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Abstract

Urban Air Mobility (UAM) promises to reduce ground traffic and journey times by using
electric vertical take-off and landing (eVTOL) aircraft for short, low-altitude flights, espe-
cially in urban environments. However, low-flying aircraft are at particularly high risk of
collisions with wildlife, such as birds. This study builds on previous research into UAM
collision avoidance systems (UAM-CAS) by implementing one such system in the BlueSky
open-source air traffic simulator and evaluating its efficacy in reducing bird strikes. Several
modifications were made to the original UAM-CAS framework to improve performance.
Realistic UAM flight plans were developed and combined with real-world bird movement
datasets representing typical birds in sustained flight from all seasons, recorded by an
avian radar at Leeuwarden Air Base. Fast-time simulations were conducted in the BlueSky
Open Air Traffic Simulator using the UAM flight plan, the bird datasets, and the UAM-
CAS algorithm. Results demonstrated that, under modelling assumptions, the UAM-CAS
reduced bird strikes by 62%, with an average delay per flight of 15 s, whereas 27% of the
remaining strikes occurred with birds outside the system’s design scope. A small number
of flights faced substantially longer delays, indicating some operational impacts. Based
on the findings, specific avenues for future research to improve UAM-CAS performance
are suggested.

Keywords: air taxi; bird strike; collision avoidance system; conflict detection and resolution;
eVTOL; fast-time simulation; Urban Air Mobility; wildlife strike

1. Introduction
Urban Air Mobility (UAM) is emerging as a promising new method of transportation,

whereby electric vertical take-off and landing (eVTOL) aircraft provide services such as
air taxis and medical transportation in urban areas. Several companies have secured
USD 100 million of funding [1–3], and are making progress towards regulatory-type
certification for their UAM aircraft [4,5]. While offering potential benefits, such as reduced
ground congestion and faster transit times [6], there is reason for concern regarding the
risk of wildlife strikes with UAM aircraft [7,8].

Operating altitudes of UAM aircraft are expected to be no more than 4000 ft above
ground level (AGL) [9]. Wildlife strikes, and more specifically, bird strikes in commercial
aviation, are more likely at lower altitudes (more than 95% of aircraft collisions with animals
involve birds). Figure 1 shows that, from 1990 to 2023 in the United States, 91% of bird
strikes in commercial aviation occurred at or below 3500 ft altitude AGL [10]. Furthermore,
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birds are more likely to initiate escape responses to louder and larger incoming aircraft [11].
UAM aircraft are quieter and smaller than conventional aircraft, so birds are less likely to
initiate adequate escape responses, further increasing strike probability.

In addition, the regulatory requirements for bird impact resistance of UAM aircraft,
stipulated by the European Aviation Safety Agency (EASA) [12], are lower than those
of fixed-wing aircraft, and many bird species exceed these proposed requirements [8].
Therefore, the outcome of a strike is more likely to cause damage, if not a critical failure.
In the context of UAM operations, there is an increased risk to people and infrastructure
on the ground should a critical bird strike occur [13]. These two factors suggest an even
further increased risk of bird strikes, compared to current commercial transport aircraft,
caused by an increase in both the likelihood and severity of bird strikes. Hence, for UAM
to become operationally viable and safe, the bird-strike risk must be reduced.

Figure 1. Bird strikes and damaging bird strikes to commercial transport aircraft, reported to the
Federal Aviation Administration (FAA) between 1990 and 2023. Data sourced from Dolbeer et al. [10].

Wildlife Hazard Management (WHM), as required by the Civil Aviation Authorities
(CAAs) [14], is targeted at reducing wildlife hazards at aerodromes. While this has been
demonstrated to successfully reduce strikes within aerodrome boundaries, the number
of strikes is still increasing beyond the aerodrome fence due to missing off-aerodrome
measures [15]. This is especially critical in the context of UAM operations. UAM will
involve numerous, dispersed vertiports with flight paths traversing urban areas between
them. Relying solely on mitigative bird control measures for such widespread operations
would be an unreasonable burden. Therefore, a sufficient reduction in UAM bird-strike
risk will likely necessitate a combination of strategies, including mitigative bird-control
measures around vertiports, and also real-time detection and avoidance systems between
UAM aircraft and birds, such as those outlined in [7,8]. This study focuses on the latter
method of reducing bird-strike risk for UAM aircraft.

Previous research [16] proposed a concept for a UAM Collision Avoidance System
(UAM-CAS), which extends concepts for conventional conflict detection and resolution
with non-cooperative airspace users [17] by considering birds as potential Non-Cooperative
Airspace Members (NCOAMs). It features a hierarchical, rules-based approach with con-
centric envelopes around the UAM aircraft, which are dynamically calculated depending
on the relative speed between the UAM aircraft and a bird. The presence of birds in these
envelopes results in delayed take-offs in a strategic pre-flight phase, automated avoid-
ance actions in a tactical phase during flight, and requests for the pilot to take over as an
emergency response, should the automation fail to resolve the conflict. In [16], the open
air traffic simulator BlueSky [18] was used to simulate a UAM flight plan with intruders
manually placed at set positions along the route. Their results demonstrated substantially
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increased separation between the UAM aircraft and NCOAMs, with bearable airborne time
delays typically under 10% of total flight time.

Our study builds upon [16] by enhancing the existing BlueSky UAM-CAS implemen-
tation to work with any flight plan in any geographic location. The aim is to study the
collision–prevention efficacy of the UAM-CAS concept for a realistic UAM air taxi flight
plan in combination with real-world bird data collected by avian radar.

Section 2 describes the methods used in this study, including the simulation environ-
ment, bird dataset, flight plan, and UAM-CAS implementation. Section 3 presents and
discusses results, covering validation against historical strike trends, effects of UAM-CAS
on envelope incursion rates, and delays. Section 4 concludes with key findings, limitations,
and directions for future work.

2. Methods
2.1. Simulation Environment: BlueSky

BlueSky is an Open data Air Traffic Simulator tool [18], which served as the simulation
platform for this study. BlueSky is open-source, Python-based, and designed for modularity,
allowing for the development and integration of custom modules. It has previously been
enhanced with modules to represent bird movement and to detect collisions between air-
craft and birds [19]. Its existing capabilities for simulating air traffic, and its previous use in
bird-strike research [16,19,20] made it a compelling choice. The existing implementation of
UAM-CAS, which consisted of a hardcoded flight plan and manually positioned intruders,
was rewritten. A key high-level addition to its functionality is the ability to work with large
bird dataset input files, which can contain bird movement data at any geographic location.
Further changes to UAM-CAS in this study are discussed in Section 2.3.

2.2. Bird Dataset and Flight Plan

For this study, a large real-world bird movement dataset was available. This consists of
data sourced from a Robin MAX avian radar at Leeuwarden Air Base, the Netherlands [21].
The radar provides three-dimensional tracks for identified targets, which were filtered for
the classifications of small, medium, and large birds, as well as flocks, each with at least
20 recorded positions, as described in [20]. The data was then transferred into the format
of a so-called Bird Movement Plan (BMP), which is a CSV file that serves as input to the
fast-time simulation in BlueSky. Each line of a BMP represents data on one recorded bird
or flock. The data consists of time, bird ID, latitude, longitude, altitude, weight category,
flock or individual bird, number of birds, heading, speed, as well as a second bird ID. A
difference in the two IDs indicates the end of the track. Therefore, detections belonging to
the same bird/flock can be reconstructed into a track from the data.

It was found that some bird detections show high-speed and/or uncharacteristic bird
behaviour. Data points exhibiting vertical speed exceeding 5 m s−1 or horizontal speed
exceeding 20 m s−1 were excluded from envelope calculations due to the complexity of
avoidance for such birds. Such birds will be performing high-speed dives or other erratic
behaviour, and such speeds are not typical in sustained flight for birds in the European
region [22]. These limits mean that 0.31% of bird IDs had their entire track excluded from
envelope calculations. In total, 97.88% of bird IDs contained at least one data point that
exceeded these limits; it is these individual data points in the track (not the entire bird
track) that were excluded from the envelope calculations. A total of 1.81% of bird IDs
remained under the speed limits for all data points, meaning that none of their data points
were excluded from the envelope calculations. The percentage of raw data points excluded
across all input BMPs was 44.62%. Therefore, the vast majority of birds are included in
the simulation, with individual data points within their tracks excluded from envelope
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calculations. This serves to smooth out bird tracks and to focus on bird behaviour that
is more likely to represent the net movement of the bird over its track, which is more
useful for the calculation of safety envelopes with simple avoidance manoeuvres. Avoiding
consideration of these excluded data points in envelope calculations can be considered in
future work, and is discussed further in Section 4.2.

To represent bird movement across all seasons, one dataset of one week per month
of the year 2023 was selected. For each month, weeks with the lowest average rainfall, as
reported by the Royal Netherlands Meteorological Institute (KNMI) [23], were selected to
maximise the radar’s detection capabilities. Due to increased rainfall in July, two weeks of
June were selected instead to obtain a complete dataset of 12 weeks, or 84 days. Figure 2
shows the spatial distribution of one of these BMPs.

Figure 2. Minimum altitude heatmap of bird data in one BMP of the dataset recorded on 24 January
2023. The region is discretised into a 100 × 100 mesh, and the minimum altitude bird in each bin
is recorded.

As seen in Figure 2, there is a central concentration of bird data, which becomes sparser
as the distance from the radar increases. This observation aligns with the weakening of
the radar signal as the distance increases. There is a missing region of data to the South–
East; this is due to an antenna obstructing the radar, so the radar was switched off in the
corresponding azimuthal directions [24].

In addition, there are radial directions seen in Figure 2, for which the minimum altitude
of detected birds is substantially higher than all other directions. It was verified that these
shadowing observations are consistent across all 84 BMPs.

To ensure a realistic UAM flight profile, an air taxi route was developed for real-life ap-
plicability of the study, aiming to route the path through areas of the bird dataset containing
adequate bird coverage—that is, avoiding regions of radar shadowing and passing near the
centre of the radar where coverage is known to be higher. Since Leeuwarden Air Base is a
military air base, a civil air taxi service may be unrealistic in this area. As such, a real-world
use case between Eindhoven Airport and Eindhoven Central Railway Station, also in the
Netherlands, was developed, with the route designed to follow transport corridors and
avoid densely populated areas, consistent with social acceptance guidelines [25]. The 2D
top-down view of the Eindhoven flight plan is shown in Figure 3. The altitude profile is
set with a cruise altitude of 300 m, with 60% of the flight at cruise, and with a linear ascent
and descent.

https://doi.org/10.3390/aerospace13010018

https://doi.org/10.3390/aerospace13010018


Aerospace 2026, 13, 18 5 of 22

Figure 3. Two-dimensional top-down UAM air taxi route between Eindhoven Airport and Eindhoven
Central Railway Station. Satellite map data in the background sourced from [26].

In order to use the Eindhoven flight plan in conjunction with the Leeuwarden bird
dataset, the flight plan coordinates were transferred, yielding a new set of translated coor-
dinates. To perform this translation, an Equirectangular approximation method was used,
the details of which are described in Appendix A. In the end, this method of translation
resulted in a very small error in the flight plan ground length of around 0.62 m between the
Eindhoven and Leeuwarden flight plans, which, for the original 6.59 km ground length,
represents a negligible deviation of approximately 0.0094%.

The positioning of the flight plan was performed to avoid areas of radar shadowing,
which must be avoided to prevent a lack of bird data in the simulations. In addition,
side views (such as those seen in Appendix B) of the bird data were used to assist in
positioning the flight plan through high-concentration bird data regions. Considering these
requirements, the flight plan was overlaid onto the bird data, as shown in Figure 4.

Figure 4. Two-dimensional top-down view of the final flight plan overlaid onto one BMP of the
dataset recorded on 24 January 2023. Each bird observation point represents an entry in the BMP file
(a single radar detection).

2.3. UAM-CAS Implementation

To evaluate the efficacy of the UAM Collision Avoidance System (UAM-CAS), as
conceptualised by Panchal et al. [16], modification of the existing BlueSky bird plugin
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was required to dynamically calculate safety envelopes and execute the corresponding
avoidance manoeuvres. Moreover, a logging strategy to collect the required data from
the simulations was implemented. This section details the implementation of UAM-CAS
into BlueSky, covering the safety envelope calculations and the three primary avoidance
strategies: strategic, tactical, and emergency avoidance.

2.3.1. UAM-CAS

The UAM-CAS concept, as outlined by Panchal et al., proposes a hierarchical, rule-
based approach to collision avoidance, divided into strategic (pre-flight), tactical (in-flight
automated), and emergency (in-flight human intervention) phases. At the heart of UAM-
CAS are three concentric safety envelopes with respect to a UAM aircraft and a bird: caution
(outermost), warning, and collision (innermost). These are illustrated in Figure 5. The
concept suggests different safety envelope arrangements for forward and vertical flights:
intersecting circles meeting at a common point for forward flight, and concentric circles for
vertical flight. However, in this study, the envelopes are arranged as concentric circles for
all phases of flight to facilitate simulations. As discussed in Section 2.3.3, a frontal angle
filter is applied to the envelopes for bird detection. Therefore, the envelope arrangement
in this study is geometrically similar to that illustrated in Figure 5, so any effects due to
the envelope geometry in this study compared to that suggested in Figure 5 are likely to
be minimal.

Figure 5. Collision, warning and caution envelopes for various configurations in forward and vertical
flight, source: [27], used with permission.

2.3.2. Safety Envelopes

While strategic collision avoidance depends on bird presence in the initial flight path
segment (cf. Section 2.3.4), tactical collision takes place when one of the safety envelopes
around the aircraft is intruded upon. The safety envelope dimensions are functions of
several factors:

• UAM configuration (dimensions and cruise speed). To understand the influence of
UAM configuration on collision rates and the efficacy of the proposed UAM-CAS
in reducing them, it is important to consider the differentiating factors between
each of the UAM configurations. In this study, these are considered to be the cruise
speed and physical dimensions of the UAM aircraft, which are presented in Table 1.
Four UAM aircraft configurations (multicopter, liftcruise, vectored thrust, tilt rotor)
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were adopted from the previous study [16], which found that avoidance capabilities
can vary substantially between these four common UAM aircraft configurations. In
this study, the horizontal dimensions (Lmax) and cruise speeds of the four UAM
configurations are adopted from [16], which sources values from current UAM aircraft
in development. These values are shown in Table 1. The vertical dimension (Hmax)
was taken as 2.3 m for all four UAM aircraft configurations, by averaging over the
vertical dimensions of two UAM aircraft available in the literature [28,29].

• The relative horizontal and vertical speeds between the UAM aircraft and the bird.
Calculation of these values was implemented in the BlueSky bird plugin. The UAM-
CAS avoidance logic, which currently consists of simple actions such as stopping
and hovering, was found to react excessively and/or inappropriately to high-speed
and uncharacteristic bird behaviour. As such, data points exhibiting vertical speed
exceeding 5 m s−1 or horizontal speed exceeding 20 m s−1 are excluded from envelope
calculations, as discussed in Section 2.2. Avenues to improve UAM-CAS to overcome
this are discussed in Section 4.2.

• System (T0) and pilot reaction times (Tp) to the presence of a bird. T0 is the autonomous
system’s reaction time, counted from E3 (caution envelope) incursion to the initiation
of the automated tactical manoeuvre. Tp is the pilot’s reaction time counted from E2

(warning envelope) incursion to pilot action [16]. These were set in Panchal et al.’s
study to be T0 = 15 s and Tp = 12.5 s [16]. The system reaction time (T0) used in [16]
was found to be highly conservative, leading to a high number of potentially unneces-
sary avoidance manoeuvres in preliminary simulations. Hence, T0 was reduced to 5 s
for this study. Tp = 12.5 s was sourced from previous research [30]; however, in this
study, Tp was set to 5 s. Its reduction is justified by the expectation that the pilot would
receive advanced warning of an intruder once the caution envelope is intruded. The
reductions of T0 and Tp in this study align with reductions in reaction times derived
by Peinecke et al. [31] due to automated systems eliminating pilot latency.

Table 1. UAM Configurations.

UAM Horizontal Vertical Cruise Non UAM-CAS
Configuration Dimension (m) Dimension (m) Speed (knots) Flight Time (s)

Multicopter 12 2.3 48 280.67
Liftcruise 14 2.3 130 248.42

Vectored Thrust 14 2.3 134 247.85
Tilt Rotor 14 2.3 174 243.64

Equations (1)–(6) provide an overview of the spatial dimensions of the safety envelopes.
Caution Envelope:

E3H = E2H + (T0 · vh,rel) (1)

E3V = E2V + (T0 · vv,rel) (2)

Warning Envelope:

E2H = E1H + (Tp · vh,rel) (3)

E2V = E1V + (Tp · vv,rel) (4)

Collision Envelope:

E1H = Lmax (5)

E1V = Hmax (6)
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where EkH, EkV are the horizontal and vertical envelope dimensions, respectively, with
k ∈ {1, 2, 3} denoting the collision, warning, and caution envelopes, respectively. Lmax

and Hmax are the aircraft’s horizontal and vertical dimensions, and, vh,rel and vv,rel are the
relative horizontal and vertical speeds, respectively, between an aircraft and a bird.

2.3.3. Bird Detection Logic

Within the simulation, intrusion by any bird into one of the safety envelopes is tested
at every time step in the simulation as follows.

1. Distance Check: The horizontal and vertical distances between the UAM aircraft
and each bird were calculated. These distances were then compared against the
dynamically computed dimensions of the three envelopes for that specific aircraft-
bird pair.

2. Frontal Angle Check: For the caution and warning envelopes, an additional frontal
angular filter was applied. Only birds within a specified frontal arc relative to the
UAM’s heading were considered for triggering tactical or warning alerts to prevent
unnecessary reactions to birds that are abeam or behind the aircraft. This angle was
set to ±40◦ for the caution envelope and ±70◦ for the warning envelope.

If both conditions were met for any bird, an avoidance manoeuvre, as described in the
next section, was initiated.

2.3.4. Collision Avoidance

The collision avoidance in the strategic and tactical phase, as designed by [16], was
adapted as follows to facilitate their fully automated simulation in fast-time.

1. Strategic avoidance

• Original concept: Departure is delayed by five minutes if birds are detected close
to the take-off area and their movement is classified as critical.

• Implementation in this study: Strategic avoidance is activated if birds are de-
tected within a “strategic envelope” at the time of departure. This strategic
envelope was introduced in this study as a cylindrical 3D space along a certain
distance of the initial leg of the flight plan. This yields two parameters that
define the strategic envelope, namely a cylindrical length and cross-sectional
radius. These were set at 500 m and 100 m, respectively, as an initial assumption
to enable simulation.
In addition, a strategic avoidance delay parameter of 30 s was used. This specifies
the amount of time to wait after a delayed take-off due to a strategic envelope in-
trusion before trying to take off again. If birds still intrude the strategic envelope
after this delay, the bird plugin restarts the logic by initiating strategic avoidance
again. The chosen delay parameter of 30 s is shorter than the five minutes of the
original concept, to balance safety with service regularity.

2. Tactical avoidance

• Original concept: An automated “hover and descend” tactical manoeuvre is
initiated when an intruder enters the outermost caution envelope.

• Implementation in this study: Similarly to the original concept, an automated
tactical manoeuvre is initiated when an intruder enters the outermost caution
envelope. The length of time for which to maintain the hover manoeuvre was
set at 20 s. Several changes were made to the original concept to better suit it for
real-world bird data.
First, it was identified in test runs that with the default tactical avoidance action
of hover and descent, the aircraft may inadvertently descend towards birds that
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are below the aircraft. To improve this behaviour, if at the point of detection in
the caution envelope, the bird is above the UAM aircraft in altitude, then the
UAM aircraft will hover and descend. If the bird is below, the UAM aircraft will
hover and ascend.
Second, if the UAM aircraft is in the ascent or descent phase and tactical avoid-
ance is initiated, it hovers at its current altitude rather than ascending or descend-
ing. This maintains predictability and pilot control authority during these critical
flight phases.
Third, a tactical avoidance delay period is introduced. Upon the tactical avoid-
ance action completing and the aircraft resuming its flight plan, the caution
envelope is monitored for 10 s. If any bird is detected during this window, tacti-
cal avoidance is considered unsuccessful, and emergency avoidance is triggered.

3. Emergency avoidance

• Original concept: If the automated tactical avoidance manoeuvre is unsuc-
cessful in resolving the conflict, resulting in an intrusion of the warning en-
velope, the human pilot must take over to resolve the conflict in the emergency
avoidance phase.

• Implementation in this study: To model the human intervention as a determinis-
tic procedure in a simulation is challenging and beyond the scope of this study.
As such, emergency avoidance is applied in this study by assuming the human
always successfully resolves the conflict. This is implemented by clearing the
aircraft from the simulation and starting the next scheduled flight.
In the case of bird(s) intruding on the warning envelope, if the aforementioned
definition of emergency avoidance were implemented, no bird would reach
the collision envelope, so collisions would drop to zero. As such, emergency
avoidance was not implemented in this case. Therefore, the number of collisions
in the simulations is expected to be larger than in reality.
Emergency avoidance in this study is triggered if, within 10 s of resuming the
flight plan after tactical avoidance, bird(s) enter the warning envelope. In this
case, emergency avoidance was implemented. The assumption of successful
resolution in this case was deemed justified because, immediately following
tactical avoidance, the UAM aircraft would be travelling at low speeds, and
the pilot would have heightened awareness of nearby birds through both vi-
sual observation and assistance from automated detection systems. However,
in reality, successful resolution may not occur 100% of the time. Hence, this
modelling assumption, as with others, applies an upper bound on the collision
safety metrics reported in this study.

2.4. Simulation Set-Up

Simulations were set up to cover all four UAM configurations (multicopter, lift cruise,
tilt rotor, and vectored thrust) across each of the 84 BMP files. Each of the combinations was
simulated once with unimpeded flight and once with an activated UAM-CAS. This resulted
in a total of 4 (UAM types) × 84 (BMPs) × 2 (UAM-CAS states) = 672 simulation runs.
UAM aircraft were programmed to continuously execute the flight plan. Upon reaching its
destination, the aircraft is automatically deleted and then immediately re-created to fly the
same route in reverse. This reciprocal flight pattern continues for the entire 24-h duration of
the active Bird Movement Plan (BMP) file. Shell/batch (.sh/.bat) scripts, which execute the
full set of simulation runs sequentially, were created to automate the running of simulations.
Simulations were run concurrently on up to five machines: three Linux machines provided
by Imperial College’s Department of Aeronautics, a virtual machine provided by Imperial
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College’s Azure Virtual Desktop service, and an Apple MacBook Air (M1, 16 GB RAM).
Each 24-h simulation took approximately one hour to run on each machine.

2.5. Simulation Outputs

The efficacy of UAM-CAS is quantified by considering its effect on UAM safety and
the resulting operational impact. To this end, the following parameters were evaluated in
this study.

Envelope incursion rates into the collision, warning, and caution envelopes. Collision
envelope incursions yield a measurement of the number of collisions. Warning envelope
incursions yield a measurement of how often human intervention is requested. Caution
envelope incursions yield a measurement of how often automated tactical avoidance is
initiated. Rates rather than absolute numbers were selected since an overestimate of strikes
due to missing bird behaviour in the simulation is expected.

Closest points of approach (CPA) is a key metric used in the Traffic Alert and Collision
Avoidance System (TCAS), which aims to prevent mid-air collisions between aircraft [32].
A higher CPA indicates better safety in the context of aircraft in (potential) conflict. Hence,
the CPA between UAM aircraft and birds is used as another measure of the effects of
UAM-CAS on safety.

Delays as a result of UAM-CAS activation quantify the operational impact of UAM-
CAS. Delays are split into delays on the ground due to strategic avoidance and delays in
the air due to tactical avoidance.

It was anticipated, prior to running simulations, that the activation of UAM-CAS
would lead to an overall increase in safety, via a reduction in envelope incursion rates and
CPA. Operational delays were anticipated as a trade-off for safety benefits. It was expected
that envelope incursion rates may be larger than in reality, for the following reasons:

1. The reaction of birds to aircraft due to their movement and noise [11] was not modelled.
Indeed, in the study by Metz on an Air Traffic Control bird advisory system for current
commercial aviation [20], it was found that there was a threefold overestimate of bird
strikes, which was partly attributed to not modelling the reaction of birds to aircraft.

2. Some collisions that occur in the simulation may not occur in reality due to the
pilot’s response to birds that enter the warning envelope, which was not modelled in
this study.

2.6. Significance of UAM Configuration on Collision Rates

Chi-square tests were performed to investigate whether there were significant pairwise dif-
ferences in collision rates between the different UAM configurations for the baseline (non-UAM-
CAS) simulations. Level 1 chi-square analysis of 2 (collision: yes/no) × 4 (UAM configuration)
was conducted to reveal whether there were any differing collision rates overall. In case
of a significant result, level 2 chi-square analysis would be used to investigate which pair-
wise combination(s) of UAM configurations had differing collision rates. A Bonferroni
correction was applied to compensate for the multiple hypotheses arising from testing each
pairwise combination.

2.7. Validation of Baseline Simulation and Collision Trends

To bring the simulation results into context, the bird-strike rates, as observed in this
study, were compared to bird-strike counts from Leeuwarden Air Base. Monthly bird-strike
rates were available for the period from 2000 to 2022 [33].

It is hypothesised that the simulation’s bird-strike ratios and Leeuwarden Air Base’s
bird-strike ratios contain some seasonal correlation. Due to the following aspects, a moder-
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ate correlation is expected the most. It is important to note that a very strong correlation
would not be expected due to the following reasons:

1. The Leeuwarden Air Base bird-strike data is related to typical movements at Leeuwar-
den Air Base, which involve military aircraft that have significantly different flight
profiles from those of a UAM air taxi service.

2. The simulation is performed using 84 days of bird data in the year 2023, whereas the
Leeuwarden Air Base bird-strike data is collected over the period from 2000 to 2022.
Hence, the sample size of the simulation results is relatively small.

3. The simulation dataset contains a radar blind spot. (cf. Section 2.2)
4. The Leeuwarden Air Base bird-strike data does not include reliable data on the year

2023 because the runway was closed for part of that year [33].

Results of this validation are presented in the next Section 3.1.

3. Results and Discussion
The goal of this study was to evaluate the efficacy of the UAM-CAS concept to prevent

bird strikes to UAM aircraft. After a comparison to real bird-strike data of Leeuwarden
airbase, the results showing the effects of the algorithm on safety and delays are presented.

3.1. Validation

Figure 6 presents the real-world and simulation strike ratios, respectively.

Figure 6. Simulation: Average number of incursions into the collision envelope (i.e., the number
of collisions), without UAM-CAS, by month. The lack of July data is explained in Section 2.2.
Leeuwarden: Average reported monthly bird strikes per 10,000 flight movements at Leeuwarden Air
Base from 2000 to 2022 [33].

It can be seen that there is a general increase for both datasets from the winter months
to the summer months, and then a decrease from the summer months to the winter months.
The peak in August is reflected in both datasets; however, there are areas of inconsistency,
such as the bird-strike ratio in November. This is considerably lower than the surrounding
months in the Leeuwarden Air Base dataset, whereas this trough is not reflected in the
simulation’s bird-strike ratios.

The Pearson correlation coefficient between the two datasets is r = 0.36, which
indicates moderate correlation. This provides some validation that the simulation captures
fundamental aspects of bird activity and their interaction with UAM aircraft at Leeuwarden
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Air Base. The absolute collision rate in the simulation was higher than in the historical data,
which is expected considering that the simulation neither models the natural repelling
effect of airport noise and activity (cf., e.g., [34–36]) on birds, nor considers bird behaviour.

3.2. Envelope Incursion Rates

Figures 7–9 show box and whisker plots of the number of incursions per 10,000 flights
into the collision, warning, and caution envelopes, respectively, averaged across all simula-
tion runs, for each UAM configuration, with and without UAM-CAS.

Figure 7. Distribution of bird incursions into the collision envelope (i.e., actual collisions) for each
UAM configuration, per 10,000 flights. Across all configurations: nCollision incursions, non-UAM-CAS = 412,
nCollision incursions, UAM-CAS = 143.

It was hypothesised that the number of collisions occurring without UAM-CAS should
simply depend on the aircraft configuration. In Figure 7, it is seen that, as expected, the
multicopter configuration, which has the smallest dimensions, experiences the smallest
collision rates at 25.66 per 10,000 flights. The lift cruise, tilt rotor, and vectored thrust config-
urations share identical dimensions. Hence, they would be expected to experience similar
collision rates. However, the collision rate for the vectored thrust configuration is ∼21.7%
higher than the lift cruise configuration. The level 1 chi-square test revealed a difference
between observed and expected collision frequencies (χ2[3, N = 118,611] = 9.82, p = 0.020).
Therefore, level 2 testing was performed for each pair of configurations. Differences were
found only between the multicopter and vectored thrust configurations (Table 2). Note that,
due to the small number of collisions, the statistical power for inter-configuration collisions
comparison is weak; we discuss this further in Section 4.2.

When evaluating the flight characteristics of the UAM configurations (cf. Table 1), it
becomes evident that they travel at, even if slightly, different cruising speeds. While all
UAM aircraft are initialised at the same time at the start of each simulation, this leads to
increasingly different flight times, as flights are performed continuously throughout the
day. The effect further increases as soon as aircraft have to perform avoidance manoeuvres
once UAM-CAS is active. Hence, with increasing daytime, the different configurations
increasingly encounter various bird activities. Analysis of the bird data revealed peak
activities of bird data at certain times of day. Figure 10 (right axis) shows the distribution of
bird detections, averaged across all 84 BMPs, with dusk and dawn windows presented for
Leeuwarden. As seen, on average across all BMPs, there are peaks in bird activity during
the dusk and dawn windows. Because there are only 168 exposures to each BMP file for a
given UAM configuration, an aircraft may, by chance, traverse a high-activity bird peak,
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while another aircraft may, due to differences in their progress along the route (e.g., due to
prior avoidance action, differing cruise speeds), entirely avoid high-activity bird peaks. As
such, the limited interaction of the UAM aircraft with the bird data may be insufficient to
capture enough data.

Figure 8. Distribution of bird incursions into the warning envelope for each UAM config-
uration per 10,000 flights. Across all configurations: nWarning incursions non-UAM-CAS = 30,413,
nWarning incursions UAM-CAS = 10,858.

Figure 9. Distribution of bird incursions into the caution envelope for each UAM config-
uration per 10,000 flights. Across all configurations: nCaution incursions non-UAM-CAS = 82,753,
nCaution incursions UAM-CAS = 81,177.

The activation of UAM-CAS reduced collision and warning envelope incursions, but
increased caution envelope incursions, as seen in Figures 7, 8, and 9, respectively. The
average collision envelope incursion reduction was 62%. When only considering birds
excluded from envelope calculations due to excessive speed, this reduction is 49%, and for
birds included in envelope calculations due to nominal speed, this reduction is 66%. The
average warning envelope incursion reduction was 61%. The average caution envelope
incursion increase was 10%.
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Table 2. Results of level 2 (pairwise comparison of UAM aircraft configurations) chi-square tests
for configuration. Bonferroni correction for all level 2 pairs: α = 0.0083. Significant comparison(s)
marked in bold.

Pair χ2 p

Multicopter vs. Lift Cruise 2.81 0.0937
Multicopter vs. Tilt Rotor 6.50 0.0108
Multicopter vs. Vectored Thrust 8.69 0.0032
Lift Cruise vs. Tilt Rotor 1.12 0.2896
Lift Cruise vs. Vectored Thrust 2.27 0.1315
Tilt Rotor vs. Vectored Thrust 0.17 0.6806

Figure 10. Left axis: Sum of the delay of all flights in 10-min bins. Right axis: Distribution of radar
bird detections, averaged across the 84 BMPs, binned into 10-min intervals. Dawn and dusk windows
are presented for Leeuwarden.

In addition, Figures 8 and 9 show that, when UAM-CAS is active, the number of
caution envelope incursions that escalate to a warning envelope incursion is decreased.
Caution envelope incursions are, across all configurations, 174% more likely to escalate
to warning envelope incursions when UAM-CAS is inactive. This shows that UAM-CAS
resolves many potential conflicts detected in the caution envelope and substantially reduces
the need for human intervention to resolve conflicts.

The observed increase in caution envelope incursion rates is likely a consequence of
the simulation methodology. When UAM-CAS initiates an avoidance manoeuvre, such
as descending and hovering, it does so in response to bird presence, inherently stopping
the aircraft in a region of heightened bird activity. Unlike simulations without UAM-CAS,
where the aircraft continues its flight path, the UAM remains in this area of high bird
activity. Because the current simulation methodology does not model bird reactions to
aircraft, birds that might otherwise disperse from a hovering UAM aircraft in reality may,
in the simulation, continue on paths that lead to caution envelope incursions. It is therefore
anticipated that this simulated increase in caution envelope incursions during avoidance
actions would not occur (or be less pronounced) in real-world operations, where birds
would react to the aircraft’s noise, presence, and movement. For this reason, we do not
interpret the simulated increase in caution envelope incursions as a safety performance
measure, but instead as an artefact of the simulation methodology.
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3.3. Closest Points of Approach

To provide further insight into the effect of UAM-CAS on aircraft-bird separation,
Figure 11 shows the average minimum closest point of approach (CPA) of a bird from
the UAM aircraft, for each UAM configuration with and without UAM-CAS. Each value
is calculated by averaging—across all simulation runs for a given UAM configuration
and UAM-CAS status—the minimum distance recorded between all birds and the UAM
aircraft. A consistent increase in the average minimum CPA is observed across all UAM
configurations when UAM-CAS is active, providing further evidence of increased safety.

Figure 11. Minimum closest point of approach of birds that enter any of the aircraft’s envelopes from
the UAM aircraft, averaged over all simulation runs.

3.4. Delays

The discussed safety benefits of UAM-CAS are inevitably accompanied by operational
flight delays. These two factors need to be balanced. Figure 12 shows the average delay
per flight incurred due to UAM-CAS activation for each UAM configuration. In all cases,
strategic delays (on the ground delays) constituted the majority (>90%) of the average total
delay. For context, the average flight times for these configurations without UAM-CAS are
presented in Table 1. Compared to the average flight times of 244–281 s (Table 1), these de-
lays are small (all <7.5% of their total non-UAM-CAS flight time), and are likely acceptable
from an operational standpoint, especially given the >55% reduction in collisions. However,
even small delays might become more challenging with increasing traffic density. For
example, if one hovering UAM aircraft blocks a UAM corridor, it can involuntarily impose
delays on UAM aircraft following the same route. Hence, an additional study to analyse
the effects of the UAM-CAS on densely used transportation networks is recommended.

While average delays provide a general overview, they can mask occurrences of much
longer delays in individual flights. Indeed, as seen in Figure 10, delays were highly variable,
with local delay peaks throughout the day and two global delay peaks in the dawn and
dusk windows. These show a correlation with bird detections in the simulation.

This suggests that, while averaged across all flights, the delays are small, there are
certain bird prevalence conditions that may lead to a small number of flights facing sub-
stantial delays, sometimes even doubling the flight time compared to when UAM-CAS
is deactivated.

Despite these additional delays at peak times, Figure 13 shows that across all simula-
tions, collisions tend to occur more frequently around these peak times. This may suggest
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that there is little scope to reduce the sensitivity of UAM-CAS, and thus delays at peak
delay times, because the number of collisions is already highest during these times.

Figure 12. Average UAM-CAS flight delay for each UAM configuration.

Figure 13. Number of collisions across all UAM-CAS activated simulations, binned into hourly bins.
nCollisions UAM-CAS = 143.

It is important to note that the remaining number of collisions across the entirety of
the UAM-CAS simulations of this study was 143. With this small sample size, the reliability
of conclusions regarding distributions with time, such as those suggested by Figure 13,
should be taken with caution. This is consistent with the rarity of bird-strike events, and
with the intended effect of UAM-CAS to reduce collisions. At the same time, limitations of
the study, such as the lack of modelling of bird reactions to aircraft, likely increased the
number of collisions compared to that expected in reality. These limitations are discussed
further in Section 4.2.

4. Conclusions
4.1. Key Outcomes

Within this study, a previously proposed UAM-CAS concept was adapted for use in
fast-time simulations, and real-world bird movement data was used to evaluate its efficacy
in bird-strike prevention.

The simulation results demonstrated that the implementation of UAM-CAS led to an
increase in safety in UAM operations. Specifically, under the assumptions used in this study
(including always-successful emergency pilot response in the tactical resumption phase,
no bird reaction modelling, perfect bird detection, and typical birds in sustained flight),
collisions were reduced by an average of 62%. When only considering birds excluded from
envelope calculations due to excessive speed, this reduction is 49%, and for birds included
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in envelope calculations due to nominal speed, this reduction is 66%. These figures indicate
a direct increase in safety. Incursions into the warning envelope, and therefore the need
for human intervention to resolve conflicts, were reduced by an average of 61%. The
average minimum closest point of approach of birds from the UAM aircraft increased by
an average of 20%, further demonstrating increased safety. Incursions into the outermost
caution envelope increased by an average of 10%, likely due to the UAM aircraft initiating
avoidance manoeuvres and temporarily hovering in areas of bird activity. It is anticipated
that, should real-world bird reactions to aircraft be implemented, this increase would not
occur or be less pronounced since most birds aim at avoiding collisions with aircraft [37].

Operationally, the use of UAM-CAS caused average flight delays of approximately
1.25 s for in-flight tactical avoidance and 14.4 s for on-the-ground strategic avoidance.
Compared to the baseline flight times ranging from 244 s to 281 s, these delays are generally
modest (less than 7.5% of total flight time) and likely acceptable from an operational
standpoint, especially considering the substantial safety benefits. However, the analysis
also revealed that a small percentage of flights (∼1%) experienced substantially longer
delays (over 100 s), particularly during periods of peak bird activity. If the UAM-CAS
system, as tested in this study, were to be used, it may be prudent to consider the times of
peak activities of birds already when scheduling flights, such as, e.g., already performed at
some Australian airports for commercial flights [38,39]. Although not solving the issue of
delays, it is preferable from a safety and energy-consumption perspective to keep delays (a)
schedulable and (b) on the ground rather than in the air. Furthermore, given the historical
seasonal trends in bird strikes, such as those indicated in the data from this study in Figure 6
and, more generally, in aviation [40], strategic flight planning and scheduling should take
into account these trends, using techniques such as those described in [7].

A key outcome of this study is the development of an adaptable simulation environ-
ment for UAM-CAS. The implementation of UAM-CAS was designed to be geographically
independent, capable of utilising any bird dataset in BMP format from any location, unlike
previous geographically specific implementations [16]. This is a valuable tool for continued
future research into UAM-CAS.

4.2. Limitations and Future Work

This study assumed perfect and instantaneous detection of all birds in the simulation
by the UAM aircraft. In reality, sensors will have a defined capability in bird detection. In
this study, the largest envelope size of a UAM configuration, and therefore the assumed
aircraft–bird distance detection capability, was 1111 m. If, in reality, sensors cannot achieve
this, a limit should be applied on the birds that the UAM-CAS algorithm can take action
upon. If sensors cannot detect birds as early as their entry into the caution envelope, then
UAM-CAS would have less time to react to birds, which may reduce the overall effectiveness
of UAM-CAS. To the contrary, if sensors can provide the necessary coverage to detect birds as
early as their entry into the caution envelope, then the results of this study apply.

In reality, birds react to aircraft due to their movement and noise [11]. Bird reactions
were not modelled in this simulation. It was hypothesised, in the discussion, that the
increase in caution envelope incursions was due to the lack of bird reaction in the sim-
ulation. In this study, the four UAM configurations had differing cruise speeds (from
48 to 174 knots). It would be expected that the overestimate of bird strikes would be more
significant for the lower cruise speed configurations, because bird avoidance reactions
would be more effective when they have more time to react to an incoming aircraft [41,42].
In addition, it is likely that simulating bird reactions would reduce the rate of collisions
and warnings across all aspects of the results. Indeed, in the study by Metz into an Air
Traffic Control bird advisory system for current commercial aviation [20], it was found
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that there was a threefold overestimate of bird strikes, which was partly attributed to not
modelling the reaction of birds to aircraft. Future studies should implement bird reactions
into simulations. Reactions may include changes in the heading, altitude, and speed of
birds based on factors like proximity to the UAM aircraft and the noise signature and size
of the specific UAM aircraft configuration.

In addition to bird reactions, this study did not consider other ornithological factors
such as the differing weights between bird species and varying bird behaviour in different
urban environments. Such ornithological factors are important to consider for the real-
world design and deployment of UAM-CAS. For example, the effects of bird–aircraft
collisions vary from causing superficial damage to critical damage, depending on the
kinetic energy of the collision, which depends on the bird’s weight (and relative bird-aircraft
speed). This would allow for greater understanding of safety benefits, for example, whether
UAM-CAS is more or less effective at preventing high-energy (more damaging) collisions.

In the original UAM-CAS concept [16], the action defined for bird presence in the
warning envelope was for the pilot to intervene and resolve the conflict, as UAM-CAS
was deemed unable to resolve the conflict. Pilot intervention was not modelled in this
study, and in the case of emergency avoidance after tactical avoidance resumption, it was
assumed to be 100% successful. Pilot intervention should be implemented, for example, by
implementing standard aviation right-of-way rules, should a bird be present in the warning
envelope. Further studies could integrate human-in-the-loop simulations for warning
envelope incursions, further increasing the applicability of the simulation results. Taken
together with the assumptions of perfect bird detection and the absence of bird reaction
modelling, this means that the results, such as the 62% reduction in collisions reported here,
should be interpreted as an upper bound for operational performance.

In this study, 84 days’ worth of bird data across the year 2023 was available as input
to simulations. Bird strikes are rare events, and as such, the simulations with UAM-CAS
yielded a total of 143 collisions across all configurations and BMPs. This is a relatively small
number in the context of performing statistical analysis, such as extracting trends, such as
the time of day or the months of the year when more collisions occurred. Either a larger bird
dataset should be used, or a Monte Carlo simulation could be used to randomise flight plans,
thus capturing more of the existing bird data in the simulations, so that further analysis can
be performed. The bird dataset could also be expanded to include multiple years, to allow
for the detection or confirmation of cyclic trends in seasonal bird movements. This would
allow for (1) stronger confirmation, or otherwise, of the seasonal trend validation between
the simulation and Leeuwarden data (cf. Section 3.1), thus providing stronger validation,
or otherwise, that the simulation captures fundamental aspects of bird activity and their
interaction with UAM aircraft at Leeuwarden Air Base; (2) testing the performance of
different parametrisations of UAM-CAS across the seasons, to determine whether different
parametrisations may be necessary as seasons, and therefore bird movement behaviour,
change. Such parametrisations can also be made considering the different ornithological
factors. For example, urban aviation ecology may present much different bird movement
behaviour compared to rural aviation ecology, and therefore necessitate accordingly tuned
UAM-CAS parametrisations.

In addition, strategies should be devised to decouple the results of each UAM configu-
ration from the effect of different cruise speeds, causing a given configuration to encounter
or skip peaks in bird activity. This could be performed, for example, by running additional
simulations with offsets in the start time.

Several parameters in this study (e.g., UAM aircraft dimensions, system and pilot
reaction times, strategic envelope size, strategic avoidance delay duration, tactical avoid-
ance hover duration, frontal angles) were based on estimations or limited available data.
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The impact of such parameters requires further investigation. The effect of variation in
these parameters on the results should be studied by re-running simulations across various
sets of parameter values. It may be the case that a selection of differing parameters may
yield substantially better UAM-CAS performance in terms of safety improvement and
delay reduction. In addition, further differentiating parameters between UAM aircraft
configurations—such as engine/prop exposure, frontal area, and others—may lead to more
significant pairwise differences in collision rates than those found in this study (Table 2).

As explained in the methodology, to prevent reactions to high-speed and/or unchar-
acteristic bird behaviour, birds with vertical speed exceeding 5 m s−1 or horizontal speed
exceeding 20 m s−1 were ignored in envelope calculations. In the final results, on average
across all simulations, the percentage of collisions that resulted from birds that were ex-
cluded from envelope calculations due to excessive speed was 27.3% or 39 collisions out of
a total of 143 collisions. The tactical avoidance manoeuvre is relatively simple (ascend or
descend and stop for a period of time) and not suited to avoid such high-speed birds. An
investigation should be made into the effect of alternative avoidance manoeuvres. Rather
than abrupt stops, flight path adjustments could be made based on the bird’s position and
current trajectory, which would allow the flight to still progress, thus reducing delays. Such
manoeuvres could also take advantage of bird-trajectory prediction methods, allowing for
more “intelligent” decision-making. This could provide suitable avoidance action not just
for the case of high-speed birds, but also improve avoidance efficacy more generally. In
addition, the operational feasibility of such manoeuvres should be taken into account. The
current ’hover in place’ manoeuvres may be unrealistic in dense UAM operations, from
both an energy-usage standpoint, and due to blockage of the flight path. A first step to
addressing these aspects in future studies is devising multi-aircraft simulations that capture
inter-aircraft conflicts and capacity impacts.
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Appendix A
In order to use the Eindhoven flight plan in conjunction with the Leeuwarden bird

dataset, the flight plan coordinates had to be transferred, yielding a new set of translated
coordinates that capture the shape and profile of the flight plan but in a different geograph-
ical location. To perform this translation, Equirectangular approximation was used; this is
an approximation that is only accurate for sets of coordinates that are close together. In the
end, the flight plan length of ∼7 km proved to be small enough for high accuracy.

First, the longitude/latitude (λ, ϕ) coordinates of the original flight plan were con-
verted to a local (x, y) plane tangent to a reference point (the first point on the flight plan)
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and using Equations (A1) and (A2) (known as ‘Equirectangular Approximation’, equations
from [43], p. 91),

x = ∆λ · R · cos(ϕavg) (A1)

y = ∆ϕ · R, (A2)

where ∆λ is the change in longitude between a point on the flight plan and the reference
point, ∆ϕ is the change in latitude between a point on the flight plan and the reference point,
R is Earth’s radius and ϕavg is the average latitude between a point and the reference point.

Second, a rotation of angle θ is then performed in the Eindhoven (x, y) frame, to
obtain a rotated frame (x′, y′), using Equations (A3) and (A4). This facilitates the correct
positioning of the transformed Leeuwarden flight plan such that it passes close to the radar
and avoids any radar shadowed regions.

x′ = x · cos(θ) + y · sin(θ) (A3)

y′ = −x · sin(θ) + y · cos(θ) (A4)

Third, the rotated Cartesian coordinates (x′, y′) are linearly translated to Leeuwar-
den. These Leeuwarden Cartesian coordinates are then converted to longitude/latitude,
using Equations (A5) and (A6), which perform Equirectangular Approximation in reverse
(equations from [43], p. 91),

ϕnew = ϕre f + ∆ϕ (A5)

λnew = λre f + ∆λ (A6)

∆ϕ =
ytranslated

R
(A7)

∆λ =
xtranslated

R · cos(ϕre f )
, (A8)

where ϕref and λref are the latitude and longitude of the new reference point (the start of
the flight plan) and ϕnew and λnew are the Leeuwarden flight plan latitudes and longitudes.

In the end, this method results in a very small error in the flight plan ground length of
around 0.62 m between the Eindhoven and Leeuwarden flight plans, which, for the original
6.59 km ground length, represents a deviation of approximately 0.0094%.

Appendix B
Figure A1 shows an example, for one BMP, of two side views of the bird density distribution.

(a) (b)

Figure A1. Density distribution of bird detections for one BMP recorded on 24 January 2023, discre-
tised into a 100 × 100 mesh. (a) Side view 1. (b) Side view 2.
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