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Abstract

Although short-term conflict alert (STCA) is a well-established safety net in air traffic
management, STCA tailored to low-altitude urban air mobility (UAM) operations under
the provider-of-services-for-UAM (PSU)-centered framework remains underexplored. This
study proposes an STCA algorithm for UAM comprising a conflict-prediction module,
which detects simultaneous horizontal and vertical separation violations using the closest
point of approach, and a conflict-resolution module, which analytically derives alert dis-
tances for horizontal turning and vertical climbing in four encounter geometries classified
by crossing angle. For each of 25 speed pairs between 180 and 320 km/h, 108 pairwise
encounters were simulated. The alert rate increased with intruder speed, whereas the
effect of object speed reversed depending on intruder speed. With controller and pilot
reaction times sampled from kernel density estimates, the margin distances satisfying the
target level of safety of 5 × 10−9, extrapolated using a generalized Pareto distribution,
ranged from 1031 to 1882 m. A sensitivity analysis further showed that the required margin
decreased with larger bank angles and climb rates. The proposed algorithm can serve as an
alerting function for initial UAM operations involving onboard pilots and the PSU.

Keywords: urban air mobility; UAM air traffic management; conflict detection and
resolution; short-term conflict alert; algorithm; simulation

1. Introduction
There is an emerging need for future transportation systems to address traffic conges-

tion and environmental pollution caused by urban population growth [1]. Advancements
in electric motors, distributed electric propulsion, and low-noise propeller technologies
have laid the foundation for electric vertical takeoff and landing (eVTOL) vehicles [2,3].
The emergence of eVTOL vehicles has enabled a new paradigm of low-altitude urban air
transportation, referred to as urban air mobility (UAM) [4]. UAM represents an air trans-
portation ecosystem that provides passenger and cargo transport services in and around
urban areas. UAM vehicles operate within low-altitude airspace below approximately
1500 feet above ground level [4]. This concept has been extended to a broader framework
known as advanced air mobility, which includes both intracity and intercity routes [5,6].
Currently, major countries and global manufacturers are actively pursuing the development
and commercialization of UAM, with certain vehicles entering the test flight phase to obtain
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the necessary certifications; these developments indicate that UAM-related research is also
being actively conducted [7].

The Republic of Korea aims to introduce privately led UAM services by 2030. The
K-UAM Concept of Operations (ConOps) 1.5 describes the UAM air traffic management
(UATM) system that ensures the operational safety of UAM [8]. The UATM incorporates
more advanced technologies compared with existing air traffic management (ATM) systems.
However, the objectives of the UATM do not differ significantly from those of conventional
ATM [9]. Implementing the UATM requires considering complexities arising from low-
altitude flight in urban environments and the transition between piloted and unpiloted
operations. Challenges, such as (1) preventing collisions between UAM vehicles and
(2) preventing collisions between UAM vehicles and obstacles, and (3) expediting and
maintaining an orderly flow of UAM traffic, are expected to remain [10].

Maintaining separation between UAM vehicles is a core safety objective. According to
the “K-UAM ConOps 1.5,” initial UAM operations are specified to fly within designated
areas and routes, or through fixed transit corridors. When operating along designated
areas or routes rather than transit corridors, UAM vehicles may be frequently exposed to
conflicts. A conflict is defined as a scenario in which horizontal and vertical separation
between aircraft are not maintained simultaneously, representing a loss of separation.
In the ATM domain, a short-term conflict alert (STCA) is issued to enable controllers to
recognize conflicts and take appropriate action. The STCA system generates warnings
when potential conflicts are predicted. However, a resolution must be considered following
conflict detection (CD), which is referred to as conflict detection and resolution (CD&R),
to maintain minimum separation even after controller instructions and pilot actions have
been performed. Research on CD&R has been actively conducted in the conventional ATM
domain. CD&R is categorized sequentially by the time horizon into long-term (30 min to
several days ahead), medium-term (typically within 10–30 min), and short-term (typically
within 10 min) CD&R [11].

However, the direct application of existing CD&R methodologies to UAM has limita-
tions because of the flight characteristics of UAM vehicles and constrained maneuvering
capability, resulting from urban obstacles. Although UAM seeks to realize fully autonomous
flight in the long term, UAM vehicles are expected to be operated by onboard pilots during
the initial operational phase. In addition, the responsibility for ensuring separation will
rest with the provider of services for the UAM (PSU) [8]. In this transitional environment,
warnings must be issued to the PSU at an appropriate time when a conflict is predicted,
thereby enabling pilots to perform avoidance maneuvers with adequate time available.

Against this background, this study incorporates a conflict-resolution stage to maintain
minimum separation within the existing STCA and proposes an STCA algorithm for
UAM operations in low-altitude urban environments. The alert distance, which serves
as a criterion for alert issuance, is calculated geometrically for two avoidance scenarios:
horizontal turning and vertical climbing. This study addresses pairwise encounters between
two vehicles. Subsequently, simulations were conducted for 25 speed combinations ranging
from 180 to 320 km/h for the two vehicles to validate the algorithm and execute the process
of alert issuance determination and avoidance maneuvers. Through these simulations,
trends in alert rates based on UAM vehicle speed combinations were analyzed, followed
by an analysis of the overshoot distance with respect to changes in the time variable
period, denoted ∆t. In addition, the variability of controller and pilot reaction times was
incorporated using kernel density estimation (KDE). Finally, margin distances satisfying
a target level of safety (TLS) were calculated by extrapolating the tail of the empirical
cumulative distribution function (ECDF) of the overshoot distances using a generalized
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Pareto distribution (GPD). A sensitivity analysis with respect to the bank angle and the rate
of climb was also performed.

The remainder of this study is organized as follows: Section 2 reviews the related
literature on CD&R. Section 3 describes each stage of the algorithm, and Section 4 analyzes
the algorithm’s validity through simulations and presents a sensitivity analysis. Finally,
Section 5 presents the conclusions and limitations of the study.

2. Literature Review
In the conventional ATM domain, the STCA system has evolved as a core ground-

based safety net that detects the risk of separation minima violations between aircraft in real
time and provides timely warnings to controllers [12]. The Eurocontrol Guidelines for Short
Term Conflict Alert—Parts I–III established a technical framework that encompasses the
concept definition, detailed lifecycle, and optimization and validation of the system [13–15].
According to Part III, the STCA is structured fundamentally into three stages: a coarse
filter for computational efficiency in detection, a fine filter for detailed analysis, and an
alert confirmation stage that minimizes false and nuisance alerts to prevent alert fatigue
among controllers. This paper presents the algorithm as guidance material, and it does not
provide the specific logic. Therefore, this study designs a detailed logic based on short-term
CD&R, based on the algorithm presented by Eurocontrol, and subsequently integrates an
alert-generation function.

CD&R research has been conducted using geometric approaches. Bilimoria [16] pro-
posed a geometric optimization approach for conflict resolution in the horizontal plane
using the aircraft’s current position and velocity vectors. This study established a pro-
tected zone with radius Dsep centered on the intruder, modifying the trajectory so that
the relative velocity vectors of the two aircraft did not intrude into the protected zone,
satisfying the conflict-avoidance condition. To this end, closed-form analytical solutions
that minimize velocity vector changes were derived for three types of maneuvers (head-
ing change, speed change, and combined change); however, only the horizontal plane
was considered. Neither vertical separation nor dynamic constraints of the aircraft were
considered. Dowek et al. [17] extended this to three dimensions by defining a cylindrical
protected zone and predicting conflicts by calculating the time intervals during which
the trajectory of the ownship intrudes into the protected zone in a relative coordinate
system. In the conflict-resolution stage, this study searched for an optimal velocity vector
that did not intrude into the protected zone and derived independent solutions for speed,
heading, and altitude changes. However, the recovery process for returning to the original
path after the avoidance maneuver was not included. Geser and Muñoz [18] proposed a
CD&R algorithm that introduced the concept of path recovery based on a tactical algorithm
proposed by Dowek et al. [17]. They derived a solution that prevents conflicts by pairing
an avoidance path that does not intrude into the protected zone with a return path to the
original waypoint. However, characteristics such as aircraft turning were not considered
because straight-line flight was considered for both the avoidance and return processes.
Luongo et al. [19] introduced a protected zone called the cylindrical safety bubble and
proposed a three-dimensional analytical conflict algorithm. This study derived a closed-
form solution minimizing the velocity vector change by applying the Lagrange multiplier
method, and verified through Monte Carlo simulation that no collisions occurred in all
scenarios. This study targeted unmanned aircraft, and therefore, its direct application to
manned environments that require considering human factors is limited.

Recently, there has been an increase in CD&R research utilizing artificial intelligence
to optimize collision avoidance, extending beyond geometric approaches. Brittain et al. [20]
proposed the deep distributed multi-agent variable framework, which enabled aircraft
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to autonomously detect surrounding collision risks and ensure separation without con-
trollers. Papadopoulos et al. [21] proposed the ResoLver system, which combined graph
convolutional networks with reinforcement learning to support controllers. These studies
applied reward functions within the artificial intelligence framework, imposing penal-
ties for violating separation minima or taking unnecessary actions, and derived optimal
methods through iterative learning, adopting an approach different from conventional
CD&R research. Although artificial intelligence-based approaches demonstrated excellent
avoidance capabilities, they inherently exhibited the “black-box phenomenon.” The black-
box phenomenon refers to the difficulty or impossibility of understanding the internal
workings of complex models in artificial intelligence, particularly in deep learning. Given
this phenomenon, the interpretability of the decision-making process is lacking, which
still presents challenges for practical adoption in aviation safety certification and PSU
operations that require rigorous verification [22].

Furthermore, with the emergence of UAM, the research focus has been shifting from
ATM to UATM. Panchal et al. [23] proposed UAM-CAS as a collision avoidance system
for noncooperative airspace users by combining the elements of CD&R methodologies.
This study categorized surveillance, cooperation, avoidance maneuvers, and authority,
and selected four combinations for application to birds and drones. Subsequently, Panchal
et al. [24] demonstrated in a follow-up study, through high-speed simulations using the
BlueSky simulator, that the system increased the intervehicle distance at the closest point of
approach (CPA) by an average of 72% while inducing an acceptable level of delay. However,
tactical avoidance in these studies is distinguished from that in CD&R because it operates
based on an adaptation of the airborne collision avoidance system (ACAS), whereas CD&R
maintains separation through prediction. Moreover, only hovering or rule-based right
turns were applied for avoidance, and the operational scenario involving initial pilots and
PSU was not considered.

Table 1 summarizes the CD&R studies reviewed above along five dimensions relevant
to the present work: the target airspace, the type of resolution maneuver, the treatment of
human reaction latency, the provision of a residual safety margin, and the classification of
encounter geometry. Learning-based approaches [20,21] are excluded from this comparison,
since their resolution behavior is obtained from a trained policy rather than from an explicit
maneuver model, and the maneuver type, alert geometry, and residual margin therefore
cannot be compared on the same terms. All of the listed studies, including the present one,
formulate the problem as a pairwise encounter between two aircraft.

Meanwhile, the pairwise formulation summarized in Table 1 is not the only line of
research in this field. A separate body of work addresses conflicts involving three or more
aircraft. Ribeiro et al. [25] surveyed more than one hundred conflict resolution methods
and proposed a taxonomy in which the treatment of multi-actor conflicts is one of ten
classification dimensions. For distributed methods, they distinguish joint resolution, in
which a single maneuver simultaneously resolves every conflict the ownship is involved in,
from pairwise sequential and pairwise summed approaches. Their analysis indicates that a
resolution computed for one conflict pair neglects the constraints imposed by nearby aircraft
not currently involved in that conflict, so that the likelihood of inducing a secondary conflict
is never accounted for in the resolution itself; at sufficient traffic density, this produces a
chain reaction of conflicts, which they quantify through a domino effect parameter.
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Table 1. Comparison of existing pairwise CD&R studies and the proposed algorithm.

Model Target
Airspace

Resolution
Maneuver

Human
Reaction

Residual
Safety Margin

Encounter
Classification

Bilimoria [16] En-route Heading
Speed - - -

Dowek et al. [17] En-route
Heading
Altitude

Speed
- - -

Geser & Muñoz [18] En-route Heading - - -

Luongo et al. [19] Not specified
(UAS)

Heading
Altitude

Speed
- Fixed buffer -

Panchal et al. [23,24] Urban Heading
Hover Fixed - -

This study Urban Heading
Altitude

Sampled from
KDE-based PDFs ECDF-based

Four scenarios
classified by

crossing angle

The same behavior has been reported in the collision avoidance domain. Chen
et al. [26] noted that the existing TCAS resolves a multi-aircraft encounter by decom-
posing it into a sequence of pairwise conflicts and issuing resolution advisories one after
another, and that this decomposition can generate domino conflicts in which the maneuver
taken to avoid one intruder places the aircraft in conflict with a third. They further reported
that the overwhelming majority of multi-aircraft conflicts involve three aircraft, and pro-
posed a collaborative advisory logic in which the state of a potential second intruder is
predicted before the advisory for the first is issued.

Taken together, these studies indicate that a pairwise formulation, although analyti-
cally tractable, does not by itself guarantee safety once traffic density becomes high enough
that conflicting pairs can no longer be treated as independent of surrounding traffic. Nev-
ertheless, this study limits its scope to pairwise encounters between two UAM vehicles.
This scope is consistent with the initial operational phase described in the K-UAM ConOps
1.5, in which traffic along designated corridors is expected to remain at low density and
separation responsibility rests with the PSU rather than with the vehicles themselves. Ac-
cordingly, cascading conflicts among multiple vehicles and secondary conflicts induced by
the resolution maneuver are outside the scope of this study and are left for future research
addressing conditions of higher traffic density.

This study differs from previous studies in the following aspects:

(1) Detailed logic incorporating conflict resolution was developed based on the algorithm
presented by Eurocontrol. Unlike previous studies, the reliability of the proposed
algorithm was enhanced by building on an officially recognized algorithm.

(2) The horizontal avoidance direction was classified according to the crossing angle
between the tracks of the vehicles, performing avoidance maneuvers appropriate
for each scenario. This approach minimized the turn angle for each crossing angle,
thereby ensuring shorter turn times. However, recovery to the original path after
turning was assumed to be performed under controller instructions.

(3) The horizontal and vertical avoidance distances were compared to identify the most
efficient avoidance option. For vertical avoidance, only climbing avoidance was ap-
plied to prevent collisions with obstacles that might result from descending avoidance
during low-altitude flight in urban environments.
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(4) Reaction times, which were applied as fixed values or were not considered in previous
studies, were incorporated as variables. The probability density functions (PDFs)
calculated by applying kernel density estimation (KDE) to the controller and the pilot
reaction time data measured in previous studies were sampled. The realism of the
algorithm was enhanced by applying reaction times as variable values instead of
fixed values.

Based on these differentiating aspects, this study proposes an STCA algorithm appli-
cable to the initial UAM operational environment. The algorithm proposed in this study
is expected to be suitable for the initial phase, during which PSU and pilot operations
are conducted.

3. STCA Algorithm
3.1. Algorithm Flowchart

STCA is a concept that provides warnings to controllers rather than a specific sys-
tem [27]. Accordingly, differences exist in the STCA based on how each ATC system
developer implements this concept. This study constructs an algorithm incorporating
the detailed avoidance logic by referencing and adapting the Eurocontrol document, as
illustrated in Figure 1.

Figure 1. Flowchart of the proposed STCA algorithm for UAM operation.

This algorithm is divided into conflict-prediction and conflict-resolution modules.
The conflict-prediction module comprises the horizontal conflict-prediction stage, vertical
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conflict-prediction stage, and separation violation overlap verification stage, through which
the collision possibility of UAM vehicle pairs is determined. The pair proceeds to the
conflict-resolution module when the horizontal and vertical distances between vehicles
are predicted to simultaneously fall below their respective separation minima during
any interval. In the conflict-resolution module, the crossing angle between two UAM
vehicles is determined, and the horizontal and vertical avoidance distances are calculated.
Subsequently, an appropriate value is selected from the two distances to determine the
optimal avoidance maneuver. Finally, alert issuance is determined by comparing the
avoidance distance with the current state of the UAM vehicles.

3.2. Conflict-Prediction Module

A UAM conflict is defined as a scenario in which the distance between UAM vehicles
fails to simultaneously satisfy the prescribed horizontal separation minimum Shmin and
vertical separation minimum Svmin. An avoidance maneuver is required when a UAM
conflict is predicted. In this context, the UAM vehicle performing the avoidance maneuver
is defined as the intruder, and the UAM vehicle continuing along its original path is defined
as the object. As illustrated in Figure 2, this scenario can be represented as the intruder
entering a cylindrical protected zone defined around the object, where the radius of the
cylinder is Shmin and the height is 2·Svmin.

Figure 2. Intrusion of the intruder into the protected zone.

In Figure 2, the red arrow denotes the velocity vector of the intruder aircraft (vint), the
blue arrow denotes the velocity vector of the object aircraft (vobj), and the yellow dashed
arrow denotes the relative velocity vector (vobj − vint). The gray cylinder represents the
protected zone of the object aircraft, defined by the minimum horizontal separation (Shmin)
and the minimum vertical separation (Svmin).

In the horizontal conflict-prediction stage, the position of each vehicle was calculated
from the initial position coordinates to the prediction time tpred using Equation (1), and the
horizontal distance Dh between the vehicles was subsequently computed.

Dh(t) =

⌜⃓⃓⎷ {︂(︁
xobj − xint

)︁
+
(︁
vobj,x − vint,x

)︁
· t
}︁2

+
{︁(︁

yobj − yint
)︁
+
(︁
vobj,y − vint,y

)︁
· t
}︁2, t ∈

{︁
0, . . . , tpred

}︁
, (1)

where xobj, yobj, vobj,x, and vobj,y represent the x and y coordinates and the velocity vec-
tors (m/s) of the object, respectively, and xint, yint, vint,x, and vint,y represent the x and y
coordinates and velocity vectors (m/s) of the intruder, respectively.

As the time variable t increases, the two vehicles diverge and no alert is necessary
when Dh(t) increases. Conversely, the two vehicles converge if Dh(t) decreases. If the
distance between the two vehicles is less than Shmin, there is a possibility of a separation
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violation, and the algorithm must continue to assess this issue. Dh(t) decreased to a local
minimum and increased subsequently. The time variable t at which Dh(t) reaches its
minimum is defined as tCPA, which is the time of the closest approach between the two
vehicles, as indicated in Equation (2).

tCPA =

(︁
xobj − xint

)︁(︂→
v int,x −

→
v obj,x

)︂
+
(︁
yobj − yint

)︁(︂→
v int,y −

→
v obj,y

)︂
(︂→

v obj,x −
→
v int,x

)︂2
+
(︂→

v obj,y −
→
v int,y

)︂2 . (2)

The horizontal distance at the closest point of approach DCPA can be calculated by
substituting tCPA into Equation (1). If DCPA is predicted to be smaller than Shmin, the
horizontal separation minimum is determined to be unsatisfactory. Subsequently, the
vertical conflict-prediction stage was performed to assess whether a vertical separation
violation occurred.

Although the horizontal conflict-prediction stage calculates the conflict risk based on
the horizontal distance, the vertical conflict-prediction stage calculates the vertical distance
Dv using the altitude difference and vertical velocities of the two vehicles, as indicated in
Equation (3).

Dv(t) = | (zobj − zint) + (vobj,z − vint,z) · t |, (3)

where zobj and vobj,z represent the altitude and vertical velocity (m/s) of the object, respec-
tively; and zint and vint,z represent the altitude and vertical velocity (m/s) of the intruder,
respectively.

If Dv is less than Svmin, the minimum vertical separation is determined to be unsatisfac-
tory, and the process proceeds to the overlap verification stage because both the horizontal
and vertical separations are predicted to be violated.

As defined previously, conflict does not occur if either horizontal or vertical separa-
tion is maintained. Therefore, as illustrated in Figure 3, the algorithm verifies whether
an overlap occurs between the predicted horizontal and vertical separation violations.
For example, if a horizontal separation violation occurs first and a vertical separation
violation begins subsequently during that interval, this constitutes an overlap of horizon-
tal and vertical separation violations. When such an overlap occurs, the vehicle pair is
determined to be in conflict within the prediction time, and the process proceeds to the
conflict-resolution module.

Figure 3. Overlap between horizontal and vertical separation violations.

In the Figure 3, the dashed vertical lines indicate the start and end instants of each
separation violation: tHS and tHE denote the start and end of the horizontal separation
violation, and tVS and tVE those of the vertical separation violation. The hatched area,
which in this example spans from tVS to tHE, denotes the overlap period during which the
horizontal and vertical separation minima are violated simultaneously.
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3.3. Conflict-Resolution Module

The distance required for conflict avoidance must be calculated for a vehicle pair to
resolve a conflict identified by the conflict-prediction module. The intruder can either turn
horizontally to satisfy the minimum horizontal separation or change altitude to satisfy the
minimum vertical separation.

Three types of turning maneuvers are applied to achieve the minimum horizontal
separation. When two vehicles fly in parallel, the intruder performs a turn that does
not intrude into the protected zone of the object. In contrast, the intruder turns to avoid
intruding into the zone separated by Shmin from the track of the object when the two vehicles
fly on crossing tracks. A left turn was applied when two vehicles crossed at an acute angle,
and a right turn was applied when they crossed at an obtuse angle.

A climbing-avoidance maneuver was applied to achieve the minimum vertical sepa-
ration. The adoption of climbing avoidance reflected the characteristics of UAM vehicles
operating in low-altitude urban environments. If a descending avoidance maneuver is
performed in a low-altitude environment, there is a risk of collision with urban obstacles;
therefore, climbing avoidance can enhance safety.

The threshold distance at which an alert must be issued for the intruder to success-
fully complete an avoidance maneuver and satisfy Shmin is defined as dh_alrt, whereas the
threshold distance at which an alert must be issued for the intruder to climb and satisfy
Svmin is defined as dv_alrt.

3.3.1. Horizontal Turning Scenarios

This study classified four scenarios based on the crossing angle to ensure efficient
avoidance:

1. Two vehicles flying in parallel in the same direction (θ = 0◦)
2. Two vehicles on crossing tracks with an acute crossing angle (0◦ < θ < 90◦)
3. Two vehicles on crossing tracks with an obtuse crossing angle (90◦ ≤ θ < 180◦)
4. Two vehicles flying in parallel in opposite directions (θ = 180◦)

The turning radius of the UAM vehicle (r) must be determined first to perform the
horizontal turning maneuvers according to the above scenarios. Subsequently, the horizon-
tal avoidance distance, considering the turning radius, was calculated for each scenario.
The turning radius of the UAM vehicle was derived from the turn equations illustrated in
Figure 4.

Figure 4. Forces acting on a UAM vehicle during a turn.
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When a UAM vehicle performs a turning maneuver, the basic motion equations
expressed in Equations (4) and (5) were established based on the horizontal and vertical
components of the lift.

Lsin ϕ =
mυ2

r
, (4)

L cosϕ = m · g, (5)

where L, ϕ, m, v, r, and g represent the lift (N), bank angle (deg), mass (kg), speed (m/s),
turning radius (m), and gravity (9.80665 m/s2), respectively.

The relationship among the distance from the center of the turn, speed, and angular
velocity is expressed in Equations (6) and (7):

υ = ω · r, (6)

ω =
v
r
=

gtan ϕ

v
, (7)

where ω represents the angular velocity (rad/s).
Using unit conversion, the turn rate R (deg/s) of the UAM vehicle can be computed

as shown in Equation (8):

R =
180
π

ω =
180
π

· gtan ϕ

v
=

6355tan ϕ

πV
. (8)

where V represents the speed (km/h).
Based on R, the turning radius r of the vehicle was derived as shown in Equation (9):

r =
V

20πR
. (9)

where r is expressed in km for V in km/h and R in deg/s.

3.3.2. Horizontal Overtaking and Head-On Scenarios (θ = 0◦ or 180◦)

The horizontal overtaking (θ = 0◦) and head-on (θ = 180◦) conditions are shown in
Figure 5. The intruder performs a turn to avoid intrusion into the protected zone of the
object when the tracks of the two vehicles are parallel. In Figure 5, the red lines indicate
the trajectories s of the vehicles, the blue lines are auxiliary elements used for the distance
calculation, and the grey region denotes the protected zone. The same applies to the
subsequent scenario figures.

In the horizontal overtaking and head-on scenarios, dh_alrt is determined using
Equation (10).

dh_alrt =

⌜⃓⃓⃓
⎷{︂⃦⃦⃦→v int · trxn,roll −

→
v obj · (trxn,roll + tmnvr)

⃦⃦⃦
+ (Shmin + r) · sinα

}︂2

+DCPA
2

(θ = 0◦ or 180◦)

(10)

dh_alrt calculates the initial distance between the vehicles required from the moment
an alert is issued through controller–pilot communication until the completion of the
avoidance maneuver by the intruder. In Equation (10),

→
v int,

→
v obj, trxn,roll, tmnvr, and α

represent the velocity of the intruder (km/h), velocity of the object (km/h), the sum of the
controller reaction time and roll response time (s), the time required for the intruder to
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complete a turn (s), and turn angle (deg), respectively. α, tmnvr, and trxn,roll are, respectively,
expressed as Equations (11)–(13)

α = cos−1 r + DCPA
r + Shmin

, (11)

tmnvr =
α

R
, (12)

trxn,roll = tctrl + troll, (13)

where tctrl and troll represent the controller reaction and roll response times (s), respectively.

Figure 5. Plan view of the horizontal alert distance: (a,c) overtaking; (b,d) head-on.

3.3.3. Horizontal Crossing Scenarios (0◦ < θ < 180◦)

The intruder turns to maintain a safe distance of Shmin from the track of the object
when the tracks of the vehicles cross. The horizontal crossing scenarios are classified into
acute (0◦ < θ < 90◦) and obtuse (90◦ ≤ θ < 180◦) crossings, with different turn directions
applied to each.

• 0◦ < θ < 90◦

As illustrated in Figure 6, the protected zone is defined as the area within a distance of
Shmin from the track of the object when two vehicles cross at an acute angle. The intruder
performs a left turn to avoid intrusion into this protected zone. The dh_alrt for this scenario
is derived using Equations (14) and (15).

dh_alrt = Shmin + r − rcosα +
(︂⃦⃦⃦→

v int

⃦⃦⃦
· trxn,roll

)︂
sinα (0◦ < θ < 90◦), (14)

α = θ. (15)
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Figure 6. Plan view of the horizontal alert distance in an acute crossing scenario.

• 90◦ ≤ θ < 180◦

As shown in Figure 7, when the two vehicles cross at an obtuse angle, the protected
zones are identical, and the intruder turns right to avoid entering this zone. In this case,
dh_alrt is derived using Equations (16) and (17).

dh_alrt = Shmin + r − rcosα +
(︂⃦⃦⃦→

v int

⃦⃦⃦
· trxn,roll

)︂
sinα (90◦ ≤ θ < 180◦) (16)

α = 180 − θ (17)

Figure 7. Plan view of the horizontal alert distance in an obtuse crossing scenario.

3.3.4. Vertical Climbing Scenarios

The vertical climbing scenarios are classified into four categories based on the crossing
angle, which is identical to the horizontal turning scenarios:

1. Two vehicles flying in parallel in the same direction (θ = 0◦)
2. Two vehicles on crossing tracks with an acute crossing angle (0◦ < θ < 90◦)
3. Two vehicles on crossing tracks with an obtuse crossing angle (90◦ ≤ θ < 180◦)
4. Two vehicles flying in parallel in opposite directions (θ = 180◦)

The climb rate of the UAM vehicle must be considered to achieve the minimum vertical
separation through climbing. Figure 8 illustrates forces acting on a climbing UAM vehicle.

When a UAM vehicle climbs at a constant speed with a climb angle of γ (deg), the force
relationships along the flight direction and the perpendicular direction are, respectively,
expressed by Equations (18) and (19):

T = D + W sinγ, (18)

sinγ =
T − D

w
, (19)
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where T, D, Wsinγ and Wcosγ represent the thrust (N), drag (N), horizontal component of
weight along the flight direction (N), and vertical component of weight perpendicular to
the flight direction (N), respectively.

Figure 8. Forces acting on a UAM vehicle during a climb.

The rate of climb (C) is a value indicating how much the altitude increases per unit time
(m/s), and is calculated using the speed v and climb angle γ as shown in Equation (20):

C = v · sinγ. (20)

The climb time tclb can be calculated by dividing the required altitude gain ∆h by the
climb rate as shown in Equation (21):

tclb =
∆h
C

. (21)

3.3.5. Vertical Overtaking and Head-On Scenarios (θ = 0◦ or 180◦)

The vertical overtaking and head-on scenarios are shown in Figure 9. The intruder
climbs to avoid entering the protected zone of the object, and the horizontal distance
between the two UAM vehicles after the climb is set to Shmin.

Figure 9. Plan and profile views of the vertical alert distance: (a) overtaking; (b) head-on.
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In the vertical overtaking and head-on scenarios, dv_alrt is determined using
Equation (22):

dv_alrt =

√︂
lon2 + lat2 (θ = 0◦ or 180◦), (22)

where lon represents the longitudinal distance between the two vehicles, and lat represents
the lateral distance between the two vehicles.

lon is calculated using Equation (23):

lon = Reaction phase + Climb Phase + Buffer, (23)

where Reaction Phase represents the difference in distance after the two UAM vehicles have
traveled during trxn,thr, as expressed by Equation (24):

Reaction phase =
(︂⃦⃦⃦→

v int −
→
v obj

⃦⃦⃦)︂
· trxn,thr, (24)

where Climb Phase represents the difference in horizontal distances traveled by the two
vehicles after the intruder has climbed, which is calculated using Equation (25):

Climbphase =

√︃(︂⃦⃦⃦→
v int

⃦⃦⃦
· tclb

)︂2
− ∆h2 −

⃦⃦⃦→
v obj

⃦⃦⃦
· tclb · cos θ (25)

where ∆h represents the height (m) that the intruder must climb to satisfy Svmin. Buffer
represents the distance from the point of entry to the CPA computed using Equation (26):

Buffer =
√︂

S2
hmin − D2CPA, (26)

where trxn,thr represents the sum of the controller reaction time and throttle response time
(s), as expressed in Equation (27):

trxn,thr = tctrl + tthr. (27)

where tthr represents the throttle response time (s).
lat is the distance between the tracks of the two UAM vehicles, which is equal to DCPA.

lat = DCPA (28)

3.3.6. Vertical Crossing Scenarios (0◦ < θ < 180◦)

Similar to the horizontal crossing scenarios, the intruder climbs to recover Svmin while
maintaining a horizontal distance of at least Shmin from the object track in vertical crossing
scenarios. These scenarios are classified into acute and obtuse angles, identical to the
horizontal crossing scenarios.

• 0◦ < θ < 90◦

As illustrated in Figure 10, the protected zone is established identically to the horizon-
tal crossing scenario. The horizontal distance between the intruder and the object track
after the climb is set to Shmin. The dv_alrt for this scenario is derived using Equation (29).

dv_alrt = Shmin +

(︄⃦⃦⃦→
v int

⃦⃦⃦
· trxn,thr +

√︃(︂⃦⃦⃦→
v int

⃦⃦⃦
· tclb

)︂2
− ∆h2

)︄
sinθ.

(0◦ ≤ θ < 90◦)

(29)
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Figure 10. Three-dimensional view of the vertical alert distance in an acute crossing scenario.

• 90◦ ≤ θ < 180◦

The obtuse-crossing scenario is illustrated in Figure 11, and the settings are identi-
cal to those of the acute-crossing scenario. The dv_alrt for this scenario is derived using
Equation (30).

dv_alrt = Shmin +

(︄⃦⃦⃦→
v int

⃦⃦⃦
· trxn,thr +

√︃(︂⃦⃦⃦→
v int

⃦⃦⃦
· tclb

)︂2
− ∆h2

)︄
sin(180 − θ).

(90◦ ≤ θ < 180◦)

(30)

Figure 11. Three-dimensional view of the vertical alert distance in an obtuse-crossing scenario.

3.4. Determination of the Optimal Avoidance Maneuver and Alert Generation

The more appropriate avoidance maneuver between the two options must be deter-
mined after the avoidance distances are calculated for each scenario. In this study, the
optimal avoidance maneuver is determined according to the following conditions:

Optimal Avoidance Type

{︄
Horizontal if dh_alrt ≤ dv_alrt

Vertical if dh_alrt > dv_alrt
.

Selecting a longer avoidance distance as the criterion can conservatively enhance
safety by advancing the alert issuance timing. However, this may increase the frequency
of false alarms in scenarios where there is no actual conflict risk. Furthermore, excessive
alerts can induce alert fatigue in controllers, degrading their response capabilities in actual
emergency scenarios, which can undermine overall safety.

In contrast, selecting a shorter avoidance distance as the criterion can delay the alert
issuance timing, reduce unnecessary alerts, and improve operational efficiency. However,
there is a risk that the pilot may not complete the avoidance maneuver within the available
response time if the alert issuance timing is excessively delayed.

In this study, the shorter avoidance distance between the two is selected as the alert
threshold distance. The shorter avoidance distance implies an efficient maneuver that can
restore the minimum separation more rapidly. The possibility of false alerts can be reduced
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by providing additional time before an alert is issued. In the early UAM operational phase
targeted by this study, an onboard pilot is present, and the PSU’s judgment and intervention
play a central role. Keeping the alert frequency at a reasonable level is therefore all the
more important.

After determining the type of avoidance maneuver, it must be determined whether
the current distance between UAM vehicles warrants an alert. The distance criterion for
alert issuance is defined differently based on the geometric relationship between the tracks
of the two UAM vehicles.

When the UAM tracks are parallel (θ = 0◦ or 180◦), the two vehicles fly in the same or
opposite direction, and the horizontal distance Dh between the vehicles serves as a direct
indicator of conflict risk. Therefore, the alert issuance is determined by directly comparing
the current Dh with the calculated alert distance dh_alrt or dv_alrt.

In contrast, the simple horizontal distance Dh does not serve as an appropriate criterion
for alert issuance when the UAM tracks cross (0◦ < θ < 180◦). In crossing scenarios, the
intruder’s closeness to the track extension of the object reflects the conflict risk more
accurately than the straight-line distance between the vehicles. Accordingly, in crossing
scenarios, the perpendicular distance l between the current position of the intruder and the
track extension of the object is calculated using Equation (31):

l(t) =

⃦⃦⃦→
ν obj,y ·

(︁
xint − xobj

)︁
−→

ν obj,x ·
(︁
yint − yobj

)︁
+
(︂→

ν obj,y ·
→
ν int,x −

→
v obj,x ·

→
ν int,y

)︂
· t
⃦⃦⃦

√︃
→
ν obj,x

2
+

→
ν obj,y

2
, (31)

Equation (31) is based on the point-to-line distance formula and expresses the distance
between the track extension defined by the velocity vector direction of the object and the
intruder as a function of the time variable t.

4. Validation Through Simulation
The algorithm was validated through simulations to verify whether alerts were issued

at the appropriate timing. The algorithm was implemented in MATLAB R2024b (The
MathWorks, Inc., Natick, MA, USA) on a desktop computer equipped with an Intel® Core™
i7-14700F CPU @ 2.10 GHz (Intel Corp., Santa Clara, CA, USA), 32.00 GB of RAM, and an
NVIDIA GeForce RTX 4060 Ti graphics card (NVIDIA Corp., Santa Clara, CA, USA). The
average computation time per run was approximately 162 µs. For each of the 25 speed pairs
formed from cruise speeds of 180, 220, 250, 280, and 320 km/h, 108 simulations of pairwise
encounters were performed. The procedure for each case follows the algorithm flowchart
illustrated in Figure 1. The baseline parameters were set to a reaction time of 10 s, a bank
angle of 20◦, and a climb rate of 900 fpm. In the simulation, the actual reaction time of each
case was sampled from the KDE described in Section 4.2.5, and the resulting deviation from
the intended separation was measured. The positions and velocity vectors of two randomly
generated vehicles are updated, and the conflict-prediction module determines whether
the simultaneous violations of the horizontal and vertical separation minima are possible.
The conflict-resolution module calculates the horizontal and vertical alert distances based
on the crossing angle and determines the alert issuance by comparing the calculated alert
distance with the current state when a conflict is predicted. The intruder flies straight
during the controller and pilot reaction time when an alert is issued, and then performs a
turning maneuver if horizontal avoidance is required or a climbing maneuver if vertical
avoidance is required.

Simulation results were analyzed using four indicators: (1) the alert rate is defined
as the proportion of cases in which the algorithm issued an alert out of the total cases and
was used to analyze the alert trend according to speed combinations; (2) the overshoot rate
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is defined as the proportion of cases in which the distance between the two vehicles fell
below the separation minimum even after the avoidance maneuver, among cases where an
alert was issued, and the change was analyzed by reducing ∆t; (3) the overshoot distance,
defined as the difference between Shmin and the minimum distance between the vehicles
after the turning maneuver, was measured using reaction times sampled from the KDE, and
the ECDF was derived from these measurements. Based on the ECDF, the margin distance
required for each speed pair to avoid violating the separation minima was determined;
(4) a sensitivity analysis of the margin distance with respect to the bank angle and the climb
rate was performed.

4.1. Assumptions

Simulations were conducted based on the following assumptions:

• The north–east–down (NED) coordinate system was used, where the x-axis represents
east, and the y-axis represents north.

• The initial position of each UAM vehicle is randomly generated.
• Each vehicle cruises at a constant altitude on a randomly assigned heading, maintain-

ing that heading until an avoidance maneuver is initiated.
• The velocity of each UAM vehicle remains constant during cruise.

4.2. Simulation Environment Configuration

The simulation results vary based on the parameter values. In this study, the simula-
tions were conducted using the parameters listed in Table 2. All units were converted to
the SI unit system before being applied to the equations.

Table 2. Parameters applied in the simulation.

Parameter Value

tpred 80 s

Cruise speed 180 km/h 220 km/h 250 km/h 280 km/h 320 km/h

Shmin 1.5 NM

Svmin 500 ft

ϕ 15◦ 20◦ 25◦

C 800 fpm 900 fpm 1000 fpm

trxn,roll

Design: 10 s
Actual: Sum of samples drawn from the PDFs of

controller reaction time and roll response time

trxn,thr

Design: 10 s
Actual: Sum of samples drawn from the PDFs of

controller reaction time and throttle response time

4.2.1. Prediction Time (tpred)

An appropriate prediction time must be established for STCA alert generation. The
computational speed can decrease, and unnecessary predictions may increase if the predic-
tion time is excessively long. Conversely, the time required for the UAM vehicle to perform
a sufficient number of turns may not be secured if the prediction time is too short. The
Eurocontrol document suggests 80–120 s as an appropriate prediction time. This study
adopted the lower bound of the suggested range (80 s) as the prediction time. The speed of
UAM vehicles is relatively low, and the traffic volume is not expected to be high during the
initial phase. Therefore, 80 s was applied as the default, and it can be adjusted by the user
as required.
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4.2.2. Cruise Speed

Zewde and Raptis [28] surveyed the currently developing eVTOL-type UAM vehi-
cles and their performance specifications, as presented in Table 3. Examining the max-
imum speeds of publicly available eVTOL vehicles revealed that the vectored-thrust
Joby S4 2.0 (Joby Aviation, Inc., Santa Cruz, CA, USA) exhibited the highest speed at
321.9 km/h, whereas the Lilium Jet (Lilium GmbH, Wessling, Germany) was in the range of
249.4–281.6 km/h. In contrast, the lift-plus-cruise Eve V3 (Eve Air Mobility, Melbourne, FL,
USA) and Cora (Wisk Aero LLC, Mountain View, CA, USA) achieved speeds of 241.4 and
177.0 km/h, respectively. Wingless configurations such as the EHang (EHang Holdings
Ltd., Guangzhou, China) and Volocopter (Volocopter GmbH, Bruchsal, Germany) series
achieved speeds of only 90–102 km/h, suggesting a significant speed variation among
vehicles. Considering these vehicle speed performances comprehensively, the viable speed
range was determined to be distributed approximately within the 170–320 km/h range.
Therefore, in this study, the UAM speeds were set incrementally within this range, with a
lower bound of 180 km/h, a median value of 250 km/h, and an upper bound of 320 km/h.

Table 3. Development status of eVTOL vehicles.

Types of
eVTOL Aircraft Manufacturers Model Speed

Vectored thrust Joby aviation Joby Aviation S4 2.0 321.9 km/h
Lilium GmbH Lilium jet 281.6 km/h

Lilium jet 249.4 km/h
Lift + Cruise Eve Air Mobility Eve Air Mobility Eve V3 241.4 km/h

Wisk Wisk Aero (formerly Kitty Hawk) Cora (Generation 4) 177.0 km/h
Wisk Aero Cora (Generation 5) (autonomous) 177.0 km/h

Wingless EHang holdings EHang 116 99.8 km/h
EHang 216 99.8 km/h

Volocopter
GmbH Volocopter 2X 101.4 km/h

Volocopter VoloCity 90.1 km/h

Note: Joby Aviation, Inc. (Santa Cruz, CA, USA); Lilium GmbH (Wessling, Germany); Eve Air
Mobility (Melbourne, FL, USA); Wisk Aero LLC (Mountain View, CA, USA); EHang Holdings Ltd.
(Guangzhou, China); Volocopter GmbH (Bruchsal, Germany).

4.2.3. Separation Minima (Shmin, Svmin)

Standard separation minima for UAM operations are yet to be internationally estab-
lished. According to the Federal Aviation Administration (FAA; UAM ConOps v1.0 and
v2.0 [5]), it is expected that pilots will be onboard during the initial UAM operational phase,
and operations will be conducted under visual flight rules (VFR). Accordingly, this study
adopted the separation minima applied in existing VFR environments to reflect the VFR
characteristics of the initial UAM operational environment.

The minimum horizontal separation Shmin was set to 1.5 NM. According to ICAO Doc.
4444, the general horizontal separation minima under radar surveillance-based control
environments are 5 NM for en-route airspace and 3 NM for terminal control areas [10]. In
contrast, according to FAA Order 7110.65, the VFR aircraft must be separated from VFR
and IFR aircraft that weigh more than 19,000 lbs and turbojets by no less than 1.5 NM [29].
This value represents the minimum applicable separation standard currently in effect, and
therefore, 1.5 NM was conservatively adopted as the horizontal separation minimum.

The vertical separation minimum Svmin was set to 500 ft. According to ICAO standards,
the IFR vertical separation minimum is 1000 ft below FL290 [10]; however, this criterion is
predicated on high-altitude aircraft under instrument flight rules. In VFR environments,
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the FAA applies a vertical separation minimum of 500 ft for VFR aircraft operating within
Class B airspace; therefore, this study adopted a vertical separation minimum of 500 ft [29].

However, the separation minima applied in this study are not officially established
UAM-specific criteria. These criteria are based on existing air traffic standards for VFR
operational environments, and parameter adjustments may be necessary when separation
minima suitable for the UAM environment are established in the future.

4.2.4. Bank Angle/Rate of Climb (ϕ, C)

The alert timing is significantly affected by the bank angle and rate of climb. Higher
bank angle and rate of climb shorten the time required for avoidance. However, established
benchmarks are currently lacking because UAM has not yet been commercialized and is
still under development. Therefore, the bank angle specified in the ICAO document was
applied for turning, and the helicopter climb rate presented in the Eurocontrol Base of
Aircraft Data (BADA) Family H was applied for the rate of climb [30,31].

4.2.5. Pre-Maneuver Reaction Time (trxn.roll, trxn.thr)

This study used the controller reaction time and pilot roll and throttle response time
data obtained through the human-in-the-loop process to account for the variability of hu-
man factors. The FAA conducted human-in-the-loop experiments to capture actual human
response times and behavioral patterns that cannot be reproduced through computer simu-
lation alone. These experiments utilized Airbus A330-200 and Boeing B737-800 simulators
to measure controller recognition and pilot response times to hazardous scenarios during
simultaneous independent approaches on closely spaced parallel runways [32,33]. Previ-
ous studies did not provide specific numerical values for response times; however, these
experiments numerically presented the response times of controllers and pilots, facilitating
the estimation of PDFs.

Experiments were conducted in two sessions with active FAA controllers monitoring
simultaneous approaches on parallel runways spaced 3600 feet apart to measure the
controller reaction time. An alert was triggered on the final monitor aid display when one
aircraft deviated toward the other with a 30◦ blunder and violated the no transgression
zone, and the time from the moment until the controller pressed the push-to-talk (PTT)
button was measured. This was defined as the reaction time of the controller.

The pilots performed simulations of simultaneous Instrument Landing System (ILS)
approaches on parallel runways spaced 3000 feet apart to measure the pilot response
time. The controller pressed the PTT button to issue an avoidance instruction when a
blunder scenario occurred with one aircraft, and the time from that moment until the pilot
manipulated the roll or throttle was measured. These were defined as the roll and throttle
response times, respectively.

In this study, PDFs were generated based on data derived from previous studies, as
shown in Figure 12. The generated PDFs were subsequently used to sample the reaction
times for application in the simulations.

The PDFs for each response time distribution are presented in Figure 13 and were
calculated by applying KDE, as shown in Equations (32)–(34).

fctrl(t; hctrl) =
1

nctrl
∑nctrl

i=1 Khctrl(t − ti) =
1

nctrlhctrl
∑nctrl

i=1 K
(︃

t − ti
hctrl

)︃
, (32)
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where fctrl(t; hctrl), nctrl, K, and hctrl represent the PDF of the controller reaction time, the
total number of data points for the controller reaction time, kernel function, and bandwidth
for calculating fctrl(t; hctrl), respectively.

froll(t; hroll) =
1

nroll
∑nroll

i=1 Khroll(t − ti) =
1

nrollhroll
∑nroll

i=1 K
(︃

t − ti
hroll

)︃
, (33)

where froll(t; hroll), nroll, K, and hroll represent the PDF of the roll response time, the total
number of data points for the roll response time, kernel function, and bandwidth for
calculating froll(t; hroll), respectively.

fthr(t; hthr) =
1

nthr
∑nthr

i=1 Khthr(t − ti) =
1

nthrhthr
∑nthr

i=1 K
(︃

t − ti
hthr

)︃
, (34)

where fthr(t; hthr), nthr, K, and hthr represent the PDF of the throttle response time, the total
number of data points for the throttle response time, kernel function, and bandwidth for
calculating fthr(t; hthr), respectively.

Figure 12. Histograms of response times: (a) controller reaction time, (b) roll response time, and
(c) throttle response time.

Figure 13. PDFs of response times: (a) controller reaction time, (b) roll response time, and (c) throttle
response time.

The bandwidth was determined using Silverman’s rule of thumb, which minimizes
the mean integrated squared error, as expressed in Equations (35)–(37) [34].

hctrl =

(︃
4σctrl

5

3nctrl

)︃ 1
5

≈ 1.0592σctrlnctrl
− 1

5 , (35)

where σctrl represents the standard deviation of the controller reaction time.

hroll =

(︃
4σroll

5

3nroll

)︃ 1
5

≈ 1.0592σrollnroll
− 1

5 , (36)
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where σroll represents the standard deviation of the roll response time.

hthr =

(︃
4σthr

5

3nthr

)︃ 1
5

≈ 1.0592σthrnthr
− 1

5 , (37)

where σthr represents the standard deviation of the throttle response time.

4.3. Validation of the Baseline Algorithms

Once the alert conditions defined in Section 3.4 are satisfied, the simulation issues an
alert, after which an avoidance maneuver must be performed. The cases in which an alert
was issued by the algorithm with the baseline parameters are presented in Table 4.

Table 4. Cases requiring an alert for conflict avoidance with a ∆t of 1 s.

vint

vobj 180 220 250 280 320

180 1,895,133
(1.90%)

2,016,641
(2.02%)

2,095,546
(2.10%)

2,167,163
(2.17%)

2,226,857
(2.23%)

220 2,443,283
(2.44%)

2,491,869
(2.49%)

2,532,699
(2.53%)

2,565,032
(2.57%)

2,590,737
(2.59%)

250 2,852,285
(2.85%)

2,826,982
(2.83%)

2,821,590
(2.82%)

2,816,263
(2.82%)

2,801,274
(2.80%)

280 3,241,321
(3.24%)

3,117,184
(3.12%)

3,060,450
(3.06%)

3,015,641
(3.02%)

2,958,786
(2.96%)

320 3,620,944
(3.62%)

3,447,175
(3.45%)

3,315,981
(3.32%)

3,204,362
(3.20%)

3,081,295
(3.08%)

Examining the trend in alert occurrence across speed pairs, the alert rate increased
consistently with vint when vobj was held fixed. In contrast, when vint was fixed at a low
speed, the alert rate increased with vobj, whereas for vint of 250 km/h and above, the alert
rate decreased as vobj increased. This suggests that when vint is low, vobj acts mainly to
bring the two vehicles into conflict, whereas when vint is sufficiently high, its role shifts to
reducing the occurrence of conflicts between the two vehicles.

For example, when vint was fixed at 180 km/h, 1,895,133 alerts were issued at
vobj = 180 km/h, increasing by approximately 10.6% to 2,095,546 at vobj = 250 km/h, and
by approximately 17.5% to 2,226,857 at vobj = 320 km/h. In contrast, when vint was fixed
at 320 km/h, the number decreased by approximately 8.4% and 14.9% to 3,315,981 and
3,081,295 at vobj = 250 and 320 km/h, respectively.

If an alert was issued and avoidance was performed appropriately, the minimum
distance between UAM vehicles should be at or above the separation minimum. However,
the simulation results revealed that, at ∆t = 1 s, approximately 15–25% of the cases across
all speed pairs exhibited protected zone violations, as indicated in Table 5.
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Table 5. Overshoot cases with the baseline parameters (∆t = 1 s).

vint

vobj 180 220 250 280 320

180
415,940 of
1,895,133
(21.95%)

454,108 of
2,016,641
(22.52%)

479,614 of
2,095,546
(22.89%)

510,535 of
2,167,163
(23.56%)

554,382 of
2,226,857
(24.90%)

220
515,634 of
2,443,283
(21.10%)

513,193 of
2,491,869
(20.59%)

530,895 of
2,532,699
(20.96%)

547,855 of
2,565,032
(21.36%)

576,033 of
2,590,737
(22.23%)

250
578,162 of
2,852,285
(20.23%)

562,025 of
2,826,982
(19.88%)

542,133 of
2,821,590
(19.22%)

553,379 of
2,816,263
(19.64%)

568,020 of
2,801,274
(20.27%)

280
630,615 of
3,241,321
(19.45%)

596,790 of
3,117,184
(19.13%)

569,477 of
3,060,450
(18.59%)

539,415 of
3,015,641
(17.90%)

544,627 of
2,958,786
(18.43%)

320
683,571 of
3,620,944
(18.86%)

624,732 of
3,447,175
(18.12%)

588,248 of
3,315,981
(17.73%)

546,133 of
3,204,362
(17.04%)

489,729 of
3,081,295
(15.87%)

This phenomenon occurs because the time variable t in the algorithm advances in
discrete steps of ∆t rather than continuously. As shown in Figure 14, an actual aircraft
follows a smooth trajectory as shown in Figure 14a. However, a linear movement based on
the time variable is assumed owing to the computational characteristics of the simulation,
and the error increases as ∆t increases from Figure 14b,c. Therefore, the variation in the
overshoot distance with ∆t was analyzed, where the overshoot distance was computed
only for the overshoot cases identified in Table 5.

Figure 14. Variation in overshoot distance with the ∆t: (a) actual flight trajectory, (b) trajectory
updated every 1 s, and (c) trajectory updated every 3 s.

The period ∆t is varied from 1 s to 0.1 s and then to 0.01 s, and the changes in overshoot
occurrence are analyzed. As indicated in Figure 15, the analysis results confirm that the
overshoot rate decreases as ∆t decreases across all speed pairs.
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Figure 15. Variation in overshoot cases with a decreasing ∆t.

For all ∆t, two consistent trends were observed in the overshoot cases. First, for a given
vobj, the overshoot rate decreased as vint increased. Second, for a given vint, the overshoot
rate decreased as vobj approached vint and increased as vobj exceeded it; consequently,
the minimum of each row was located on the diagonal (when vobj = vint). These results
suggest that the residual speed difference between the two vehicles after the avoidance
maneuver is a key factor in the occurrence of separation violations. After the avoidance
maneuver, the intruder flies parallel to the object’s track; when the two speeds are equal,
their relative along-track motion vanishes, so the object no longer passes the intruder within
the separation minimum.

Meanwhile, the improvement obtained by further reducing ∆t from 0.1 s to 0.01 s
was relatively small compared with that obtained by reducing it from 1 s to 0.1 s. This is
because, even when ∆t is reduced below a certain level, there remains a fundamental error
arising from the linear motion itself over discrete time steps, as shown in Figure 16.

Figure 16. Variation in the mean overshoot distance with ∆t: (a) ∆t = 1 s; (b) ∆t = 0.1 s; (c) ∆t = 0.01 s.
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As shown in Figure 16, as ∆t decreased from 1 s to 0.01 s, the overshoot distance
approached nearly zero. However, this suggests that even if ∆t were reduced indefinitely, a
minute error would exist between the curved path of an actual aircraft and the straight-line
path in the computer calculation. It can also be observed that the overshoot distance is
affected by vint regardless of vobj. This is because almost all conflicts occur at crossing angles,
in which case the intrusion of the intruder is governed by the perpendicular component of
vint, namely vint·sinθ (or vint·sin(π − θ) if 90◦ ≤ θ < 180◦). Through this, it was confirmed
that the violations that occurred when ∆t was 1 s were not errors of the algorithm but
limitations of the simulation.

4.4. Incorporation of KDE-Based Reaction Times

The algorithm cannot anticipate the actual human reaction time at the moment an
alert is issued. Human reaction times, however, vary from person to person, so the time
actually required to initiate an avoidance maneuver may differ from the value assumed in
computing the alert distance. To account for this variability, the avoidance maneuver in
each simulated case was initiated after a reaction time sampled from the KDE derived in
Section 4.2.5. The results of these simulations are presented in Table 6.

Table 6. Overshoot cases with the sampled reaction times applied (∆t = 1 s).

vint

vobj 180 220 250 280 320

180
944,401 of
1,895,133
(49.83%)

1,039,280 of
2,016,641
(51.54%)

1,092,336 of
2,095,546
(52.13%)

1,154,100 of
2,167,163
(53.25%)

1,229,362 of
2,226,857
(55.21%)

220
1,248,363 of

2,443,283
(51.09%)

1,251,680 of
2,491,869
(50.23%)

1,284,302 of
2,532,699
(50.71%)

1,316,677 of
2,565,032
(51.33%)

1,362,790 of
2,590,737
(52.60%)

250
1,441,056 of

2,852,285
(50.52%)

1,411,529 of
2,826,982
(49.93%)

1,386,077 of
2,821,590
(49.12%)

1,399,498 of
2,816,263
(49.69%)

1,417,717 of
2,801,274
(50.61%)

280
1,609,081 of

3,241,321
(49.64%)

1,536,213 of
3,117,184
(49.28%)

1,490,244 of
3,060,450
(48.69%)

1,443,419 of
3,015,641
(47.86%)

1,437,305 of
2,958,786
(48.58%)

320
1,781,364 of

3,620,944
(49.20%)

1,660,144 of
3,447,175
(48.16%)

1,582,828 of
3,315,981
(47.73%)

1,506,869 of
3,204,362
(47.03%)

1,411,802 of
3,081,295
(45.82%)

When the sampled reaction time exceeds the design value, the distance between the
vehicles may fall below the separation minima, thereby increasing the risk of a mid-air
collision. ICAO generally presents a TLS of 5 × 10−9 for fatal accidents [35,36]. To determine
the margin distance required for each speed pair, the ECDF of the overshoot distance was
derived, and the value satisfying the TLS was proposed as the margin distance.

The ECDF is a non-parametric estimator that assigns equal probability mass to each
sample and, for any distance d, returns the proportion of samples whose overshoot does
not exceed d. It is calculated as shown in Equation (38):

Fn(d) =
1
n∑n

i=1 1(oi ≤ d), (38)

where n denotes the total number of overshoot distances for the speed pair, oi is the
overshoot distance of the i-th sample, and 1 is the indicator function, which equals 1 when
the specified condition is satisfied and 0 otherwise. When the margin distance is used as
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a buffer, the probability of an overshoot occurring must be below 5 × 10−9. Accordingly,
the margin distance is calculated as the overshoot distance corresponding to a cumulative
probability of p = 1−5 × 10−9 on the ECDF.

However, the ECDF cannot resolve probabilities smaller than 1/n, where n is the
number of overshoot cases; since n is of the order of 106, the ECDF alone cannot reach
the target probability of 5 × 10−9. The GPD is a parametric distribution widely used
in extreme value theory to model the tail behavior of data exceeding a high threshold,
enabling the estimation of probabilities beyond the observed sample range. The tail of the
overshoot distribution was therefore modelled by fitting a GPD to the overshoot distances
exceeding a threshold u, set at the 99th percentile, and the margin distance was obtained by
extrapolating the fitted tail to the target probability:

margin distance = u +
σ̂

ξ̂

[︄(︃
1 − p

ζu

)︃−ξ̂

− 1

]︄
, (39)

where σ̂ and ξ̂ are the estimated scale and shape parameters, p = 1−5 × 10−9, and ζu is
the proportion of overshoot cases exceeding u. The uncertainty of the extrapolated value
was quantified by bootstrap resampling with B = 2000, and the resulting 95% confidence
intervals are reported with the margin distances.

Accordingly, the ECDF derived with the sampled reaction times incorporated at
∆t = 1 s is shown in Figure 17.

Figure 17. ECDF of overshoot distance with ∆t of 1 s: (a) object speed: 180 km/h; (b) object speed:
220 km/h; (c) object speed: 250 km/h; (d) object speed: 280 km/h; (e) object speed: 320 km/h.

As shown in Figure 17, the derived margin distance exhibits a pattern similar to
the results presented in Figure 16. In each panel, the dashed vertical lines indicate the
derived margin distance for the corresponding intruder speed, following the same colour
coding as the solid cumulative probability curves. The same convention applies to all
subsequent figures presenting cumulative distribution functions. As seen previously,
overshoot occurs depending on vint, and consequently the margin distance increases as
vint increases. However, owing to the influence of the reaction times sampled from the
KDE, the slope of the margin distance with respect to vobj is not close to zero and exhibits
irregular values, as presented in Table 7.
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Table 7. Margin distance derived from ECDF with a ∆t of 1 s.

vint

vobj 180 220 250 280 320

180 1049 m
(CI: 1012–1086 m)

1068 m
(CI: 1029–1108 m)

1031 m
(CI: 997–1066 m)

1109 m
(CI: 1069–1154 m)

1092 m
(CI: 1050–1134 m)

220 1327 m
(CI: 1278–1381 m)

1340 m
(CI: 1291–1395 m)

1351 m
(CI: 1302–1401 m)

1329 m
(CI: 1283–1379 m)

1321 m
(CI: 1278–1370 m)

250 1519 m
(CI: 1469–1576 m)

1509 m
(CI: 1456–1567 m)

1474 m
(CI: 1424–1527 m)

1491 m
(CI: 1440–1545 m)

1447 m
(CI: 1402–1494 m)

280 1666 m
(CI: 1615–1723 m)

1703 m
(CI: 1646–1766 m)

1691 m
(CI: 1634–1756 m)

1632 m
(CI: 1579–1691 m)

1633 m
(CI: 1580–1688 m)

320 1863 m
(CI: 1807–1922 m)

1847 m
(CI: 1792–1904 m)

1837 m
(CI: 1781–1898 m)

1838 m
(CI: 1781–1900 m)

1882 m
(CI: 1818–1958 m)

These irregularities are consistent with sampling variability: for each vint, the average
of the five margin distances across vobj falls within the bootstrap confidence intervals of 24
of the 25 cells, as expected for 95% intervals. They therefore arise from the randomness of
the reaction times sampled from the KDE rather than representing a meaningful trend.

4.5. Sensitivity Analysis

The algorithm computes the alert distances by applying a fixed bank angle and climb
rate; however, as with the reaction time, the actual turn and climb may be performed
differently from the design values. Therefore, a sensitivity analysis was performed by
varying the bank angle over 15◦, 20◦, and 25◦ and the climb rate over 800, 900, and
1000 fpm. As shown in the preceding results, the overshoot distance depends on vint;
therefore, vobj was fixed at 250 km/h, and the margin distance was derived as a function of
vint. The results of the sensitivity analysis with respect to the bank angle are presented in
Figure 18.

Figure 18. Sensitivity analysis of the margin distance with respect to the bank angle (vobj = 250 km/h):
(a) bank angle = 15◦; (b) bank angle = 20◦; (c) bank angle = 25◦.

As the bank angle increased from 15◦ to 25◦, the required margin distance decreased.
This is because, at the same speed, a larger bank angle yields a higher turn rate, which
shortens both the turn radius and the maneuver time tmnvr. This suggests that the risk of
separation loss increases when the bank angle actually achieved falls short of the design
value, and that the design bank angle should therefore be chosen conservatively; the
detailed values are presented in Table 8.
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Table 8. Margin distance by vint with respect to the bank angle (vobj = 250 km/h).

vint

ϕ
15 20 25

180 1222 m 1031 m 937 m
220 1616 m 1351 m 1135 m
250 1867 m 1474 m 1265 m
280 2090 m 1691 m 1420 m
320 2441 m 1837 m 1551 m

In the baseline algorithm, the same design reaction time of 10 s is applied to both
maneuvers; therefore, the values of the reaction-phase terms are identical and do not
affect the comparison between the two alert distances. Consequently, the selection is
determined by the geometric terms. Comparing Equations (14) and (29) for acute crossings
and Equations (16) and (30) for obtuse crossings, and using (1 − cosθ′)/sinθ = tan(θ′/2),
dv_alrt becomes shorter than dh_alrt when√︂

(vint·tclb)
2 − ∆h2 < r·tan

θ′

2
, (40)

where θ′ = θ for acute crossings and θ′ = 180◦ − θ for obtuse crossings. That is, the
horizontal distance travelled during the climb must be shorter than the lateral displacement
produced by the turn. Since tan(θ′/2) increases with θ′ and reaches its maximum value of
1 at θ′ = 90◦, this condition is least restrictive when the crossing is perpendicular, and it
reduces to √︂

(vint·tclb)
2 − ∆h2 < r. (41)

At θ′ = 90◦, this requires a rate of climb exceeding approximately 1530 fpm at
250 km/h, and approximately 1200 fpm even at 320 km/h. Since these thresholds ex-
ceed the 800–1000 fpm range applied in the current algorithm, horizontal avoidance was
always selected in the baseline algorithm. Therefore, the sensitivity analysis with respect to
the rate of climb was performed with only vertical avoidance applied, in order to evaluate
the effect of the rate of climb on the margin distance. The results of this sensitivity analysis
are presented in Figure 19.

Figure 19. Sensitivity analysis of the margin distance with respect to the rate of climb
(vobj = 250 km/h): (a) rate of climb = 800 fpm; (b) rate of climb = 900 fpm; (c) rate of climb = 1000 fpm.

As with the bank angle, the required margin distance decreased as the rate of climb
increased from 800 fpm to 1000 fpm. A higher rate of climb shortens the horizontal distance
travelled during the climb and also reduces the climb time tclb. This result suggests that
the rate of climb should also be set conservatively in the design. The detailed values are
presented in Table 9.
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Table 9. Margin distance by vint with respect to the rate of climb (vobj = 250 km/h).

vint

C
800 900 1000

180 1513 m 1310 m 1103 m
220 1857 m 1574 m 1328 m
250 2113 m 1944 m 1601 m
280 2273 m 2022 m 1657 m
320 2605 m 2303 m 1909 m

5. Conclusions
This study proposed an STCA algorithm suited to UAM operations. Conventional

STCA is designed for manned aircraft and does not account for the avoidance maneuver
required to maintain separation after an alert, which makes it difficult to apply directly
to UAM operating in low-altitude urban airspace. The proposed algorithm therefore
comprises a conflict-prediction module and a conflict-resolution module that accounts
for the avoidance maneuver, and the alert distances required for horizontal turning and
vertical climbing avoidance were derived analytically for each encounter type—overtaking,
head-on, acute crossing, and obtuse crossing.

To validate the algorithm, five cruise speeds were selected within the 180–320 km/h
range, considering the speeds of UAM vehicles under development, forming 25 speed pairs,
and 108 pairwise encounters with random initial positions and headings were simulated
for each pair. The baseline parameters were set to a design reaction time of 10 s, a bank
angle of 20◦ based on ICAO PANS-OPS, and a rate of climb of 900 fpm based on BADA
Family H.

The principal findings are as follows: (1) For a fixed vobj, the alert rate increased
consistently with vint. The effect of vobj, however, depended on vint: at low vint, the alert
rate increased with vobj, whereas for vint of 250 km/h and above it decreased. This suggests
that the role of vobj shifts from bringing the two vehicles into conflict to reducing the
occurrence of conflicts. (2) Under the baseline parameters, reducing ∆t from 1 s to 0.01 s
decreased both the overshoot rate and the overshoot distance, and at 0.01 s the overshoot
distance nearly converged to zero. Furthermore, the overshoot distance was determined
by the perpendicular component of the intruder velocity, vint·sinθ, independently of vobj.
(3) When the actual reaction times sampled from the KDE were applied, violations of the
separation minima occurred owing to the difference from the design reaction time. The
margin distance was derived from the ECDF of the overshoot distance and determined as
the value corresponding to the cumulative probability of 1 − 5 × 10−9, which corresponds
to the ICAO target level of safety. At ∆t = 1 s, the margin distance was determined to
range from 1031 to 1882 m, with confidence half-widths of approximately ±3.5%. (4) The
sensitivity analysis showed that the required margin distance decreased as the bank angle
increased from 15◦ to 25◦ and as the rate of climb increased from 800 to 1000 fpm. This
implies that the risk of separation loss increases when the actual maneuver performance
falls short of the design values, and suggests that the design bank angle and rate of climb
should be set conservatively. Furthermore, when the same design reaction time is applied,
vertical avoidance is selected only when the horizontal distance travelled during the climb
is shorter than the lateral displacement produced by the turn; since this requires a rate of
climb of approximately 1530 fpm or higher at 250 km/h, horizontal avoidance was always
selected within the performance range of current vehicles.

Nevertheless, this study has several limitations: (1) Owing to the lack of UAM per-
formance data, the performance of some existing aircraft was applied. As confirmed by
the sensitivity analysis, the bank angle and the rate of climb affect the required margin dis-
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tance; the results should therefore be refined using the performance data that will become
available as UAM flight tests are actively conducted. (2) Because the algorithm was applied
only to pairwise encounters, secondary conflicts with other UAM that may arise during the
avoidance maneuver, and the resulting chain of interactions, were not considered. Since
traffic volume will increase once UAM commercialization is established, further research
addressing the interactions caused by avoidance maneuvers in environments with multiple
UAM is required. (3) Only the climb maneuver was applied for vertical avoidance. This re-
flects the restriction on descent in low-altitude urban environments densely populated with
buildings and other obstacles; the proposed algorithm is therefore intended for low-altitude
urban airspace. In suburban airspace free of obstacles, by contrast, descent may also be
considered as a means of avoidance. Moreover, although horizontal avoidance was always
selected under the conditions of this study, there are situations in which turning is restricted
by corridor boundaries or surrounding traffic, or in which climbing is impossible because
the vehicle is already at its maximum operating altitude. Further research is therefore
needed on vertical avoidance that selectively applies climb or descent depending on the
operating environment. (4) The effect of wind was not considered. Urban environments are
characterized by spatially and temporally non-uniform winds, such as building-induced
winds, channelling between structures, and vertical shear, which may introduce uncertainty
into vehicle trajectories and avoidance maneuvers. Capturing the uncertainty of the urban
wind field requires a dedicated study coupling an urban wind field model with the vehicle
response, which is identified as a principal direction for future work.

Despite these limitations, this study was significant because it proposed a warning
system for UAM operations and was expected to be immediately applicable to the initial
phase, where operations were conducted by pilots and the PSU. Furthermore, it is expected
that the algorithm can also be applied to the transition toward unmanned flight operations
in the future through parameter adjustments.
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Abbreviations
The following abbreviations are used in this manuscript:

EVTOL Electric Vertical Take-Off and Landing
UAM Urban Air Mobility
UATM UAM Air Traffic Management
ATM Air Traffic Management
STCA Short-Term Conflict Alert
CD Conflict Detection
CD&R Conflict Detection and Resolution
PSU Provider of Services for UAM
TLS Target Level of Safety
ECDF Empirical Cumulative Distribution Function
GPD Generalized Pareto Distribution
CPA Closest Point of Approach
ACAS Airborne Collision Avoidance System
PDF Probability Density Function
KDE Kernel Density Estimation
FAA Federal Aviation Administration
EUROCONTROL European Organization for the Safety of Air Navigation
NED North-East-Down
VFR Visual Flight Rules
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