cope with turning flights that require reducinf speed to perform safe turns, transition or so-called turn altitude layers are included in both airspace concepts. Therefore, the use of turn altitude layers helps to separate through traffic from turning traffic. In this study, through traffic is defined as the traffic that travels across at least one intersection, while turn traffic is composed of traffic that is turning at an intersection and thus decelerating in order to safely execute the turn. Note that the allocation of the through traffic and turn traffic into different altitude layers mitigates any disruption to the flow of traffic. Consequently, it reduces the probability of conflict between the slow turning traffic and through traffic, which increases the airspace safety. A similar design philosophy is employed in road design to distinguish between different types of traffic on the highway [36].



In the current study, the two-way and one-way airspace concepts both consist of multiple stacks of altitude layers that range from 75 to 1050   ft  . Furthermore, the concepts feature through and turn-layers that are vertically spaced at 25   ft  , while through-to-through and turn-to-turn layers are spaced at 50   ft  , respectively, as illustrated in Figure 3. Of note, we use the current altitude range in this study, as policymakers in U-Space are yet to define the boundaries of low-altitude airspace [26]. This is because future operations, such as urban air mobility and other drone operations, may require much higher altitude boundaries than what has been initially defined [26].





3.3. Concept Design Features


Drone traffic is segmented within altitude layers that are defined between 75 and 1050   ft   with respect to their travel directions. Each altitude layer is separated with a vertical distance of 25   ft  , as mentioned previously. This means that both of the concepts hold 40 altitude layers, which comprise of 20 through-layers and 20 turn-layers, respectively (see Figure 3). Further, both of the concepts assign flights with shorter trip distances to lower altitudes, while flights with longer travel distances are allocated to higher altitudes.



3.3.1. Two-Way


The traffic in the altitude layers of the two-way airspace concept is organised with respect to a heading range of 90   ∘  . This allows for traffic with flight headings ( ψ ) to be assigned to flight levels accommodating the four cardinal directions, as shown below:




	
315   ∘   <  ψ  ≤ 045   ∘  : North bound layers



	
045   ∘   <  ψ  ≤ 135   ∘  : East bound layers



	
135   ∘   <  ψ  ≤ 225   ∘  : South bound layers



	
225   ∘   <  ψ  ≤ 315   ∘  : West bound layers








The two-way airspace concept comprises of a total of 40 altitude layers consisting of both through and turn layers. In this concept, 10 layers are assigned for each of the four directions (Figure 3). The segmentation of traffic in this concept prevents opposite flows of traffic from interacting at the intersections (Figure 4). In this airspace system, short flights are assigned to low altitudes, while longer flights are allocated to higher altitudes. In order to allocate these cruising altitudes, we use the following heading-altitude rule, adopted from [27]:


   h  T W , i   =  h  m i n   + ζ      d i  −  d  m i n      d  m a x   −  d  m i n     κ  β +    ψ i  α     



(2)







The heading-altitude rule that is described by Equation (2) is a function of the drones’ heading   ψ i  , its optimal flight path distance,   d i  , and the minimum and maximum origin-destination (note that the origin is one of the depot location) distance threshold (  d  m i n    and   d  m a x   ), which is defined at 1 km and 10 km, respectively. The remaining constants are the heading range per flight level,  α , which is equal to   90 ∘  ; the minimum altitude of the through-layer,   h  m i n    (i.e., 100   ft  );  β , which is equal to 4 (i.e.,   360 ∘  / α );  κ  as 5; and, the vertical distance ( ζ ) between through-through-layers, which is equal to 50   ft  .




3.3.2. One-Way


The one-way concept consist of 40 altitude layers consisting of both through and turn traffic layers (see Figure 3). In this concept, horizontal constraints are imposed to the direction of travel in order to promote one-way traffic flow. The enforcement of the horizontal constraints culminates in uni-directional traffic flow over a single street. Therefore, a street will either accommodate north, east, south, or westbound traffic, depending on the direction of travel of flight and the use of the one-way directional constraint. This sets the one-way concept apart from the two-way concept, where opposing traffic flows occupy the same street, although in different altitude levels. Thus, the prohibition against having opposing traffic flow within a single street in the one-way concept allows for an additional set of altitude layers to be assigned for uni-directional travel. As a result, twice as many altitude layers per cardinal direction can be assigned to the one-way concept. This means that, in the one-way concept, there exist 20 altitude layers for each cardinal direction as compared to the two-way concept, which has 10 altitude layers per cardinal direction. In order to accommodate the higher number of layers per cardinal direction, the opposite traffic flows are not separated by means of altitude. Instead, the separation is assumed to follow the spatial order of the urban street network, which is comparable to road-based traffic. Similar to the two-way concept, the altitude layers of the one-way airspace concept is also structured with respect to the heading range of 90   ∘  , albeit with 10 additional layers per cardinal direction. Therefore, 20 through and turn layers are allocated to each of the four cardinal directions, which allows for traffic with flight headings ( ψ ) to be assigned, as follows:




	
315   ∘   <  ψ  ≤ 045   ∘  : North bound layer



	
045   ∘   <  ψ  ≤ 135   ∘  : East bound layer



	
135   ∘   <  ψ  ≤ 225   ∘  : South bound layer



	
225   ∘   <  ψ  ≤ 315   ∘  : West bound layer








Figure 5 illustrates an example of the traffic flow and its combination of altitude layers at a typical four-leg intersection. The similarity of the direction of the traffic flow can be compared to that of the one-way road-based intersection that is shown in Figure 1. In addition, the properties of one-way network configuration enables a typical four-leg intersection to only accommodate two directions of traffic flow, which is south and east bound traffic, see Figure 5. Note that the remaining traffic flow directions are incorporated into adjacent intersections within the one-way network.



Despite this, the design of the one-way concept ensures that traffic from different directions do not mix at intersections (Figure 5). Furthermore, a simple altitude-heading rule was used to compute the respective cruising altitudes (  h  O W , i   ):


   h  O W , i   =  h  m i n   +    h  m a x   −  h  m i n      d  m a x   −  d  m i n      (  d i  −  d  m i n   )   



(3)







Once the cruising altitude per street edge is determined while using the above equation, a simple heuristic is used to ensure the altitudes of the flights are aligned according to their respective heading direction,  ψ , as denoted by Algorithm 1:



	Algorithm 1: Heuristic to align flight altitudes to their travel direction.



	         if    315 ∘  < ψ ≤  045 ∘    or    135 ∘  < ψ ≤  225 ∘    then



	                 h  O W , i   =  h  O W , i    



	         else



	              if    045 ∘  < ψ ≤  135 ∘    or    225 ∘  < ψ ≤  315 ∘    then



	                      h  O W , i   =  h  O W , i   + ζ  



	              end if



	         end if








In Equation (3),   h  m a x    and   h  m i n    are the maximum and minimum altitude level of the through-layer,   d i   is the optimal path, and   d  m i n    and   d  m a x    are the minimum and maximum threshold distance to the respective origin-destinations. This equation ensures that shorter flights are allocated to lower altitudes and longer flights are allocated to higher altitudes, respectively.





3.4. Concept Comparison


The main difference between both of the concepts is that the one-way concept has half as many roads available to each cardinal travel direction, albeit with twice as many vertical layers, when compared to the two-way concept. As a result, opposing traffic shares the same flight level, and it is separated by the street layout. Further, the two-way concept has more horizontal distribution of traffic and, therefore, there is no opposite traffic flows on the same altitude layers. Table 1 summarises the main comparisons between the two-way and one-way urban airspace concepts.





4. Simulation Design


The two airspace concepts will be compared in a set of fast-time simulations, in terms of safety, stability, and efficiency. This section describes the design and development of these fast-time simulation experiments.



4.1. Simulation Development


4.1.1. Simulation Platform


The open-source Air Traffic Management simulator BlueSky [41,42] is used as the simulation platform in order to conduct fast-time simulation experiments in this research. The BlueSky traffic simulation tool has been widely used in past ATM related studies [17,18,27]. For the purpose of this study, the tool is adapted to include the elements of the urban airspace concepts. This includes suitable drone models and updating BlueSky’s autopilot module to account for the safe manoeuvrability of drones within the urban layout.



Most of the package delivery drone prototypes that are depicted in the media mainly appear to be multi-copters [11,43,44]. A reason for this may be linked the copters’ agility and manoeuvrability, which allows for it to effectively navigate the complex urban landscape. Therefore, assuming the same trend continues into the foreseeable future, we employ the DJI Matric 600 Pro hexacopter drone model in this study. Table 2 presents the characteristics of the drone model.




4.1.2. Testing Region


In this study, we investigate the performance of the urban airspace concepts on the urban street network of Manhattan, New York City, as shown in Figure 6. The reason for choosing Manhattan is three-fold. First, Manhattan has an orthogonal or grid-like spatial order, which contains fewer dead-ends, more four-way intersections, as well as less-winding street patterns [39]. In comparison to neighbouring cities, such as New York city and Staten Island, or European cities, such as Amsterdam or Paris, the low entropy and highly-ordered grid-like street orientations of Manhattan [45,46] limit any sort of ambiguity in our findings. Second, newly constructed streets are increasingly grid-like [30,47,48]. Thus, the outcome of the current study would still be valid for future urban street networks. Third, recent urban air mobility studies have also utilised the Manhattan street network as a testing region in their experiments [49,50].




4.1.3. Conflict Detection and Resolution


The two urban airspace concepts relied on a ‘state-based’ conflict detection method for identifying any potential separation violations. The conflict detection was done by performing a linear extrapolation of the drone positions within a predefined ‘look-ahead’ time. However, the use of a linear extrapolation method means that false conflicts would need to be identified in the post-processing phase. Furthermore, the separation requirements of 164   ft   horizontally and 25   ft   vertically were respectively used in this study. Once conflicts were detected, a basic (1-D) speed control algorithm was used in order to resolve conflicts in a pair-wise manner. Of note, the horizontal separation requirement of 164   ft   was adopted in this research, as it was also used in a recent UAV tactical conflict resolution study [52]. In terms of the vertical separation, a range of values have been employed in past studies [53,54,55,56]. However, based on initial test simulations, the vertical separation of 25   ft   was found to be suitable for the experiments.




4.1.4. Urban Airspace Concept Implementation


The data to construct the street network of Manhattan were obtained from OpenStreetMap, while using the graph-based method in [51]. Separate graphs were generated for each airspace concept. The graph network of the two-way concept was made by creating an undirected graph that neglects the direction of the edges, while the one-way concept featured a directed graph that enforces the direction of the streets to be one-way. Subsequently, for both concepts, three depot locations (see red circles in Figure 6, where all of the drone flights depart from one of the three depots during the simulation) were selected based on initial experiments that promoted traffic flow convergence. For each depot, random destination locations were selected. To adhere to the range limits of the drone model, the random destination locations were further pruned out in order to meet a minimum and maximum distance of 1 km and 10 km, respectively. Afterwards, for each depot and its respective random destinations, we compute the shortest paths using the method in [57]. The generated shortest paths, consisting of a set of geographical coordinates, are then used to determine the bearing (heading direction) of the streets of each shortest path and the distance of the shortest paths. Subsequently, the cruising altitudes are computed using the heading-altitude rules that are described in Section 3.3.



Given the above flight-plan data, we will assess the location of turns in order to allocate the transition altitudes for the respective flights. This allows the drone flights to descend and decelerate in order to safely turn, within the transition altitude. The generated scenario of flight-plans, comprising of way-points, heading, altitude, and speed were then imported into BlueSky in order to perform fast-time simulations.





4.2. Independent Variables


The experiment in this study featured three independent variables:




	
urban airspace concepts: two-way and one-way designs;



	
airborne separation assurance conditions: with and without tactical conflict resolution; and,



	
traffic demand: low, medium, and high traffic densities.








Here, traffic demand levels are based on the food-delivery scenarios that are described in [16]. Table 3 summarises the resulting traffic demand scenarios.



The combination of these three independent variables results in 12 experiment conditions. For each experiment condition, five repetitions were done, which resulted in 60 simulations runs (two airspace concepts × two conflict resolution conditions × three traffic demand scenarios × five repetitions). Note that, for each simulation run, uniformly random destinations (between 1 km and 10 km) were used, thereby creating different trajectories with every individual simulation run.




4.3. Dependent Measures


Dependent measures are considered in following categories: safety, stability, and efficiency, which includes throughput (or rate of arrivals of drones at its respective destinations), average number of turns per flight, and cumulative travel time.



4.3.1. Safety


The safety of the urban airspace is measured in terms of the number of conflicts and intrusions. An intrusion (loss of separation) occurs when the minimum vertical and horizontal separation requirements are violated, as explained in Section 2.3. A conflict is a predicted intrusion within the prescribed look-ahead time. Based on trial experiments, a look-ahead time of 30 s was chosen for this study, as it demonstrated the optimum balance between the number of false conflicts detected and the number of intrusions prevented.




4.3.2. Stability


The stability of the urban airspace refers to the potential for the creation of new conflicts that are caused by the conflict resolution manoeuvres as a result of the scarcity of airspace. This effect on the airspace has been measured in past research studies using the Domino Effect Parameter (DEP) [17,18,58,59]. The DEP can be calculated as follows:


  D E P =   C w   C  w o    − 1  



(4)




where   C w   represents the number of conflicts with conflict resolution enabled and   C  w o    is the number of conflicts without conflict resolution. Note that a larger positive DEP value indicates a higher de-stabilizing airspace concept.




4.3.3. Throughput


The throughput metric measures the number of drones that arrive at its respective destination per minute. In particular, the throughput metric is used to describe the traffic outflow rate with respect to the accumulation of traffic for both of the airspace concepts. As drones depart from their respective depots, at a steady inflow rate, the traffic density will begin to slowly increase. As consequence, a higher proportion of drones will begin to slow down in order to avoid conflicts and, thus, the drones will spend a higher proportion of its time traversing the airspace, which would result in a lower throughput.




4.3.4. Average Number of Turns


The efficiency of the concepts is also assessed while using the average number of turns per flight and the cumulative travel times. Similarly, studies that are related to on-ground transport have employed the notion of the average number of turns to explain the traffic dynamics of two-way and one-way street networks [33,38]. In the current study, the number of turns per flight is expected to influence the performance of the airspace concept. This is because drones are subjected to lower flight speeds when turning. Even though the airspace concepts have turn-layers to accommodate these turning flights, it is likely that in-trail conflicts would be triggered, especially when two or more flights use the same intersection to perform the turns.




4.3.5. Cumulative Travel Time


As a consequence of these lower flight speeds, drone travel times may get prolonged and, thus, result in additional conflicts. Therefore, this is captured by the cumulative travel time metric for both concepts, for low, medium, and high traffic demand.





4.4. Experimental Hypotheses


It is hypothesised that, as traffic demand increases from low to high, the safety, stability, and efficiency metrics will become worse. Therefore, we anticipate to see a greater number of conflicts, intrusions, and conflict chains as traffic demand increases. Furthermore, the one-way concept has twice as many altitude layers and, thus, greater vertical segmentation of traffic distribution, which further reduces the number of possible drone combinations per layer than the two-way concept. For these reasons, we expect the greater vertical segmentation and the horizontal structure to further reduce the probability of conflict when compared to the two-way concept. As a result, it is hypothesised that the one-way concept would have better performance with respect to safety and stability.



In terms of efficiency, it is hypothesised that the one-way concept would have higher traffic throughput than the two-way concept. The one-way concept has additional altitudes layers allocated per cardinal direction and, thus, more traffic flow can be accommodated. Further, it is hypothesised that the one-way concept would result in a higher number of turns per flight than the two-way concept. This hypothesis was developed with support from street network studies (see [33,38]). Similarly, it is hypothesised that the one-way concept would result in greater cumulative travel times when compared to the two-way concept. Because one-way streets contain more circuitry than two-way streets, greater travel time to reach a particular destination can be expected [33,37,38].





5. Results


This section presents the results of the experiment conducted in this study. The effect of the independent variables on safety, stability, and efficiency is presented using box-and-whisker plots. All of the box-and-whisker plots display the median line; interquartile range (IQR), which is represented by the boundary of the box; the minimum and maximum distribution of the data is marked by the whiskers; and, the points greater than   ± 1.5 ×   IQR denote the outliers. Furthermore, the results for throughput efficiency of each urban airspace concept is presented while using scatter plots.



5.1. Safety


Figure 7 and Figure 8 display the total number of pairwise conflicts and intrusions for each urban airspace concept, with respect to the three traffic demand cases. Note that independent of its duration, a pairwise conflict and intrusion is accounted only once during the simulation while a repeating pairwise conflict and intrusion is recounted. Figure 7 shows an increase in the total number of conflicts with traffic demand for both airspace concepts. The same trend is observed for the total number of intrusions (Figure 8). As hypothesised, the figures indicate that the two-way concept has a higher number of conflicts and intrusions than the one-way concept.



Furthermore, the figures show the effect of tactical conflict resolution for each airspace concept. The results with conflict resolution enabled describe the safety of the urban airspace concept, while the results with conflict resolution switched off indicate the level of conflict prevention. As expected, the results without tactical conflict resolution show that the one-way concept is able to circumvent conflicts from occurring, thus indicating higher intrinsic safety when compared to the two-way concept. For both airspace concepts, the number of intrusions significantly decreased with conflict resolution switched on. Despite this decrease in the number of intrusions, the same trend was not seen for the total number of conflicts. For both airspace concepts, the number of conflicts increased with conflict resolution switched on. This was primarily caused by the highly constrained airspace nature that resulted in less flexibility for resolution manoeuvres. As a consequence, the probability of encountering other drones was increased, which ultimately lead to conflict chain reactions. This notion was further examined by the airspace stability metric.




5.2. Stability


The airspace stability is measured via the Domino Effect Parameter (DEP) [58,59]. A high DEP indicates the presence of conflict chain reactions, thus causing the airspace to become unstable. Figure 9 depicts the DEP values. Notably, the range of DEP values of the one-way concept are slightly lower when compared to the two-way concept, hence indicating a lesser destabilising effect. This trend was also observed in the number of conflicts (see Figure 7). In all conditions, the DEP values are close to one, which indicates that each resolution of a conflict, on average, triggers, at-most, one additional conflict. Contrary to expectations, no effect of traffic density on stability is observed.




5.3. Throughput


The number of drone arrivals per minute are determined by the rate of traffic demand (Figure 10). It can be seen that the rate of arrival has an upward trend from low to high traffic demand with and without conflict resolution for the two-way and one-way airspace concept. However, on the contrary to the experimental hypothesis, however, both airspace concepts demonstrate similar rate of arrivals for each traffic demand category (Figure 10). This increase in the rate of arrivals across the three traffic demand levels indicates that the network has not reached its maximum capacity [60]. In other words, traffic flow in both concepts is not congested.




5.4. Average Number of Turns


Figure 11 presents the number of turns per flight-plan for both airspace concepts. Interestingly, for uniformly distributed trip distances, the two-way airspace concept contained slightly more than eight turns per flight-plan while the one-way concept had close to six and a half turns per flight-plan, on average.




5.5. Cumulative Travel Time


The relatively higher number of turns, between the two-way and one-way concept, had no significant impact on the cumulative travel times, as illustrated in Figure 12. In addition, the cumulative travel times showed no significant difference with and without conflict resolution (Figure 12). Both of the concepts demonstrate similar cumulative travel times.





6. Discussion


Traffic culminating from drone-based package delivery has the potential to proliferate the very low altitude urban airspace in high densities and accommodating such traffic will become a challenge. Currently, heavy reliance has been placed on measures, such as 4-D trajectory planning and detect-and-avoid technologies [26]. However, employing the latter methods alone may adversely affect the overall safety of the airspace [20,61,62]. What is needed is a concerted effort between the airspace design and the tactical conflict resolution measures. Yet, less is known regarding how the urban airspace can be effectively organised and structured for high-density drone traffic operations. In this current study, we give an example of how the principles of traffic alignment and segmentation can be applied to the heavily-constrained airspace above the existing urban street network, in an effort to facilitate large-scale drone traffic in the constrained very low-altitude airspace.



In this study, we investigated the performance of two concepts: a two-way and one-way urban airspace concept, which were subsequently applied to the street network of Manhattan, New York (encompassing an area of 59.1 km   2  ) in a comparative simulation experiment. With 60 randomised fast-time simulations that involved over 200,000 drone flights, we identified the one-way airspace concept as having better performance when compared to the two-way concept. The performance of both airspace concepts was evaluated while using a set of key metrics: safety, which measured the total number of conflicts and intrusions; stability, which evaluated the stability of the airspace concept using the Domino Effect Parameter; the throughput, which measured the rate of drone arrivals; the average number of turns per flight in each concept; and, the cumulative travel time.



The safety results that are presented in this study indicate that vertically segmenting traffic with respect to travel direction as well as imposing horizontal structure to the flow of drone traffic in a constrained urban environment is beneficial for airspace safety. The one-way concept demonstrated this. Fundamentally, this increase in safety is associated with segmentation and the reduction of relative velocities between cruising traffic as a result of greater alignment of cruising traffic in each respective altitude layer. These observations are consistent with previous studies on air traffic segmentation and alignment [18,27].



Even though the total number of intrusions decreased for both concepts when the tactical conflict resolution algorithm was switched on, the total number of conflicts was higher for both of the concepts. This increase in the total number of conflicts was caused by secondary conflicts or conflict chains due to the scarcity of the airspace, caused by the highly constrained airspace structure, when conflict resolutions take place. Having a constrained airspace limits flexibility for resolution manoeuvres and, therefore, creates secondary conflicts. Similar findings were also reported in the Metropolis airspace design study for two highly structured airspace concepts [17,18]. In this study, the formation of secondary conflicts was confirmed by positive values in the Domino Effect Parameter, which denoted, at most, one additional conflict per conflict resolution, in all three traffic demand cases for both airspace concepts. Such observations can be compared to on-ground highway traffic, for which the braking of a leading vehicle would cause the follower vehicles to brake without creating any instabilities to the traffic flow. However, if highway traffic demand is extreme, then instability to the flow of traffic can be expected. Therefore, in this current study, the one additional conflict per resolution or a Domino Effect Parameter close to one may not necessarily indicate airspace instability. Future studies should include greater traffic demand estimates to investigate whether the Domino Effect Parameter would increase beyond one.



In terms of efficiency, the rate of arrivals (throughput) was proportional to the traffic demand in both airspace concepts. This was opposite to what was initially hypothesised and, therefore, indicates that the network has not reached its maximum capacity. In particular, future work should investigate the performance of the two airspace concepts for much higher traffic demand levels in order to determine whether the network would become congested and, hence, reach its maximum capacity. Furthermore, the one-way concept consisted of additional altitude bands as compared to the two-way concept, on average. However, both of the concepts manifested a similar rate of arrivals, which is in contrary to our initial hypothesis. This means that having a higher number of vertical altitude bands to accommodate additional traffic per cardinal direction may not necessarily lead to higher rate of arrivals or throughput.



The average number of turns in a flight is the main difference between the airspace concepts. The two-way concept resulted in, on average, two additional turns per flight-plan, as compared to the one-way concept. This is in contrary to what was initially hypothesised and opposite to the findings that were reported in past on-ground transport street network studies [33,38]. This difference is a result of the horizontal constraints that are imposed to the traffic flow. When no horizontal structure is imposed to the flow of traffic, the routing algorithm [57], which finds a path from an origin to a given destination with the shortest distance, has many more possible combinations of paths to select. As a result, the chosen shortest-path may be a path with a relatively higher number of turns. However, when horizontal constraints are enforced to achieve one-way directional traffic flow, the possible combinations of shortest-paths to choose from is much lower and, thus, the selected path is one with a relatively lower number of turns.



Note that the routing algorithm causes this difference in the number of turnsy, and therefore not necessarily an inherent difference between the airspace concepts. In principle, the route optimisation algorithm can also be set up to optimise for minimum number of turns, which is known as the simplest path [63,64]. On the other hand, as compared to the two-way concept, the one-way concept provides twice as many vertical layers per allowed flight direction to evenly distribute flights along a given street. In the two-way concept, a similar distribution has to be achieved by spreading traffic over different (parallel) streets. This horizontal distribution has the potential to lead to (slightly) more turns, on average, per flight. The higher number of turns in the two-way concepts resulted in more drone flights reducing speed in order to turn safely. This extra number of turns in the two-way concept can also be traced back to the greater number of conflicts and intrusions, where a reduction of speeds at turns may have triggered a proportion of the conflicts and intrusions.



The findings in this study have some limitations. First, our simulations employed a testing region comprising of an orthogonal grid-like street network (i.e., Manhattan street network). Although orthogonal grid-like street networks are prevalent in many parts of the world [39], there still exist seven other types of common street networks [65]. Therefore, we caution extrapolating the findings to non-orthogonal street networks. Second, in our study the investigation of airspace safety was limited to the number of conflicts and intrusions. However, there are more conflict properties worth analysing, such as the location of where conflicts arise and end and, the type of conflicts, for example, the proportion of head-on, side and rear conflicts. Addressing the latter would further enhance our understanding of the observed differences between the two-way and one-way concept. Third, our study neglected meteorological effects such as hyperlocal wind. Depending on the direction and magnitude of the wind, drones could explore such meteorological effects to their advantage and thus allow for lower travel times and higher drone arrivals per minute. Conversely, hyperlocal wind could also concentrate traffic and force drones to fly off course, thereby reducing the overall safety of the airspace. Fourth, to reduce the complexity of our simulations, take-off and landing phases were not considered. The inclusion of these phases may negatively influence the safety results. Fifth, the findings of our study should not be extrapolated to fixed-wing drones, which have different performance characteristics compared to multi-rotor drones. Sixth, the current study focused on airspace designs that remain static over time and one that has uniform traffic distribution patterns. To cope with the paradigm of on-demand delivery services of express packages and fast-food meals, future drone delivery operations will require to operate in a flexible manner. This means that the traffic demand may evolve within a given time while some regions of the airspace will have more traffic than the rest hence, requiring the airspace to dynamically reconfigure [20].




7. Conclusions


Drone-based delivery of express parcels and fast-food meals is expected to operate in dense cities in high densities. Such applications may present several societal benefits with respect to air pollution, traffic congestion and, cost-savings to logistics providers. However, the urban airspace is heavily constrained because of existing street networks and its associated landform structures. As a result, accommodating large-scale drone traffic in constrained environments will become a major challenge. To better cope with this, the current study investigates two novel airspace design concepts, namely, the two-way and one-way concept, for the constrained urban environment. Based on the principles of traffic alignment and segmentation, both airspace concepts employed heading-altitude rules to vertically separate cruising traffic with respect to their heading directions. To simulate a constrained environment, the airspace concepts were applied to the street network of Manhattan, New York. A comparison of the performance of the two-way and one-way airspace concepts was conducted using 60 randomised fast-time simulations. Our results show that having vertically segmented altitude layers to accommodate traffic with similar directions and some horizontal constraints imposed to the flow of traffic, in a constrained urban environment, is beneficial for safety.



This study provides interesting avenues for future research. We recommend a follow-up study to examine the properties of traffic conflicts between the two-way and one-way concept. In addition, we encourage further studies to investigate dynamic airspace designs to cope with future on-demand drone-based delivery services of express packages and fast-food meal orders. Furthermore, future studies should examine the effect of hyperlocal winds to how it affects the distribution of traffic and the safety of the airspace. Future research should also consider the take-off and landing phases in the simulations.
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Figure 1. Typical intersection configuration for road-based traffic. (a) Two-way network. (b) One-way network. Note that the arrows depict the direction of traffic flow. 
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Figure 2. Difference between intrusions and conflicts between two drones in the horizontal plane. (a) An intrusion occurs when there is a violation of the separation boundary. (b) A conflict is an anticipated or predicted intrusion. 
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Figure 3. Schematic view for the complete set of altitude bands for the two urban airspace designs, where each altitude layer corresponds to its respective travel direction. Each concept has 40 altitude layers (which consist of 20 altitude layers allocated for through traffic and 20 altitude layers for turn traffic) from 75 to 1050   ft   with a vertical spacing of 25   ft  , respectively. The turn-layers are used for transitory flights, that is, drones that need to make turns/change direction at intersections. While the through-layers are utilised by through traffic, that is traffic passing through at least one intersection. (a) The two-way concept layer system for which traffic is allocated to the cardinal directions with respect to flight headings ( ψ ): 315   ∘   <  ψ  ≤ 045   ∘   headings assigned to north; 045   ∘   <  ψ  ≤ 135   ∘   headings to east; 135   ∘   <  ψ  ≤ 225   ∘   headings to south; and 225   ∘   <  ψ  ≤ 315   ∘   to west bound traffic. (b) One-way layer system where traffic with flight headings: 315   ∘   <  ψ  ≤ 045   ∘   and 135   ∘   <  ψ  ≤ 225   ∘   are assigned to north and south layers; and, traffic with flight headings between 045   ∘   <  ψ  ≤ 135   ∘   and 225   ∘   <  ψ  ≤ 315   ∘   are allocated to the east and west bound altitude layers. Of note, recognise that, when compared to the two-way concept, the one-way concept has north/south and east/west traffic assigned to one altitude layer, for which the separation of this traffic is assured by the spatial geometry of the urban street network. 
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Figure 4. Traffic flow at a typical four-leg intersection for the two-way airspace concept. The traffic is vertically segmented into different altitudes with respect to their travel direction. Note that the altitudes are presented in   ft  . (a) Altitude layers belonging to the through traffic, which 20 altitude layers consist. (b) Altitude layers allocated for turn traffic, which consist of 20 individual altitude layers. Of note, the through-layers accommodate traffic that pass through at least one intersection, while turn-layers accommodate traffic that is decelerating to make a turn at the intersection. Recognise that opposite traffic flows do not intersect at the intersection. 
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Figure 5. Traffic flow at a typical four-leg intersection for the one-way airspace concept. The traffic is vertically segmented into different altitudes with respect to their travel direction. Note that the altitudes are presented in   ft  . (a) Traffic flows belonging to the through-layers, which consist of 20 layers in total. (b) Traffic flows of the turn-layers, which consist of a total of 20 layers. The through-layers accommodate traffic that pass through at least one intersection, while turn-layers accommodate traffic that is decelerating to make a turn at the intersection. Note that opposite traffic flows do not intersect at the intersection. 
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Figure 6. Urban street network of Manhattan, New York City (with area size of 59.1 km   2  ), obtained from OpenStreetMap via OSMnx Python library [51]. The three red dots represent the (approximate) location of the chosen drone depots in our study. 
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Figure 7. The total number of pairwise conflicts for the two-way and one-way urban airspace concept for low, medium, and high traffic demands. (a) Without conflict resolution. (b) With conflict resolution. 
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Figure 8. The total number of pairwise intrusions for the two-way and one-way urban airspace concept for low, medium, and high traffic demands. (a) Without conflict resolution. (b) With conflict resolution. 
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Figure 9. Domino Effect Parameter (DEP) for the two-way and one-way urban airspace concept for low, medium and high traffic demands. Note that the one-way concept have slightly lower DEP values as compared to the two-way concept. 
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Figure 10. Rate of arrival for the two-way and one-way urban airspace concept for low, medium and high traffic demands. Each point represents the number of drone arrivals per minute. (a) Without conflict resolution. (b) With conflict resolution. 
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Figure 11. The number of turns per cumulative flight-plan for the two-way and one-way urban airspace concept. 
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Figure 12. The total travel time for the two-way and one-way urban airspace concept for low, medium and high traffic demands. (a) Without conflict resolution. (b) With conflict resolution. 
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Table 1. The main pros and cons of the two-way and one-way urban airspace concepts.
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	Concept
	Advantages
	Disadvantages





	Two-way
	• Flight-plans do not have to obey one-way directional constraints and thus no forced horizontal distribution.
	



	
	
	• Traffic has less vertical layers per cardinal direction.



	One-way
	• Better airspace utilisation due to additional layers per cardinal direction.
	



	
	• Due to the imposed horizontal constraints, opposite traffic flows are spatially separated.
	• Flight routes may be less efficient due to the imposed one-way directional constraints.
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Table 2. Performance data for DJI Matrice 600 Pro used in the simulations of this study.
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	Parameter
	DJI Matrice 600 Pro





	Speed [m/s]
	5–10.3



	Vertical speed [m/s]
	−5–5



	Mass [kg]
	15



	Maximum bank angle [   ∘  ]
	35



	Acceleration/deceleration [m/  s 2  ]
	1.5
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Table 3. Traffic density characteristics of the three demand scenarios for the simulation area of Manhattan, New York City, network consisting of an area of 59.1 km   2  .
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	Low
	Medium
	High





	Traffic density (drones/km   2  )
	55
	61
	73



	Inflow rate (drones/min)
	54
	60
	72



	Hourly demand (drones/h)
	3240
	3600
	4320



	Demand per depot (drones/depot)
	1080
	1200
	1440
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