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Abstract

Urban air mobility (UAM) is an emerging mode that uses low-altitude airspace to provide point-to-point air travel
services. Recent advances in electric vertical take-off and landing vehicles are increasing attention on UAM for its
potential to alleviate roadway traffic congestion. Given the spatial heterogeneity of land use in most cities, large-scale
UAM will likely be deployed between specific urban areas, for example, from the suburbs to city centers. However,
large-scale UAM travel between a few origin-destination pairs increases the risk of aircraft collisions and air traffic
congestion, especially at airline intersections. To address this, this work proposes a hybrid framework of traffic
simulation and management for large-scale UAM. The framework achieves an elegant trade-off between air traffic
safety and efficiency by combining route guidance and collision avoidance for UAM aircraft. With a centralized
strategy, route guidance provides system optimal paths (composed of waypoints) for aircraft, aiming to minimize total
travel time. With a distributed strategy, collision avoidance generates trajectories between given waypoints, ensuring
aircraft safety separation. To the best of our knowledge, this work is one of the first to introduce both dynamic
route guidance and collision avoidance for UAM. The results highlight that the framework can effectively prevent air
traffic congestion and provide flexible UAM operations, e.g., dynamic airspace access management. The proposed
framework has demonstrated great potential for large-scale UAM simulation and management.
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1. Introduction

With network capacity approaching saturation, traffic congestion in metropolises becomes a recurrent puzzle.
Recent advances in electric vertical take-off and landing vehicles (eVTOLSs) are promoting the use of urban low-
altitude airspace as a new traffic resource. Urban air mobility (UAM) has emerged and received considerable interest
for its potential to provide point-to-point travel in congested cities. With the aid of ride-hailing apps like Lyft or Uber,
UAM is promising to provide safe, clean, and affordable transport services for passengers and goods (Garrow et al.,
2021), as evidenced by the test flights of full-size eVTOLs (Dietrich and Wulff, 2020). In the coming decade, the
UAM market is estimated to expand rapidly and reach $32 billion globally (Grandl et al., 2018).

As the large-scale deployment of UAM approaches, we need to investigate: (i) the traffic behavior of individual
UAM aircraft; and (ii) the traffic scheme of collective UAM aircraft. Advances in individual autonomy and intelligence
will support more flexible UAM operations, which differ from the pre-planned routes and fixed schedules of conven-
tional aviation. The explosion of UAM operations lifts air traffic efficiency to a level as important as air traffic safety.
For safety, UAM operations focus on aircraft collision (or conflict) avoidance at the individual level. For efficiency,
UAM operations emphasize air traffic congestion resolution at the system level.
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Collision avoidance is a widely discussed topic in multi-agent systems (composed of vehicles), where methods
for terrestrial and aerial vehicles are compatible despite the difference in degrees of freedom. Various algorithms have
been reported over the past few decades, see e.g., Huang et al. (2019); Yasin et al. (2020) and literature therein. Some
representative works are summarized in Table 1. In general, there are two strategies for collision avoidance: central-
ized solutions and distributed solutions. In centralized solutions, a hypothetical manager receives all the information
(e.g., agents’ positions and velocities) and uses it to make decisions for all agents, see e.g., Bahabry et al. (2019);
Tang et al. (2021). The manager’s commands are assumed to be followed by all agents, without considering the un-
certainty of pilot behavior. In distributed solutions, each agent receives limited information within its detection range
and uses it to make decisions for itself, see e.g., Van Den Berg et al. (2011); Long et al. (2017). An agent may be able
to perceive the decisions of other agents but cannot directly change their decisions. In this context, the centralized
strategy implies global optimal but requires mass computation. While the distributed strategy implies local optimal
but has advantages in computational efficiency.

Table 1: A brief survey of collision avoidance algorithms.

Strategy Scenario Methodology Objective (minimize)
Jose and Pratihar (2016) Centralized 2D grid network A* and GA® Total time spent / fuel consumption
Xue and Do (2019) Centralized 2D space without obstacle MILP® Deviation from the reference trajectory
Alrifaee et al. (2014) Centralized 2D space with obstacle MPC* Deviation from the reference trajectory
Bahabry et al. (2019); Tang et al. (2021) Centralized 3D airline network MILPP Total time spent / total flying cost
Yang and Wei (2020) Distributed 2D space without obstacle Game Theory? Total time spent
Quan et al. (2021) Distributed 3D space with obstacle APF® Deviation from the reference trajectory
Van Den Berg et al. (2011) Distributed 2D/3D space with obstacle Vo' Deviation from the reference velocity
Long et al. (2017) Distributed 2D/3D space without obstacle DNNe —

% Genetic Algorithm

b Mixed Integer Linear Program
¢ Model Predictive Control

4 Logit level-k model

¢ Artificial Potential Field

f Velocity Obstacles

€ Deep Neural Network

In the early deployment of UAM, structured airspace is used to reduce the risk of aircraft collisions. The de-
sign concept of airspace structure is to separate aircraft with different properties (e.g., speed, direction, and level of
autonomy) using airspace barriers. A comprehensive review of airspace structure designs is available in the work
(Bauranov and Rakas, 2021). To be concise, we summarize some key points. (i) The airspace structures proposed in
academia and industry can be roughly categorized into four concepts (see Figure 1) and their integration. For example,
the multi-layer sky lanes design (proposed by Jang et al., 2017) and the multi-layer air corridors design (proposed by
Bradford, 2020) integrate the concepts of layers and tubes. (ii) Less structured airspace allows aircraft to fly with more
degrees of freedom, leading to higher traffic density. However, high-density aircraft flying freely along self-preferred
(often direct) routes would increase the risk of traffic congestion.
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(a) Tubes (b) Layers (c) Zones (d) Full Mix
Figure 1: Different airspace structure designs for UAM, ordered by degrees of freedom (Sunil et al., 2015).
Although airspace structures provide a rule-based traffic scheme for UAM in its early stages, further investigation

into air traffic management is needed to address future demands. Relevant studies in this area are being led by the
US and Europe. NASA proposed the original concept of operations (ConOps) for unmanned aerial vehicle traffic
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management (UTM) in Kopardekar et al. (2016). Similarly, the European version of UTM, known as urban space
(U-space), was proposed in Undertaking et al. (2017). A detailed discussion and comparison of the UTM and U-
space ConOps can be found in Shrestha et al. (2021). The proposed ConOps is a type of guidelines that explain
the functions of each part of the system and how they work together. Under the current UTM architecture, point-to-
point operations relying on human operators have limitations on deployment scale. However, both UTM and U-space
envision a future of large-scale UAM services with high-level autonomy. In this context, air traffic congestion caused
by high-density UAM aircraft attracts more and more attention. Cummings and Mahmassani (2021) simulated point-
to-point UAM operations in 3D space using a decentralized conflict resolution. Their simulations indicate that UAM
faces similar congestion issues similar to roadway traffic. Safadi et al. (2023a) expanded the simulation scale and
obtained complete relationships between air traffic flow, density, and speed. The air traffic flow is observed as a
concave curve with respect to air traffic density, where the critical density provides a benchmark for identifying air
traffic congestion (Cummings and Mahmassani, 2024). Based on the flow-density relationship, also known as the
Macroscopic Fundamental Diagram (MFD), a few approaches have been proposed to manage air traffic congestion
(see e.g., Haddad et al., 2021; Safadi et al., 2023b). Remarkably, the MFD framework implicitly assumes that traffic
congestion is evenly distributed, i.e. the areas with an MFD should be (roughly) homogeneously loaded (Geroliminis
and Sun, 2011). As a result, the origin-destination (OD) is set to be uniformly distributed in most current studies
(Haddad et al., 2021; Safadi et al., 2024). However, it is hard to construct a uniformly distributed vertiport network !
for UAM in practice, as land use in most cities is spatially heterogeneous (Wu and Zhang, 2021). UAM traffic is more
likely to transfer between a few urban areas, for example, from the suburbs to city centers. The difference in air traffic
operations between homogeneous and heterogeneous demand, as illustrated in Figure 2, has not received attention in
studies.
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Figure 2: Collision-free aircraft trajectories in 2D space with a deployment scale of 20, where ‘O’ marks the origin and ‘X’ marks the destination.
Compared to homogeneous OD in (a), heterogeneous OD in (b) poses higher risks of delay and congestion.

To fill the above research gaps, we propose a hybrid framework of traffic simulation and management for large-
scale UAM, as illustrated in Figure 3. The main contributions of this paper are summarized as follows:

1. The proposed framework is one of the first to combine route guidance and collision avoidance in the context of
UAM, as far as we know. Route guidance provides time-efficient paths (composed of waypoints) for aircraft, while
collision avoidance generates safe trajectories between given waypoints. In this way, the framework achieves an
elegant trade-off between air traffic safety and efficiency.

IThe vertiport network, which is regarded as the OD of air traffic in this paper, is the infrastructure for UAM aircraft to take off and land.
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2. The proposed framework is efficient and flexible for large-scale UAM simulation and management. With a cen-
tralized strategy, route guidance dynamically regulates the spatial distribution of aircraft based on management
purposes. With a distributed strategy, collision avoidance is accelerated by parallel computation. The results high-
light some key points that the framework can (i) ensure air traffic homogeneity regardless of demand and (ii) provide
dynamic airspace access management.
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Figure 3: The hybrid framework for large-scale UAM simulation and management.

2. Methodology

The workflow of the proposed framework is illustrated in Figure 3 as follows. First, settings of airspace (e.g.,
region division), aircraft (e.g., safety radius, maximum speed), and UAM demand (e.g., aircraft ODs, departure ratio)
are input to initialize the environment. Next, necessary information (e.g., aircraft position, velocity) is collected
from the environment to assist in decision-making at each time step #;. The decision-making process consists of two
modules: route guidance and collision avoidance. At each time step #;, the route guidance module updates paths for all
aircraft if necessary, which will be detailed in subsection 2.2. Otherwise, the paths2 remain consistent with those from
the previous time step #—;. Here an aircraft’s path refers to a sequence of waypoints corresponding to the airspace
region division. Based on the path decision, the collision avoidance module generates velocity commands to guide
aircraft to travel between waypoints, which will be detailed in subsection 2.1. Lastly, the decision-making process is
repeated over time until the mission is complete (i.e, #; = t7).

2.1. Collision avoidance

In this section, we introduce the collision avoidance module of the proposed framework. We achieve collision
avoidance for 3D aircraft motion using the velocity obstacles model. At each time step f;, the position and velocity
of an aircraft A; € Uy are denoted by p;(#) € R3 and v;(t) € R3, respectively. For aircraft discussed in this paper, we
suppose the following dynamics are satisfied

Pi(trs1) = Pi(te) + Vit At (1a)
vi(t) = Vi (t) (1b)

2The initial path of each aircraft is a direct route from origin to destination.
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where At is the simulation time and v{(#) is the velocity command.

The velocity command v (#) is generated using the optimal reciprocal collision avoidance (ORCA) method,
referring to Van Den Berg et al. (2011). Concretely, the velocity command v{(#) is chosen from the permitted
velocities to be as close as possible to its preferred velocity 3 Vf (), 1.e.,

V(1) = argmin [|v — v/ (1) @)

VEORCA},
where ORCA], is the set of permitted velocities that enables aircraft A; to avoid collisions with other aircraft during
the time horizon 7. The permitted velocities of aircraft A; are influenced by all aircraft within the detection range, i.e.,

ORCA?, = ﬂ ORCAG A3)

AjeN;
where N; is the set of aircraft within the detection range of aircraft A; and ORCA;I_| 4, is the permitted velocities of
aircraft A; induced by aircraft A ;. The set of ORCA;I| 4, depends on the relative position and velocity between aircraft

A;and A;. To keep this paper concise, we suggest readers refer to Van Den Berg et al. (2011) for details on the ORCA
method.

2.2. Route guidance

In this section, we introduce the route guidance module of the proposed framework. To provide a map for aircraft
routing, we divide the airspace into several non-overlapping regions, denoted by R; € Ug. Inspired by cellular
communications, the airspace regions are designed as hexagons. Given an aircraft position p € R3, we introduce an
indicator function

1, ifpeR,

(I)(p’Rl) = { 0’ else (4)

to declare whether the aircraft is within the airspace region. Thus the aircraft accumulation in airspace region R; can
be calculated as follows

n(t) = ) (i), R) )
A;€elUy
To capture the influence of airspace traffic congestion, we suppose that the travel speed within airspace region R;
satisfies
exp(nj" —m(t))
1 +exp (nf" — ny(t)) R

Vi (8) = ©)

where n;" and Vi represent the critical accumulation and maximum travel speed of airspace region R;, respectively.
The travel speed within an airspace region will decrease as the aircraft accumulation increases. As a result, the travel

time spent will increase as traffic congestion increases and we have

t+TR,
f Vi, (s)ds = Dy @)
t

where Tk, and D; are the travel time spent and average travel distance in airspace region R;, respectively.

To formulate the route guidance problem, we represent an aircraft’s path as P; € $;, where $; denotes the set of
permitted paths for aircraft A; to travel from its origin to destination. We consider path P; travel in several airspace
regions. Then the travel time spent on path P; is derived as follows

T{P)= ) T @®)
RieP;

The route guidance is designed to find optimal paths for all aircraft to minimize the total travel time spent, i.e.,

min > Ti(P) ©)
AUy

3The preferred velocity of an aircraft is typically directed towards its destination (the current waypoint).
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3. Results

To evaluate the performance of the proposed framework, we design a baseline for comparison. The baseline
employs air corridors for air traffic management (Jang et al., 2017; Kopardekar et al., 2016), where aircraft travel
within predefined air corridors and avoid collisions using the method * in subsection 2.1. The baseline management
scheme is tested in different scenarios for a comprehensive investigation, as illustrated in Figure 4. For each scenario,
we provide tests in 2D space (at a fixed altitude of 500m) and 3D space (within altitude ranges of 450-550m and
400-600m).
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Figure 4: Test scenarios: (a) two orthogonal air corridors intersecting; (b) two oblique air corridors intersecting; (c) three air corridors intersecting.

As the altitude range increases, the capacity of air corridors to handle UAM demand will also increase. Thus the
aircraft inflows are set differently, see Figure 5. Considering different scenarios and altitude ranges, we conducted 9
tests for the baseline scheme, with each test repeated 5 times. Intuitive results are shown in Figure 10a, Figure 10c and
Figure 10e. A qualitative finding is that air traffic congestion tends to occur and spread from the corridor intersections,
regardless of the way of corridor intersects. To provide quantitative insights, we measure traffic outflow and accumu-
lation at the corridor intersections (marked by red circles in Figure 4). The results are illustrated in Figure 6, Figure 7
and Figure 8. The traffic outflow-accumulation relationship is observed to be concave with a single peak, where air
traffic evolves from free-flow states to critical states and eventually to congestion states. Referring to Haddad et al.
(2021), we fit the MFD curve in the form of G(N) = aNexp( — [l,( 1\’,\' ¥?). 1t is easy to find that the critical points
(marked by ‘A’) of MFD curves are significantly influenced by the permitted altitude range of aircraft rather than the
way of corridor intersects. In other words, the capacity of the given airspace depends on its volume.
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“4The aircraft settings are as follows: detection radius ry = 200m, safety radius r; = 50m, maximum speed V" = 20m/s
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Figure 10: The airspace traffic state evolution comparison.



To calibrate airspace capacity, we aggregate the results from different scenarios to obtain the relationship between
airspace traffic flow and density, as illustrated in Figure 9. We provide a quantitative comparison of airspace capacity
in Table 2. Remarkably, the calibration of the critical traffic accumulation (or density) is a necessary step for the route
guidance module, see equation (6). Taking the baseline as a benchmark, we tested the proposed framework under
the same simulation settings. Intuitive results are shown in Figure 10b, Figure 10d and Figure 10f. By introducing
the mechanism of route guidance, the proposed framework can allocate aircraft uniformly into the available airspace.
In this way, the proposed method effectively ensures traffic homogeneity, which is an implicit assumption of MFD
frameworks (Geroliminis and Sun, 2011). Under the congested demand of the baseline, the proposed method effec-
tively prevents air traffic deadlock at corridor intersections. Quantitative results are illustrated in Figure 6 - Figure 9
that air traffic remains in a free-flow state with the proposed method, bringing higher traffic safety and efficiency.

Table 2: The airspace capacity comparison.

K jam [aircraft/kmz] EC, [aircraft/kmz] Q(EC,) [aircraft/s/kmz]
Results with z = 500 75 13.67 0.10
Results with z € [450,550] | 200 27.66 (102% 1) 0.18 (80% 1)
Results with z € [400,600] | 300 40.75 (198% 1) 0.28 (180% 1)

Furthermore, the route guidance module of the proposed framework can provide flexible airspace management as
needed. Note that a decrease in the capacity of an airspace region would restrict aircraft from entering that region, as
discussed in subsection 2.2. Thus we can manage airspace access by region for various purposes, e.g., responding to
emergencies. Figure 11 illustrates an example of airspace clearance induced by capacity regulation. The clearance
in airspace region Ry, R; and R4 is dynamic for ¢ € [2400, 3000]s, with tiny external impacts. The simulation results
demonstrate the effectiveness of the proposed framework for large-scale UAM simulation and management.

Figure 11: Dynamic airspace access management via capacity regulation: the airspace clearance of regions Ro, Ry, R4 in t € [2400,3000]s is
generated for emergencies.

4. Conclusion

This paper focuses on traffic simulation and management for large-scale UAM. Considering the spatial hetero-
geneity of traffic demand, dense point-to-point UAM operations will increase the risk of aircraft collisions and air
traffic congestion, especially at airline intersections. To address this, this work proposes a hybrid framework combin-
ing route guidance and collision avoidance for UAM aircraft. Route guidance provides time-efficient paths (composed
of waypoints) for aircraft, while collision avoidance generates safe trajectories between given waypoints. In this way,
the proposed framework achieves an elegant trade-off between air traffic safety and efficiency. The results highlight
that the framework can effectively prevent air traffic congestion and provide flexible UAM operations, e.g., dynamic
airspace access management. The proposed framework has demonstrated great potential for large-scale UAM simu-
lation and management.
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