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Abstract

A safe and efficient integration of U-space operations necessitates robust conflict detection and resolution
(CD&R) mechanisms, particularly for very-low-level (VLL) operations in constrained urban airspace. Re-
search has focused on the development of navigation and traffic management concepts suitable for such
operations that aim to mitigate the challenges posed by this novel environment. However, the current re-
search landscape is fragmented, with CD&R methods still needing to be integrated within a more unified
framework. In this paper, we present an overview of our approach towards air traffic management for
VLL U-space operations and analyse their limitations compared to other work. Then, based on the con-
clusions of other existing work, we identify key areas for improvement and propose recommendations
for future research and development for VLL airspace structure design, conflict detection and resolution,
and U-space operations simulations. We conclude that a unified approach should be used towards inte-
grating and investigating the interdependencies of U-space services within a standardised verification and
validation framework.

Keywords: U-space; CD&R; tactical; strategic; dynamic; uncertainties;

Abbreviations: CD&R: Conflict Detection & Resolution, 4DT: 4D Trajectory planning, VLL: Very Low Level

1. Introduction

Urban air mobility holds the potential to deliver a sustainable alternative to traditional ground-based
transportation and to alleviate mounting urban traffic congestion [1]. The U-space initiative [2, 3],
designed to manage urban air traffic within the European Union, establishes the groundwork for
developing the necessary services to support such operations. While a robust foundation has been
established, further research and development are still needed to translate this conceptual framework

into a fully implementable system.

A vital component of the U-space system is conflict detection and resolution (CD&R), responsible for
guaranteeing the safe execution of urban air operations [4]. Research efforts have been focused on
establishing how this service will be provided, with a particular emphasis on ensuring its effective-
ness, reliability, and scalability to meet the demands of the anticipated increase in urban air traffic
[5]. This includes investigating both centralised and decentralised CD&R architectures, as well as
methods to ensure the resilience of operations against uncertainties (e.g., wind, delay).

Very-low-level (VLL) airspace operations, such as package deliveries, represent a critical segment
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of the U-space market demand [6]. Such operations will take place at flight altitudes below 500 ft
(ca. 152 m) [4]. This poses challenges for establishing the structure and guidance procedure of such
airspace [5] due to factors such as the presence of buildings and other urban obstacles, or privacy.
Although not directly part of the CD&R subsystem, the design of the airspace structure influences

the effectiveness of deconfliction processes, and ensuring their compatibility is important.

The challenge with these components lies in their integration into a larger, unified U-space frame-
work [5]. Each element must be compatible with the others to address both pre-flight and in-flight
uncertainties, while also accommodating factors like weather or airspace restrictions. In our past
work [7, 8, 9, 10], we developed such approaches and investigated the relationships between them.
Howev?erjs?mmrly to other work in this domain, this research is based on simulations that are
limited in capturing a complete picture of the performance of the CD&R modules within a greater
U-space air traffic management system. Thus, the development of solutions for the aforementioned

challenges needs to continue as the deployment of U-space operations approaches.

This article aims to provide an overview and analyse how VLL U-space air traffic guidance and
deconfliction have been addressed in research. We present the methods developed in our previous
work for this problem, critically evaluate their limitations, and compare them with other existing
literature. Based on this analysis, we offer recommendations for future research and development
by integrating both our findings and the insights from existing studies. Our goal is to contribute
to reducing fragmentation in the research of this domain to promote a more unified and practical
implementation of VLL U-space operations.

2. VLL U-space CD&R: Overview of Our Approach

The following section presents our previous work on developing, modelling, and simulating conflict
detection and resolution methods for VLL urban airspace cruise operations. It seeks to establish
the context and rationale behind our research methodology, facilitating the subsequent analysis
and comparison with other existing work. The first part explains the approach we developed for
creating a basic structure for VLL airspace, followed by the methodology we used for generating
and simulating air traffic scenarios are described. Then, the traffic management and deconfliction
modules that we have developed and investigated are explained.

2.1 VLL urban airspace structure

Designing the airspace for VLL urban air operations is a key research area, with ongoing debates
on how it should be structured. One debate is about the degree of constraints that the urban in-
frastucture imposes on the airspace. The two ends of this spectrum are: (1) open airspace above
most buildings, similar to traditional aviation, and (2) constrained airspace, limited to the space
above streets. While there are fewer operational constraints in open airspace, the use of constrained
airspace could improve efficiency in cities where tall buildings are prevalent (e.g., New York).

In our research, we chose to focus on constrained airspace operations as it is more challenging to ap-
proach, and to determine whether improvements in efficiency can be attained without compromising
safety. As part of the Metropolis 2 project [11], we developed an approach to VLL airspace structure
design that has demonstrated favourable results and can be applied to a wide range of urban street
network topologies. Previous work has shown [12] that altitude changes in urban airspace create
additional conflicts that can destabilise the airspace. Therefore, we assume that aircraft remain at a
specific height en-route to their destination. Our research focuses on the implementation of vertical
take-off and landing (VTOL) operations using small uncrewed aerial vehicles (UAVs).

The process begins by extracting the city graph from open geospatial data sources such as Open-
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StreetMap [13], representing the street network as a collection of nodes (intersections) and edges
(street segments). We then process the graph by eliminating features such as redundant streets, tun-
nels, or pedestrian streets. An example of the outcome of this operation is shown in Figure 1 for the

city centres of Vienna, Austria, and Rotterdam, The Netherlands.
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Figure 1. Examples of street network graphs extracted for the city centres of Vienna (a) and Rotterdam (b).

Previous research has shown that the use of one-way networks significantly reduces the risk of con-
flicts and intrusions (defined in Figure 2). The reduction in these events is an effect of the increased
aircraft alignment that one-way streets produce [6]. Thus, once the street network is cleaned, we
further process it to enable the allocation of singular directions of travel along the edges. To reduce
the complexity of the directionality problem, we first apply the Continuity in Streets (COINS) algo-
rithm [14], which groups streets into continuous strokes based on geometric continuity, categorised

by colour in Figure 3.

£

Conflict Intrusion

Figure 2. Conflictand intrusion diagram. A conflict occurs when an intruder (red drone) is predicted to breach the minimum
separation distance (dashed circle) of the ownship (black drone). An intrusion occurs then the minimum separation distance
is breached.

We then employ a genetic algorithm to define the directionality of the network. The algorithm
prioritises configurations that ensure strong connectivity (i.e., any node is reachable from any other
node) while minimising the average travel distance between any two nodes. Figure 3 shows the
outcome of such an optimisation, where arrows represent the directionality of each stroke.

Lastly, segmentation and alignment are two key elements of promoting safety in airspace design
[15]. The Metropolis project applied this principle to urban airspace by creating a layered structure
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Figure 3. Example of the use of the existing street network to create a unidirectional airspace structure. Edges are coloured
in function of their grouping into strokes, and the arrows indicate the allocated direction.

in which aircraft with different heading ranges cruise at different altitudes [16]. Similarly, the con-
cept presented in this work includes the vertical separation of aircraft through the use of cruising
layers along all streets of the network. As our research mainly concerns the cruise phase of U-space
operations, aircraft must maintain their allocated cruise altitude throughout the whole flight.

2.2 Pre-departure flow-based strategic planning

In general, efforts to develop pre-departure strategic planning have been focused on 4D trajectory
optimisation methods that aim to predict and resolve all conflicts at a flight plan level. However,
the results of our work [17] indicate that methods focusing on efficiency are not resilient towards
uncertainties that lead to aircraft deviating from their flight plan due to traffic over-optimisation
(i.e., the reduction of safety margins as a result of increasing efficiency) [18]. While a solution to this
could be increasing the emphasis on safety (e.g., by increasing safety buffers), this could lead to an
increase in optimisation complexity, as a system that decides the level of safety in function of the

uncertainty level would be needed.

To address this, we developed and tested a different approach to the issue of operational uncertainty
(i.e., wind, departure delay) that could also lower the complexity of the U-space CD&R module. Sim-
ilar to the method presented by Levin et al. [19], we propose a pre-departure strategic optimisation
framework that focuses on enforcing traffic flow limits at each node of the network graph such that
the frequency and complexity of conflicting situations are lowered. Then, the remaining conflicts
can be solved more effectively by the tactical CD&R module. The following sections present the op-
timisation problem formulation for the proposed pre-departure strategic planning method. A more
in-depth version of this can be found in [10].

2.2.1 Route generation

We employed the same route generation method of Bereziat et al. [20], where aircraft can be allocated
a flight path from an existing set of routes. An optimisation problem can be formulated that aims
to assign paths so that the total travel time is minimised. Then, the flight requests can be processed
so that the predicted traffic flow at each node within the graph of the constrained airspace network
does not exceed the imposed threshold. The set of routes that can be assigned to aircraft is created
by generating alternatives avoiding parts of the nominal flight path, as shown in Figure 4. Thus, the
first alternative avoids the first half of the nominal route, the second alternative avoids the middle
section, the third alternative avoids the last section, and the fourth alternative attempts to avoid the
nominal route altogether.
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Figure 4. Alternative routes are generated such that sections of the optimal route can be efficiently avoided if needed.

2.2.2  Assumptions

The optimisation problem is implemented using several simplifying assumptions to prevent flight
plan over-optimisation and reduce its complexity:

« Aircraft do not change altitude during the cruise phase.
« Take-off and landing manoeuvres are not accounted for within the flow capacity measure.

« Aircraft intended departure time is not modified.

2.2.3 Traffic flow management

In the optimisation problem at hand, the traffic flow management is coordinated through the use of
time windows. Thus, the number of aircraft that can traverse a node within the graph at a certain
altitude within each time window is limited, as shown in Figure 5. This way, the aircraft are planned
such that the capacity at intersections is respected.

0 1T, 2T, 3T, 4

C, aircraft C, aircraft C, aircraft C,aircra

C, aircraft C,aircraft C, aircraft C,

0.5T, 1.5T, 2.5T, 3.5T,

_Time

»

Figure 5. Visualisation of time window configuration at each intersection and altitude level of the urban airspace area.
Within each time window, the flow capacity is set at C, aircraft. Overlapping time windows are used to reduce the occur-
rence of local congestion peaks at the interval edges.

In contrast to methods that use separation minimums as an optimisation parameter, this method only
focuses on traffic flow through intersections. This allows for more flexible planning, and distributes
traffic more evenly within the network. It is assumed that, if conflicts still occur due to the planning,
the tactical conflict detection and resolution module will resolve them.
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2.24 Model parameters

The following parameters are used within the optimisation problem, describing characteristics such
as the requested missions, the set of alternative routes, and the allowable flow capacity for each node
within the airspace network graph.

« F: set of all flight plans

+ Py: set of paths that can be allocated to flight f, Vf € F
« N: set of all nodes in the street network graph

«+ Y: set of all available flight levels

T: set of all time windows

+ by: estimated cruise flight time if path p is allocated to flight f, Vf € F,Vp € Py

xrpno € {0,1}: 1if flight f using path p enters node n within time step 0, else 0, Vf € F, Vp € Py,
Vne N,VOeT

e C,: maximum flow for node n, Yn € N

+ O, estimated time for flight f to ascend to and descent from flight level y, Vf € F,Vy € Y

2.2.5 Decision variables
The optimisation problem is governed by one decision variable, which encompasses the route and
cruise flight level choice for each mission.

* zfpy € {0,1}: 1if path p and flight level y are allocated to flight f, else 0, Vf € F,Vp € Pr,Vy € Y

2.2.6  Constraints

The first set of constraints ensure that all aircraft are allocated a route and a flight level.

D> zpy=1,  VfeF (1)

pEPp yeY

The second set of constraints enforce the flow capacity limit at each node of the street network.

D Xpn0%py<Cr  YnENVOETVyeY @)
fEF pePy

2.2.7 Objective function
The optimisation problem aims to minimise the mission travel time (Eq. 3), which consists of the

estimated take-off and landing time, as well as the travel time associated with the selected route.

Minimise : »° > " 2, ,(87 + by) (3)

fEF pePr yeY

2.2.8 Problem feasibility

The constraint presented in Eq. 1 implies that all flight plans are accepted. However, in combination
with the constrained presented in Eq. 2, this could potentially lead to problem infeasibility. Thus,
the constraint in Eq. 2 can be relaxed to allow for small violations, but ensure feasibility. This allows
for such violations (conflicts) to be resolved locally by the tactical conflict detection and resolution
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module. The constraint violation value can be employed as a decision variable and included in the
objective function.

Thus, the relaxed flow constraint is presented in Eq. 4:

Z Z Xpn02py — Cn < Vno,y Vne NVO e T,VyeY (4)
fEF pePy

with the following decision variable being introduced, representing the constraint violation at each
node of the graph, for every time window and altitude:

Vno,y = 0, Vne N,VB e T,VyeY (5)

Thus, the objective function is modified to include the minimisation of the flow constraint violations,
as presented in Eq. 6.

Minimise : Z Z Z 2py(Of.y + bp) + Z Z Vn0.y (6)

yeY \f€F pePr neN OeT

2.3 Dynamic capacity management

Dynamic capacity management is a U-space service for areas where traffic density is expected to be
high and potentially difficult for a strategic planner to handle [2]. Previous work based on traditional

air traffic management [21] aimed to create dynamic airspace sectors based on local traffic density.
In our work [9] we use a similar approach and apply it to urban air traffic to develop a dynamic
capacity management method where individual aircraft are in charge of re-routing around areas of

high-traffic complexity.

In the absence of additional constraints, the shortest route between an origin and a destination is
generally preferred. As a consequence, some travel legs are preferred more than others, especially in
a topologically organic (i.e., non-orthogonal) constrained airspace network. These conditions create
traffic hot spots that lead to increased conflicts and intrusions due to the higher local traffic density
and complexity.

In our work [9], we attempted to mitigate these hotspots using a dynamic capacity management
method. The method uses up-to-date aggregate flow information of conflict locations and makes it
available to individual aircraft. These then make the decision whether to alter their current route in
a decentralised manner. The goal is to incentivise aircraft to take alternate and less congested routes
to their destination to lower the local traffic density and complexity. The method is illustrated in
Figure 6, and the overall steps are as follows: (1) The current position of aircraft in a conflict are
gathered into clusters, (2) the clusters are classified as high or low complexity based on their relative
density and an additional cost of travel is applied to high-complexity areas, (3) aircraft check if their
current route intersects high-density areas, (4) aircraft search for new a new optimal plan. Note
that these steps are continuously repeated during flight, which allows aircraft to consider a recent
snapshot of the airspace situation when making new plans.

Dynamically rerouting aircraft around conflict hotspots resulted in a greater safety level compared
to a baseline case where aircraft do not re-route and always fly the shortest route. At high traffic
demand levels, this method was able to reduce the number of intrusions by up to 30% while only
increasing the average travel distance by less than 6%.
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Figure 6. Drone A initially takes the shortest route to its destination (a). Then, high-cost cluster areas are created based on
the position of aircraft in a conflict. Drone A observes that their current route goes through the zone with increased cost, so
it dynamically creates a new plan (b).

2.4 Worst-case tactical CD&R

State-based CD&R methods (i.e., linear extrapolation of current state to predict future conflicts) such
as Modified Voltage Potential (MVP) [22] or ACAS Xu [23], have been shown to perform well when
employed in open airspace [16] as well as orthogonal street networks [6]. However, the results of
our previous work show that such methods are less suitable in the case of organic street networks

such as the ones presented in Figure 1 due to the higher prevalence of heading changes.

We thus developed and tested a conservative tactical CD&R method that uses airspace topology
information to improve the conflict detection process while requiring no intent information from
other aircraft. Aircraft consider for all possible conflict nodes with potential intruders in the vicinity,
as shown in Figure 7a. Then, a halt resolution manoeuvre is selected by the aircraft further away
from the intersection such that the most immediate conflict would be resolved (Figure 7b). The
stopping location is selected such that the minimum separation threshold between the aircraft is not
breached.

The use of halting manoeuvres allows aircraft delay acting upon a detected conflict, as a resolution
velocity is not immediately adopted. Instead, aircraft only start decelerating just in time to stop at
the required distance from the conflict intersection, allowing for some false-positive detections to
be cleared and thus reduce disruptive and unnecessary manoeuvring. Speed-matching manoeuvres
are used when aircraft are travelling along the same street. When compared to other methods in
literature such as state-based [24] or intent-based methods [8], the worst-case method performed

significantly better in constrained airspace, or matched the performance in case of the intent-based
methods, but with less information exchanging requirements between aircraft.

It is important to note that the worst-case tactical CD&R method presented in this work assumes that
all aircraft are cooperative, with fully functioning communication capabilities. While the handling
of uncooperative aircraft is an important service within a U-space/UTM system, we consider that
it should be implemented as a stand-alone detect and avoid (DAA) service, similar to the traffic
collision avoidance system (TCAS) in classical aviation.

2.5 Traffic scenario generation and simulation

The traffic demand scenarios we used to simulate VLL urban airspace operations attempt to emulate
point-to-point missions such as parcel deliveries and air taxiing. The scenarios are generated over
several levels of predicted traffic demand levels [25]. They cover a wide range of traffic situations, as
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(a) (b)

Figure 7. Functioning principle of the Worst-case CD&R method. The ownship (AC;) accounts for all possible paths that the
intruder (AC,) could take, and determines all possible conflict nodes (N, N;, and Ns3). The intruder resolves the conflict by
stopping at pstop ahead of the most immediate conflict node, ensuring the minimum separation distance Ry,.

origin-destination pairs are randomly selected from the set of nodes of the street graph, as presented
in Figure 1.

The traffic scenarios are then simulated using the BlueSky Open Air Traffic Simulator [26], chosen

due to its prevalent use in the U-space field (e.g., [27, 28, 29, 30]). Its open-source implementation
allows for the development and testing of CD&R plugins. One major assumption in our simulations
is the use of a single type of drone, based on the DJI Matrice 600. This was done to reduce the
probability of confounding factors affecting the performance results of the studied CD&R methods.
It is also expected that aircraft will fly at similar velocities within each cruise flight level, as that has

been shown to greatly increase safety [16].

Another particular characteristic of the simulations is the in-flight turning procedure during the
cruise phase. To guarantee that drones do not collide with urban obstacles such as buildings, they
must slow down ahead of turns to achieve an appropriate turn radius requirement, as shown in
Figure 8. Thus, drones decelerate from their cruise speed Vs to the turn speed Viym, then perform
the turning manoeuvre of turn radius Ryym. Then, they resume nominal cruise flight.

Wp3

cruise

Vcruise

WP, 1

Figure 8. Turning procedure implemented within BlueSky: an aircraft must start decelerating in due time (point 1) to per-
form the turn with the required turning velocity (point 2 to point 3); then, cruise operations are resumed.
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The characteristics of this manoeuvre (turning speed, turn rate, etc.) will mainly depend on the turn
angle, but will also be influenced by factors such as wind or path geometry. Thus, the use of these
manoeuvres reduces the temporal predictability of the trajectory of the aircraft, a phenomenon also
expected within actual VLL airspace U-space operations.

Another particular aspect of our modelling approach is the exclusion of the take-off and landing ma-
noeuvres of missions from the dynamic simulations. This is an important limitation of our approach,
as the manner in which these flight phases are performed can greatly influence other flight proce-
dures, such as the pre-departure strategic planning. However, while this aspect needs to be tackled
in future work, we believe that limiting the scope of our investigations benefited the robustness and
clarity of our results.

Lastly, the simulations include factors such as wind and departure delay to test the robustness and
performance of conflict detection and resolution methods in dynamic and uncertain environments.
Wind is simulated by projecting a global wind vector onto every street in function of its bearing, sim-
ilarly to results gathered through live measurements [31]. This results in aircraft flying at different
airspeeds, and also affects their performance envelope. Delay is randomly sampled from an expo-
nential distribution with a specified average and applied to the intended departure time of missions.
These models are more extensively explained in [8].

2.6 Simulation results and safety performance comparison

The following section presents a selection of results obtained by testing the aforementioned decon-
fliction methods within simulated U-space traffic scenarios. The experiments are focused on the
performance of the pre-departure flight planning and the dynamic capacity planning modules un-
der various levels of uncertainty (i.e., departure delay and wind) compared to equivalent established
methods from literature. Please note that the aim of the portrayal of the results is not to compare
methods in terms of absolute safety performance, but to mainly study the interactions between the
different components of a CD&R system.

2.6.1 Pre-departure flight planning and worst-case tactical CD&R

The flow-capacity flight planning strategy is compared to a representative 4D trajectory (4DT) plan-
ning from literature [20]. Three flow-control configurations are used, in increasing order of plan-
ing flexibility: one aircraft every 20 seconds (T,, = 20s,C, = 1), two aircraft every 40 seconds
(T, = 40s, C, = 2), and three aircraft every 60 seconds (T,, = 60s, C, = 3). The first set of results is
presented in Figs. 9 and 10, which highlight the differences in the level of safety between the plan-
ning methods when subjected to various levels of wind. Then, Figs 11 and 12 present the safety and
efficiency performance of the methods when the simulated traffic is subjected to departure delay.

Firstly, the results shown in Fig 9 show that the flow capacity strategic planning method outperforms
the 4D trajectory method across all wind uncertainty levels when performed using a time window
(T,,) value of 20 seconds and a node capacity (C,) value of 1 aircraft. The number of intrusion events
modestly increased with higher wind levels regardless of method used, showing that the operations
are overall robust towards this kind of uncertainty. However, the source of this robustness for the
4DT method is that aircraft actively adjust their velocity to ensure flight plan compliance, thus being
able to “catch up”. For the flow capacity management methods, aircraft only attempt to maintain the
nominal cruise airspeed (not ground speed, for optimal performance) regardless of whether the flight
is still compliant with the flight plan. This effect can be observed in Figure 10, as the average flight
time for the 4DT method only increases at high wind levels, while the other methods experience a
steady increase due to wind. This suggests that the latter set of methods can provide similar safety
performance as established strategies while also enhancing airspace stability by not requiring strict
flight plan compliance.
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Figure 9. Comparison of the number of intrusion events in function of strategic deconfliction strategy at various levels of
maximum wind magnitude. Wind is projected along the direction of streets. The worst-case tactical resolution algorithm is

used in all conditions.
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Figure 10. Comparison of the average mission duration in function of strategic deconfliction strategy at various levels of
maximum wind magnitude. Wind is projected along the direction of streets. The worst-case tactical resolution algorithm is

used in all conditions.
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Figure 11. Comparison of the number of intrusion events in function of strategic deconfliction strategy at various levels of
average departure delay. A third of departing aircraft experience the indicated average delay before departure. The worst-
case tactical resolution algorithm is used in all conditions.
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The differences between the strategic planning methods are more prevalent when departure de-
lay is introduced within the simulated traffic scenarios. Figure 11 highlights the sensitivity of the
4DT method to the presence of departure delay, as the number of intrusions increased to, or sur-
passed those of the higher flexibility flow-based capacity planning configurations. This is due to the
“catching-up” effect inducing higher velocities for flights planned using the 4DT method, resulting
in lower flight times with increasing delay, as seen in Figure 12. On the other hand, regardless of the
configuration, the flow capacity management set of methods is mostly unaffected by the presence
of departure delay. This highlights the potential of flow capacity methods to outperform established
4D trajectory planning methods that rely on strict flight plan compliance in environments with
moderate delay conditions.

2.6.2 Dynamic capacity planning and state-based tactical CD&R

The dynamic capacity planning module is tested similarly to the previous experiment. Two condi-
tions are investigated: including and excluding the dynamic capacity management module. Aircraft
always use the shortest route to their destination and do not change their route in the case where
the dynamic capacity management module is excluded. In both cases, a conventional state-based
tactical conflict resolution algorithm is used, as presented in [8]. The results of the experiment are
presented in Figs. 13a and 13b. B
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Figure 13. Comparison of the number of intrusion events and flight time with and without dynamic capacity balancing in
Rotterdam. The state-based tactical conflict resolution algorithm is used in all conditions.

Figure 13 shows the number of intrusion events (Figure 13a) and the average flight time (Figure 13b).
Both are plotted with increasing traffic demand level. These results are measured from the simulated
urban environment of Rotterdam, shown in 1b.

Figure 13a shows that at most traffic demand levels, using capacity balancing reduces the number of
observed intrusions in the airspace. At very low demand levels, the number of intrusions is similar
with and without capacity balancing. Figure 13b shows that the average flight time when using
capacity balancing is always higher than without capacity balancing. This is because in the case
with capacity balancing, aircraft do not always take the shortest route to their destination.

Atvery low demand levels, there are not enough recent conflicts in the airspace to effectively identify
areas of high traffic complexity. These replans are effectively useless because there is no improve-
ment in safety and an increase in the average flight time. However, as the traffic density increases
and more conflicts occur, problem areas are correctly identified and aircraft are able to replan around
them. This means that extra flight time comes with a benefit in safety. However, note that the relative
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increase in flight time decreases with the demand level when comparing the cases (with and with-
out capacity balancing). Refer to [9] for more in-depth results of this dynamic capacity balancing
method.

2.7 Resulting CD&R system architecture

To summarise the section at hand, the proposed CD&R system architecture is shown in Figure 14.
The three modules investigated in the work at hand are placed on the left side, and the information
flow between them and the air traffic is conveyed using arrows. An important note is that the
dynamic capacity management and the tactical CD&R modules can be deployed both in a distributed
and centralised manner.

Flight requests
(origin, destination, departure time)

A

Pre-departure flow-
based strategic — .
planning Mission route planning
Decongestion

Dynamic capacity advisories

management

Air traffic

\ 4

Conflict information

Tactical conflict
detection and
resolution

Conflict resolution advisories

Figure 14. Proposed CD&R system architecture for U-space operations.

3. Analysis and discussion

The following section presents an analysis of the benefits and shortcomings of the presented CD&R
methods. A comparison with other work from existing literature is used to suggest directions for
future research and development.

3.1 VLL urban airspace structure design

The method for urban airspace design presented in this work provides a rapid and low-complexity
framework for structuring a VLL urban airspace, based on previous airspace structuring experiments
and analysis performed by Doole et al. [6]. However, it is limited in leveraging the characteristics of
the urban environment and requires a considerable manual post-processing effort, mainly serving
as a functional starting point for further design iterations. For example, the strategy to optimise
for uniform connectivity across all nodes within the graph could be unsuitable in cities where traffic
patterns emerge between specific locations. In such situations, the directionality of the streets should
be set such that the capacity between nodes matches the demand.

Similar variations of this method have been previously applied [32, 33, 19], as using the existing
street network as a foundation inherently avoids buildings, thereby mitigating safety risks. It also
aligns well with privacy considerations, as aircraft would primarily operate within publicly acces-
sible spaces. However, flights could be performed more efficiently if aircraft were able to fly above


https://orcid.org/0000-0002-5462-3559

Journal of Open Aviation Science 15

buildings where possible. An approach that would enable this is the use of geofencing (i.e., re-
stricting access to certain areas) [34, 35] to more precisely delimit restricted airspace in the altitude

dimension, and thus expand the routing flexibility for U-space operations.

On the other hand, the results of our research [8] show that the use of a geospatial network graph
for defining VLL constrained urban airspace can benefit safety by increasing action predictability.
As agents are generally expected to follow the geometry of air paths, the risk of the occurrence
of a conflict can be better assessed and accounted for. This strategy can also be used if geofences
are included within the definition of allowable airspace by adapting the network graph to include
altitude-dependent edge weights that allow flying over buildings where permitted. Thus, we suggest
that future iterations of VLL urban airspace designs should investigate combining the street network
graph approach with that of geofencing to expand the capacity and efficiency of operations while
enhancing predictability.

3.2 Pre-departure strategic planning

Existing research on strategic planning for U-space operations has concentrated on developing 4D
trajectory planning methods as a pre-departure traffic management strategy. The U-space concept of
operations [4] mentions the results of the BUBBLES project [36] as a promising approach, suggesting
the use of protection zones whose areas adapt dynamically based on the assessed risk level and can
thus accommodate the heterogeneous traffic and adapt to dynamic and uncertain conditions. Perez
et al. [37] investigate how tactical manoeuvring can also be integrated within such a system that

emphasises flight prioritisation.

However, this approach implies the existence of a central agent that manages the strategic and tac-
tical routing of aircraft, which might lead to a high level of workload for air traffic controllers, or
system supervisors if a high degree of automation is employed. One method to mitigate this would
be decentralisation, as proposed by Ho et al. [38], where flight paths are deconflicted through iter-
ative negotiation among the involved agents. Another issue with using 4D trajectory deconfliction
methods, identified by Joulia et al. [18], is the decreased resilience against uncertainties due to the

over-optimisation of flight plans.

Our approach to this problem, presented in this work, delegates a considerable part of the decon-
fliction task to the agents themselves. Then, the pre-departure strategic planning module is focused
more on managing flow and capacity. This offers the benefit of reducing the complexity of the
U-space air traffic management system by not requiring strict adherence to 4D trajectories. Further-
more, it offers increased resilience against uncertainties like wind and departure delays by mitigating
traffic density and potential conflict zones. However, a limitation of this method is a reduction in op-
erational efficiency: at higher traffic densities, many aircraft are assigned less-than-optimal routes,
leading to increased average mission travel times (our experiments show an increase of 6%). Fur-
thermore, this also poses issues on how such routes should be fairly allocated among flights.

We suggest future research to focus on finding a better balance between centralised and decentralised
systems for the management of U-space operations. We obtained promising results by combining
flow capacity management (centralised) with a local tactical deconfliction algorithm (decentralised),
as the latter is better equipped to handle conflicts locally, where situational awareness is higher, and
the prediction horizon is shorter. Other methods, such as the one proposed by Ho et al. [38], promise
to further reduce the U-space traffic management system complexity and reduce the workload on
air traffic controllers. Alternative routing could also be generated using historical traffic and conflict
data, which could produce more efficient routing that only minimally deviates from the shortest
route and thus be more fair towards the involved parties.
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3.3 Dynamic capacity management

Our proposed method has an important limitation: it is a reactive method that relies on the existence
of conflict events to solve future conflict events. This limitation is especially clear in low demand
levels, where there was no significant improvement over the baseline. Therefore, adding historical
data to the decision-making, similar to Patrinopoulou et al. [39], could help improve the safety level
at low demand levels. o

However, in a broader sense, the method should be treated as one component of a more proactive
strategic approach. Such a strategy could benefit from real-time cluster information and propose
routes that avoid congested regions. Additionally, other types of demand capacity balancing actions
should be studied. Tang et al.[40] suggested dynamic airspace configuration in addition to modifying
routes. Other works by Chen et al. [41, 42] propose solutions that delay aircraft departures.

The types of actions proposed to act on capacity balancing have implications on the degree of cen-
tralisation. For example, in our work, the individual aircraft are the ones that ultimately decide
which routes to take. However, in the work of Yang et al. and Chen et al. [40, 41, 42], a central actor
decides what route to take or the magnitude of the take-off delay. However, a centralised plan could
make it difficult to ensure fairness in delays due to the impromptu nature of missions. A centralised
system also raises privacy concerns, as it might require stakeholders to publicise their routing strat-
egy. Therefore, we suggest future research to focus on (1) learning how different combinations of
actions in capacity balancing affect the safety and efficiency of air operations, (2) studying how the
effectiveness of different actions changes with different demand levels, and (3) who should oversee
these actions (the central agent or individual aircraft). It might be possible that a centralised actor
is not needed at lower demand levels. However, at very high-demand levels, the central actor could
be overwhelmed by the very high traffic demand levels and would benefit from decentralisation.

3.4 Tactical conflict detection and resolution

The U-space concept of operations [4] proposes a centralised approach to tactical deconfliction per-
formed by air traffic controllers (or an equivalent system of higher automation). The BUBBLES
project [43] presents a method through which tactical deconfliction is achieved by designating one
of the aircraft of a conflict pair as the separator (i.e., lower priority, thus must give right of way).
Jover et al. [44] build on this concept and developed a centralised algorithm that explicitly assigns

priority to aircraft in conflicting situations.

However, as in the case of pre-departure strategic planning, a centralised approach to tactical de-
confliction might limit the overall capacity of the airspace due to factors such as air traffic controller
workload or system complexity. Thus, research has also been focused on investigating the feasibility
of decentralising or automating the tactical CD&R service for VLL U-space operations. Von Roenn
et al. [45] proposed an automated and decentralised deconfliction procedure for electric vertical
take-off and landing (eVTOL) operations that maintains communication with a central traffic man-
agement authority. Ribeiro et al. [46] and Isufaj et al. [47] use reinforcement learning techniques to

study the behaviour of aircraft when cooperative tactical CD&R manoeuvring is used.

In this work, we proposed a highly conservative tactical deconfliction method that enables aircraft
to dynamically assess the local traffic situations and account for all possible conflicting situations.
Compared to previous work, the Worst-case CD&R algorithm is developed to be compatible with the
flow management module used to plan mission routes strategically. The results of our simulations
indicate that this combination can achieve a higher level of safety and robustness against uncer-
tainties by delegating the local deconfliction task to the tactical module. However, this outcome is
dependent on the structure of the airspace and how VLL constrained urban airspace operations will
be conducted, and should thus be further investigated in a wider variety of configurations.
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Firstly, the proposed worst-case method assumes that aircraft follow predictable trajectories given
by a graph-based network. If another airspace structure is to be used (e.g., geofencing), then further
adaptations are needed to achieve an equivalent safety level. Moreover, while the results of our
work indicate that vertical manoeuvring should be discouraged, the tactical CD&R module should
nonetheless be able to resolve such situations. Lastly, a wider range of uncertainties and operational
conditions need to be studied. Factors such as hyper-local weather effects, aircraft prioritisation,
and traffic heterogeneity could affect the performance of the tactical CD&R module and challenge
our current understanding of these systems.

Based on these research findings, we suggest future research to focus on improving the synergy
between the tactical deconfliction and strategic planning modules. This approach can lower the
system complexity of the VLL constrained urban airspace air traffic management service by enabling
the use of high-level automation and the distribution of the deconfliction task among all in-flight
aircraft. Tactical CD&R methods should also be adapted to account for all aspects of VLL U-space
operations, including vertical manoeuvres, take-off and landing, and a wider range of uncertainties.
This might lower the workload of air traffic controllers, and should thus increase safety [48].

3.5 Simulation of U-space operations

One of the strengths of our methodology for developing and testing the proposed CD&R methods
is the use of simulations that aim to closely represent future implementations of VLL constrained
urban airspace operations based on current traffic estimations [25]. The live demonstrations of U-
space operations performed by the Metropolis 2 project [49] show that the BlueSky Open Air Traffic

Simulator is capable of modelling drones with high accuracy.

However, the simulations we performed were still limited in capturing a complete picture of urban
airspace operations. Assumptions such as homogenous traffic, exclusion of take-off and landing
phases from the tactical phase, and the use of simplified uncertainty models [8, 17, 10] might have
a significant and unpredictable impact on the performance of a complete U-space system. This
limitation (i.e., the exclusion of some U-space services) can be found in other work in this domain as
well. Joulia et al. [18] developed a simulation framework specifically for tactical CD&R services that
only captures the services required for Phase U1 of U-space deployment. An approach towards better
understanding the interactions between services in realistic settings is the use of live demonstrations.
While the increasing prevalence of such research is a positive factor, they are still severely limited
in scope and representativeness due to the restrictiveness of local laws and their limited scale [50,

51]. o

We thus recommend that, until the opportunity for larger-scale testing arises, a unified simulation
platform is developed to simulate the implementations of all U-space services. As the use of the
BlueSky is already prevalent in this domain [27, 28, 29, 30] due to being open-source and continu-
ously adapted to match the newest developments, it is a suitable candidate to serve as a foundation
for higher-fidelity simulations. An example of such an implementation was created by Fremond et
al. [52] by integrating the use of BlueSky into a larger simulation framework that includes other U-

space services such as flight plan processing and risk assessment, and the interfaces between them.

3.6 Unified CD&R development approach

To further emphasise the necessity for a unified strategy in the development of CD&R methods, it is
important to use an integrated approach towards system design and development as a whole rather
than treating each component in isolation. Within our work, we attempted to pair CD&R compo-
nents (e.g., combining and studying the interactions between tactical CD&R and strategic planning
[17] or dynamic capacity planning [9]). However, this is insufficient for studying the interactions

between all system components, as, for example, the airspace structure design could influence what
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strategic and tactical deconfliction strategies can be used. Dynamic capacity planning could also
influence the resilience of the pre-departure flight planning method against uncertainties, as new
routes might be allocated that reduce the effectiveness of the optimisation.

Furthermore, the manner in which U-space operations are conducted within VLL constrained airspace
is dependent on unique characteristics of the urban environment itself, which can greatly vary even
within a single city. For example, the structure of the street network may be either highly orthogonal
or non-orthogonal [53]. This makes it challenging to develop generally applicable CD&R methods
that can be applied within all airspace structures and urban topologies. However, operational con-
sistency can be achieved through the use of a unified and standardised design framework that can be
applied to most urban environments. Through this, it becomes possible to identify the key aspects
of a city that are important when formulating effective CD&R strategies.

4. Conclusion

The past decade has seen great progress towards defining the framework for implementing very-low-
level (VLL) U-space operations within urban environments. Research has been dedicated towards
solving the associated challenges, including how to structure and navigate the airspace, as well as
the creation of novel procedures for the management and deconfliction of traffic.

Within this paper, we presented and critically analysed the methods we developed and investigated
for air traffic management within constrained VLL urban airspace. We primarily focused on the
cruise phase of missions, and attempted to develop and improve concepts for urban airspace struc-
ture design, pre-departure strategic planning, dynamic capacity management, and tactical conflict
detection and resolution (CD&R). Then, acknowledging the limitations of our work and compar-
ing it with other approaches found in literature, we converged on the following considerations and
recommendations for future research within this domain:

1. Utilising the airspace above the existing street network is a viable option for VLL U-space opera-
tions in urban areas. This approach should be factored into future planning, especially for areas
with prevalent high-rise structures.

2. Over-reliance on 4D trajectory planning for conflict resolution can lead to the over-optimisation
of flight plans when mission efficiency is emphasised, which negatively affects the resilience of
U-space operations against uncertainties (e.g., wind, delay).

3. The design of dynamic capacity management systems needs to account for the potential emer-
gence of undesirable behaviour and the subsequent destabilisation of the airspace system.

4. Tactical CD&R manoeuvring should be considered and used as an integral part of future system
developments instead of being seen as a last-resort module, as it can lower the overall system
complexity and interdependency, and reduce air traffic controller/supervisor workload.

5. More research should focus on understanding the effects of uncertainties such as weather and
delay, and investigating ways in which these can be predicted and mitigated, as they greatly
affect the effectiveness of pre-departure strategic planning.

6. A unified, open-source, and open-data simulation environment should be developed to better test
and integrate all U-space services and ensure their compatibility.

These recommendations should be applied and considered in function of the U-space operational
environment characteristics, including expected traffic densities, communication, navigation, and
surveillance (CNS) system performance, or required safety and efficiency levels.

In conclusion, this paper analysed the current state of research on air traffic management in con-
strained VLL urban airspace and highlighted the crucial areas for future exploration. By addressing
the complexities of uncertainty, exploring decentralisation and automation, and developing a uni-
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fied research environment, progress can be made towards the safe and efficient integration of VLL
operations into our urban landscapes.
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BlueSky can be run by executing BlueSky . py. The experiments are run by using the following
command in BlueSky: BATCH flowbatch.scn.

The results figures can be generated by copying the output logs from bluesky/output to
Results/output and running main.py.

To reproduce the dynamic capacity management experiments, the following steps should be taken:

1.

Create a new Python virtual environment (conda is preferred).

2. Download and extract python_environment.zip. Refer to the README . md instructions

to install the necessary packages.

Download and extract bluesky . zip for the BlueSky code used in the dynamic capacity man-
agement experiments.

Download and read HOWTOSCENARIOS .md to understand how to run the scenarios. Note that
only some of the city-wide scenarios should be run for this work. From the city-wide scenarios,
only run the Baseline (no capacity balancing) and the Conflict-based (with capacity balancing).
BlueSky can be run by executing BlueSky . py. The experiments are run by using the following
commands in BlueSky: BATCH citywidebaselinebatch.scn torunexperiments with no
capacity balancing, and BATCH citywideconflictbatch.scn to run experiments with
capacity balancing.

Download and extract main_experiment_ post_processing.zip then place the logs
frombluesky/output inside 1ogs. Download HOWTOCREATEPLOTS .md and read the sec-
tion on generating the city-wide scenario plots.
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