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Introduction

As air traffic continues to grow worldwide, finding safer and more efficient ways to manage
the sky becomes increasingly important. Currently, air traffic controllers on the ground
are responsible for keeping aircraft safely separated from each other a system that works
well but faces limitations as the skies become more crowded. This research explores an
alternative vision for the future: what if aircraft could take responsibility for maintaining
their own safe distances from each other, similar to how cars navigate on highways?

This thesis project originated from an interest in understanding how such "free flight"
operations might work in practice. What are the challenges holding the development and
implementation of free flight operations back, and what can be done to overcome those
challenges? This thesis may not answer such big questions, but it might be a small step
forward.

From a societal perspective, the research contributes to ongoing discussions about the
future of aviation. As demand for air travel grows particularly in regions experiencing rapid
economic development finding ways to increase airspace capacity, or decrease climate
impact, without compromising safety is important. Free flight concepts could help accom-
modate this decrease in climate impact, allowing aircraft to fly optimal routes at optimal
speeds and altitudes. However, understanding the limitations and challenges is equally im-
portant, ensuring that new technologies are implemented responsibly and with full aware-
ness of their implications for safety.

This thesis report is organized as follows: Part I presents the scientific paper containing
the core research findings. Part II contains the relevant literature study that supports the
research. Finally, Part III provides some supporting work and the bibliography.
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Analysing the Effect of Intent Information in Conflict
Resolution

C.J. van Baardwijk,*

Delft University of Technology, Delft, The Netherlands

Abstract

The anticipated growth in air traffic is expected to increase demand on air traffic con-
trol capacity beyond its current limits, motivating the development of autonomous con-
flict detection and resolution (CD&R) methods for self-separating airspace. While both
state-based and intent-based conflict resolution methods have been studied extensively, a
direct comparison between the two approaches under identical conditions is lacking. This
paper addresses that gap by comparing the intent-based A3 CD&R model to the state-
based Modified Voltage Potential (MVP) resolution method. Performance is evaluated
through verification scenarios and random traffic simulations at three density levels, using
simulations in the BlueSky ATM simulator. Results show that the A3 method achieves
substantially fewer conflicts and losses of separation than MVP across all density levels,
with a markedly lower domino effect parameter indicating better airspace stability. How-
ever, when losses of separation do occur under the A3 model, the intrusions are larger than
those observed with MVP. Regarding efficiency, MVP incurs large flight time increase due
to speed-based resolutions, whereas the A3 model resolutions result in minimal flight time
increases at the cost of larger route deviations. These findings demonstrate that intent
information provides meaningful advantages for conflict resolution performance.

1 Introduction

Air traffic has been growing steadily over the past 20 years [1]. The International Air Transport
Association (IATA) expects that the total number of yearly passengers will reach 10 billion by
2050 [2]. This growth introduces numerous challenges. One significant challenge is the increase
in air traffic flow management delays. According to Eurocontrol, en route delays reached the
second highest value in 20 years, mainly due to limitations in the capacity of the air traffic
control (ATC) [3]. ATC currently uses structured airways to manage traffic, allowing a single
controller to monitor an entire sector. However, this approach has several drawbacks: airways
may not always be the most direct or optimal routes, aircraft may not fly at their optimal
altitude or speed, and a lot of airspace remains unused, artificially increasing local traffic
density [4].

To address this challenge the concept of Free Flight has been developed. Free Flight is
based on the optimization of routes by airlines, making the aircraft responsible for maintaining
separation [4]. This approach allows aircraft to fly direct, optimal routes to their destinations
at preferred altitudes and speeds, utilizing all available airspace.

To maintain safe operations within a Self Separating Airspace (SSA), aircraft must be able
to detect and resolve potential conflicts with other aircraft. This involves conflict detection,

*MSc Student, Sustainable Air Transport, Faculty of Aerospace Engineering, Delft University of Technology



which is the identification of a future Loss of Separation (LoS) where an aircraft intrudes into
the Protected Aircraft Zone (PAZ) of another aircraft. The PAZ is typically defined by a
horizontal radius of 5 nautical miles (NM) and a vertical height of 1000 feet (ft) [5, 6].

Automatic Dependent Surveillance - Broadcast (ADS-B) technology allows aircraft to com-
municate their positions and trajectories to other aircraft. For shorter look-ahead times, the
trajectory of surrounding aircraft can be estimated using state information, assuming a linear
continuation of the current state. However, this information becomes less accurate for longer
look-ahead times, as aircraft may deviate from this linear continuation due to planned turns
and route changes. To address this, intent information, which is the planned future 4D trajec-
tory of an aircraft, can be broadcast to surrounding aircraft, enabling more accurate conflict
detection over medium-term time horizons [7, 8, 9]. Using intent information, conflicts can be
detected and thus resolved earlier with smaller deviations from the planned route [10].

A number of review studies have examined and categorised existing CD&R methods. Kuchar
and Yang (2000) provide a foundational taxonomy of conflict detection and resolution mod-
elling methods, covering the diversity in approaches to trajectory propagation, uncertainty
handling, and resolution manoeuvre types [5]. More recently, Ribeiro et al. (2020) extended
this overview with an up-to-date review of conflict resolution methods for both manned and un-
manned aviation, covering a range of reactive, prescribed, and optimisation-based approaches
and comparing their performance characteristics in random traffic simulations [6]. These re-
views illustrate that, while a large number of state-based conflict resolution methods have been
developed and evaluated, comparative studies between state-based and intent-based methods
remain limited, with most studies evaluating individual methods in isolation or comparing
different state-based approaches against each other.

Thus, it is relatively unclear whether the additional information provided by intent trans-
lates into meaningful performance improvements in conflict resolution over state-based ap-
proaches. This paper aims to fill this gap by comparing the intent-based Autonomous Aircraft
Advanced (A3) CD&R model with the state-based Modified Voltage Potential (MVP) resolu-
tion method.

Developed within the European iFly project, the A3 Concept of Operations describes an
autonomous en-route ATM environment in which all aircraft are responsible for airborne self-
separation without ground support from ATC, using intent information broadcast via ADS-B
to perform conflict detection and resolution [11]. This paper focuses on the Airborne Separation
Assistance System (ASAS) functionality of the A3 ConOps. The A3 CD&R model is an example
of a system employing intent information for conflict detection and resolution [12]. The A3
CD&R model is an agent-based model that implements both medium-term and short-term
conflict detection and resolution using intent information [11].

For this comparison, the MVP method is selected as the state-based conflict resolution
method. MVP is a reactive, force-field-based conflict resolution method in which conflicting
aircraft are modelled as charged particles generating a repelling avoidance vector [4]. A key
property of MVP is its implicit coordination: since each aircraft independently computes a
resolution assuming the other will not manoeuvre, the conflict geometry naturally produces
complementary avoidance directions without requiring explicit communication [6, 4]. MVP
has been used as a reference method in previous simulation studies, including the analysis of
airspace structures by Sunil et al. and the review of Ribeiro et al. (2020), which makes it a
suitable conflict resolution method for the present comparison [6, 13].

To evaluate both methods, several experiments are conducted using the BlueSky Air Traffic
Management (ATM) simulator. First, scenarios with two aircraft and eight aircraft are used
to compare the basic functionality and behaviour of both conflict resolution methods. Sub-
sequently, random traffic simulations at three traffic density levels are performed with both
the A3 and MVP method. The scenarios considered are horizontal, with no climb or descend



considered.

First the methodology is described in section 2, elaborating on the numerical implemen-
tation of the A3 CD&R model and the MVP conflict resolution method. Additionally, the
experimental design is described in section 3. Next, the results are presented in section 4. The
method and results are discussed in section 5 and the conclusions drawn in section 6.

2 Methodology

To test the performance of the A3 CD&R model it is implemented in the BlueSky ATM
simulator using a plugin [14]. A description of this numerical implementation is given in
section 2.1. Additionally, the numerical implementation of the state-based conflict detection
and the MVP resolution method are described in section 2.2.

2.1 A3 CD&R Model

The implementation of the A3 CD&R model consists of three main parts. First, the intent
information is described in section 2.1.1. Secondly, the conflict detection is elaborated upon in
section 2.1.2. Finally, the conflict resolution is described in section 2.1.3.

2.1.1 Intent Information

The intent information of an aircraft is when and where the aircraft intends to be in the future.
This starts at the origin, where the aircraft is at that moment, and ends at the destination,
where the aircraft leaves the SSA. In between, if the route is not direct, trajectory change points
(TCP) are stored in the route as waypoints. This route is called @) and looks like Equation 1:

bt =1 1 =1
Q= |- o o ], (1)

tn Tn Yn Zn

with ¢; the intended passage time of TCP i, and z;, y;, z; the intended position of TCP i [15].

However, aircraft usually do not fly directly over a TCP. They start turning before and end
turning after the TCP, flying by the TCP. To approximate the trajectory more accurately, the
fly by turn is cut up into two straight segments [15]. This is shown in Figure 1. One TCP is
thus split up into a point where the aircraft starts the turn, a point at the middle of the turn,
and a point where the aircraft ends the turn [15, 16].

To inform other aircraft of the trajectory, the aircraft onboard intent information is broad-
cast. The broadcast intent information is the coded intent information stored in Q. To add
information to the TCPs, two columns are added: whether the point is the start of a turn and
if so whether to the left or to the right (s € {—1,0,1}), and whether the point is the start of a
climb or descend (m € {0,1}) [15, 16]. Since there is no climb or descend considered, the latter
is always 0. Furthermore, at the origin or destination the aircraft will make no turn and does
not climb or descend. The intent information will then look as Equation 2 [15]:

tl I U1 21 S1 = 0 myp = 0
lo T2 Y2 2 52 Mo

Qturn =

th Tn Yn Zn Sp=0 m, =0
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Figure 1: Example trajectory, black diamond shapes are origin and destination, white diamond
shapes are TCPs, and stars are the approximation of the fly by turn [15].

2.1.2 Conflict Detection

Now using the received (4, matrices from surrounding aircraft, the own aircraft can detect
conflicts using a dynamic velocity obstacle (DVO) approach [12]. The intended trajectory
consists of segments, each with a centerline (from position ¢ to position i + 1) and a 3D volume
(the PAZ) around this centerline. For each surrounding aircraft, the own aircraft matches each
segment which is in the same time interval of both own intent and other intent and computes
the distance at the closest point of approach (CPA) dgpa and time when the aircraft enters
the conflict ¢;, [15, 16]. This is done similarly to state-based conflict detection, described in
section 2.2.1, with each segment being a future state of the aircraft. The horizontal conflict
geometry between the ownship aircraft and an intruder aircraft on such a segment is shown
in Figure 2a. To construct this conflict geometry for each segment, the starting positions of
each segment are extrapolated backwards to tg. This is shown in Figure 2b. The summation
of these segments form a DVO.

For each segment, using the relative position and velocity, the time at the CPA at that
segment is computed using Equation 3:

T
drel Vel
tCPA - _|—

(3)

where topa is the time at the CPA, d,; the relative distance vector between the aircraft, and
v, the relative velocity vector between the aircraft [6, 15, 16]. From this the distance vector
at the CPA d¢pa is computed by Equation 4 [6, 15, 16]:

|V7’el||2 ’

dCPA - drel - tCPA * Viyel- (4)

The time at which the aircraft enters the conflict ¢;, is then computed using Equation 5:

VB34, — lldepall?
||Vrel||

: (5)

where Rpay is the radius of the protected aircraft zone [6, 15, 16].
Conflict detection in the A3 model is split up into two phases: short-term conflict detection
(STCD) and medium-term conflict detection (MTCD). STCD is performed every 1.5sec and

tin =lopa —
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(a) Conflict geometry per segment [6]. (b) Backward extrapolation to ¢y [10].

Figure 2: Conflict detection using intent information.

detects conflicts up to three minutes ahead [12, 15, 16]. MTCD is performed every 90sec and
detects conflicts up to 10 minutes ahead [12, 15, 16]. If ||dcpal| is less than the PAZ horizontal
radius of 5N M and t;, is within the look ahead time of the conflict detection phase performed,
a conflict is detected. It is assumed aircraft always receive up to date intent information from
other aircraft.

2.1.3 Conflict Resolution

The A3 CD&R model uses two conflict resolution phases: the medium-term conflict resolution
(MTCR) and the short-term conflict resolution (STCR). The MTCR is activated for conflicts
that are more than 3 minutes and less than 10 minutes ahead, and are thus detected by MTCD
[12]. The STCR is activated for conflicts less than 3 minutes ahead, thus detected by STCD
[12]. The aircraft will always prioritize solving the most imminent conflict. Both MTCR and
STCR use the above described DVO approach to find conflict-free trajectories [12, 15].

Medium-Term Conflict Resolution

In MTCR, the aircraft with the higher priority has the right-of-way, and the aircraft with the
lower priority value must resolve the conflict by changing its intent [12]. Priority is mainly based
on the aircraft’s remaining distance to its destination [15]. The MTCR priority PRIOY ¢ x of
aircraft ¢ is computed using Equation 6:

PRIO' 7o = PRIO,., + HCAP' - 1000 + 1;% (6)

where 4 is the aircraft index in the traffic list, PRIOY,,, is the distance-based priority of aircraft
i, and HC' AP" is the handicap value of aircraft i [15, 16]. The distance-based priority PRIOY,,
is computed using Equation 7:

, 1 di
PRIOY,,, = max (1,100— doo : {%J -10) (7)
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where d',,, is the distance to the destination in nautical miles, dy., = 10000 is the maximum
distance parameter, and |-| denotes the floor function [15, 16]. The PRIOY,,, is discretized
into 10 NM increments and ranges from 1 to 101, with higher values indicating higher priority.
The floor operation with 10N M increments ensures that the distance-based priority remains
constant within each 10N M range, preventing frequent priority changes due to small distance
variations [15]. The term /1000 ensures unique priorities by breaking ties between aircraft
with equal distance-based priorities [15].

When HC AP? > 0, the aircraft is designated as high priority (e.g., emergency or VIP), and
its MTCR priority is increased by HC AP - 1000, ensuring it has priority over normal aircraft
[15, 16]. In this paper, it is assumed all aircraft start without a handicap (HCAP? = 0) and
there are no VIP aircraft (HCAP® = 2). If an aircraft fails to resolve a conflict using a 5 NM
radius of the PAZ, it will try to generate a resolution with the least amount of undershoot of
the PAZ [12, 15]. However, as that would still lead to a loss of separation, the aircraft will
increase its priority by being "handicapped’ (HC AP = 1) [12, 15]. Other aircraft will then be
forced to help resolve the conflict and make room for the 'handicapped’ aircraft. The handicap
is reset when the aircraft is out of conflict [15].

The MTCR generates a conflict free route up to 15 minutes ahead [12, 15]. This conflict
free route consists of the route up to that point which is still applicable, two waypoints that
are added to resolve the conflict, and at the end the goal of the aircraft. The first of the two
waypoints is a TCP marking a turn away from the conflict with a maximum turn angle of 60°
[15, 16]. The second waypoint is the TCP marking the turn back to goal with a maximum turn
angle of 45° [15, 16]. A schematic of such a resolution trajectory is shown in Figure 3.

‘ intruder

TCP2

> X

ownship TCP, goal

= conflict-free route original trajectory O TCP ’ goal X conflict —_— PAZ

Figure 3: Schematic of the MTCR resolution trajectory

The MTCR resolution algorithm computes the two waypoints through a two-step iterative
process that searches for conflict-free trajectories while minimizing deviation from the planned
route [16]. In Step 1, the algorithm determines the start-of-turn point (SoT1) based on the
current intent and identifies the velocity vector at this point. In Step 2, the algorithm performs
a dual-loop search: the outer loop iterates over possible turn angles Ag,.s from 0° to the
maximum turn angle A¢,,., = 60° in 1° increments, while for each turn angle, an inner loop
searches over time intervals Aty py starting from 10s in 15s increments [16]. For each candidate
turn angle, the first waypoint (WP1) is computed using the turn radius Ry, determined by

8



the bank angle (fpane = 25°) and ground speed. The position of WP1 (xyp1) is calculated
using Equation 8:

Xwpl = XSoT1 — A - A, (8)

where a is the normalized velocity at start-of-turn of a waypoint, xg,r; the point at which the
aircraft can start the first turn and A\ the turn geometry parameter [15, 16]. A is defined by
Equation 9:

Rturn T
)\:W(b—i—a) a, (9)

where b is the normalized velocity at the end-of-turn after rotation by A¢,.s, and c is the
perpendicular direction vector of a such that ¢ L a [15, 16].

The second waypoint (WP2) is positioned at a distance vg,ri - Aty pe along the straight
segment following the first turn, where v, is the velocity at the end of the first turn. For each
WP2 candidate, the algorithm validates seven geometric constraints: (1) the turn at WP2 must
reach the goal within the maximum back-to-goal angle (A¢pag maz = 45°), (2) the total detour
distance must not exceed 15N M, (3) the heading change at WP2 must be feasible, (4-7) proper
spacing between turn segments must be maintained [16]. the complete trajectory formed by
WP1, WP2, and the destination is then checked for conflicts with lower priority aircraft intents
using their broadcast Q. trajectories up to 15 minutes ahead. This is done using the DVO
approach described in section 2.1.2 [12, 15]. Additionally, the MTCR is not allowed to turn
into a short-term conflict with any aircraft. This is also checked with all other aircraft intents,
using the DVO approach described in section 2.1.2 up to 3 minutes and 10 seconds ahead. The
first combination of A¢,., and Aty ps that satisfies all geometric constraints and produces a
conflict-free trajectory is selected. After the pilot has approved of the computed resolution, the
new Q. of the aircraft is broadcast to all other aircraft, showing it has resolved the conflict.

Short-Term Conflict Resolution

If the conflict is less than three minutes away, STCR is used. In this case, both aircraft involved
in the conflict are responsible to resolve. Instead of generating a completely new route, STCR
computes a conflict free trajectory up to three minutes and ten seconds ahead [12]. This conflict
free trajectory is a minimum heading change to avoid the conflict and not generate new short
term conflicts [12]. The maximum heading change is 60° [15, 16]. If the STCR is unable to
compute any conflict free trajectories, it will try to find a resolution with the least amount of
undershoot of the PAZ.

Unlike MTCR, STCR operates on the aircraft’s current state vector rather than its planned
intent trajectory, allowing for rapid response to imminent conflicts. The algorithm iterates over
turn angles from 0° to A¢e: = 60° in 0.5° increments, evaluating both left and right turns.
For each candidate angle A¢,.s, the algorithm simulates the turn trajectory using the same
bank angle (fpenr = 25°) as MTCR and checks for conflicts with all other aircraft up to three
minutes and 10 seconds ahead. This is done using the DVO approach described in section 2.1.2
(12, 15].

When the STCR is activated it waits 10 seconds after which a trajectory is computed [15].!
If an aircraft fails to resolve a conflict using a 5 NM radius of the PAZ, it will try to generate a
resolution with the least amount of undershoot of the PAZ [12, 15]. After the pilot has approved
of the trajectory the temporary s, containing only the turn trajectory, is broadcast to all
other aircraft.

While STCR is computing a trajectory, MTCR is generating a conflict free back to goal
route up to 15 minutes ahead. This route is not allowed to undershoot the PAZ, and has a

In hindsight, according to [15, 16] this 10s delay only applies for conflicts detected using state-based STCD.



maximum turn angle of 60° and back to goal turn angle of 90°. After the STCR is approved
by the pilot, the back to goal MTCR is presented for approval. When it is approved, it will be
broadcast as the new Q.. to all other aircraft.

Divergence

When a conflict resolution is computed that results in a heading nearly parallel to the current
heading, there is a risk that multiple aircraft involved in the same conflict may execute similar
resolution manoeuvers, potentially creating new conflicts or maintaining parallel trajectories.
To prevent this, the A3 model implements a divergence mechanism [16].

The divergence logic is triggered when the computed resolution heading is nearly parallel
to the aircraft’s current heading and the computed resolution will undershoot the PAZ [16].
This is determined by computing the cosine of the angle difference between the two headings.
If this value exceeds 0.9994, which corresponds to an angular difference of approximately 2° or
less, the divergence mechanism is activated.

When divergence is activated, the model evaluates three potential heading adjustments:
maintaining the current heading, turning left by 5° and turning right by 5° [16]. For each of
these options, the minimum separation distance to other aircraft is predicted one second ahead.
The heading adjustment that provides the maximum minimum separation is selected as the
divergence angle.

This divergence angle is then applied as an initial offset when recomputing the conflict
resolution [16]. The resolution algorithm searches for a conflict-free trajectory starting from
this diverged heading, ensuring that aircraft will have trajectories that diverge rather than
remain parallel or converge.

The divergence logic is applied during both the MTCR and STCR trajectory computation
phases, before the resolution is presented to the pilot for approval [16].2

2.2 Modified Voltage Potential

To put the performance of the A3 model in context, it is compared to the MVP conflict
resolution method. The method uses state-based conflict detection, which is elaborated upon
in section 2.2.1. The numerical implementation of the MVP resolution method is described in
section 2.2.2.

2.2.1 Conflict Detection

state-based detection is performed using a linear propagation of the current state of all involved
aircraft [6]. This is similar to conflict detection in the A3 model, except there are no intents.
Knowing the current state and velocity of other aircraft, the aircraft knows the relative distance
vector and relative velocity vector [6]. Using this, the time to the CPA can be computed as in
Equation 3 [6]. The distance at the CPA is then calculated with Equation 4 [6]. The time at
which the aircraft enters the conflict can be calculated when the computed separation distance
is smaller than the radius of the PAZ, as is shown in Equation 5 [6].

If t;,, is smaller than the look ahead time and ||dcpa|| is smaller than the radius of the PAZ
a conflict is detected. the look ahead time of the state-based detection is tjporanead = Dmin [6].

2.2.2 Conflict Resolution

The MVP resolution method represents a force field approach to conflict resolution, where
conflicting aircraft positions are modelled as charged particles that simultaneously repel each

2In hindsight, according to [16] this divergence does not apply to MTCR.
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other. In this method, the predicted positions of aircraft at their CPA generate a repelling
force that is converted into a displacement vector, ensuring the minimum distance equals the
required separation [6]. More specifically, when a conflict is detected an avoidance vector is
calculated from the aircraft’s predicted future position at the CPA to the edge of the PAZ, in
the direction of the minimum distance vector [4]. The length of this avoidance vector is the
horizontal intrusion iy of the PAZ, and is computed by Equation 10:

im = Rpaz — ||dcpall- (10)

By dividing this length by the time remaining until conflict, an advised change in speed
is obtained. When vectorized in the direction of the minimum distance vector, this gives an
advised change in velocity as computed by Equation 11:

Iv — in dcpa ’ (11)
tepal  [ldcpall
where dv is the change in velocity vector [17].
When added to the current velocity, it yields a recommended track and ground speed [4].
A key advantage of MVP is its implicit coordination: since each aircraft calculates resolutions
assuming the other will not manoeuver, the conflict geometry naturally produces complemen-
tary evasive actions in opposite directions, achieving effective cooperation without negotiation
or additional communication [6, 4]. For multi-aircraft conflicts, avoidance vectors are simply
summed for each conflict pair [6]. This geometric approach offers computational simplicity,
though resolutions may sometimes oppose the desired flight plan direction [6].

3 Experimental Design

To compare the performance of the intent-based and state-based conflict resolution methods,
several experiments are designed. First, to show and compare the basic behaviour of the
resolution methods, two-aircraft scenarios are described in section 3.1. Then, to increase the
complexity, the amount of aircraft in conflict is increased to eight. This scenario is elaborated
upon in section 3.2. Next, the performance of the conflict resolution methods is tested by
simulating random traffic scenarios. These experiments are explained in section 3.3. Finally,
the number of simulation runs and their variability is elaborated upon in section 3.4.

3.1 Two-Aircraft Scenarios

To verify and compare the conflict resolution trajectories, two-aircraft scenarios are designed
to test specific conflict geometries. Two distinct scenarios are evaluated: a head-on encounter
in section 3.1.1 and a nearly parallel crossing trajectory in section 3.1.2.

3.1.1 Head-on Encounter

A head-on encounter scenario is created by placing two aircraft on opposite sides of a center
point, 200N M apart, with their destinations directly across from each other. The aircraft fly
directly toward each other, creating a symmetric head-on conflict. Both aircraft fly at 36, 000 f¢
altitude and 250kts calibrated airspeed (CAS). This configuration results in a direct head-on
conflict, testing the model’s ability to handle basic conflicts. The initial position of this scenario
is presented in Figure 4, showing AC1 and AC2 and their corresponding destination waypoints.
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Figure 4. Head-on encounter between AC1 and AC2, with corresponding waypoints as desti-
nations.

3.1.2 Nearly Parallel Crossing Trajectories

To specifically test the divergence logic, a scenario with nearly parallel but crossing trajectories
is designed. Two aircraft are positioned approximately 10N M apart laterally at the same
longitudinal position, both with an initial heading of 90°. Their destinations are placed 200N M
to the east. The destinations are also 10N M apart laterally but on opposite sides creating
crossing paths with a small angular difference of approximately 2°. Both aircraft fly at 36, 000 f¢
altitude and 250kts CAS. This configuration creates a situation where the resolution trajectories
are likely to be nearly parallel to the original headings, triggering the divergence mechanism
described in section 2.1.3. The initial position of this scenario is presented in Figure 5, showing
AC1 and AC2 and their corresponding destination waypoints.

Figure 5: Nearly parallel crossing encounter between AC1 and AC2, with corresponding way-
points as destinations.

3.2 Eight-Aircraft Scenario

To evaluate and compare the conflict resolution behaviour in a more complex multi-aircraft
conflict situation an eight-aircraft scenario is used. Eight aircraft are positioned in a circle
from a central point at a radius of 100N M, arranged in a circular pattern with 45° angular
spacing between adjacent aircraft. Each aircraft has its destination 200N M directly opposite
its starting position across the center point, resulting in all aircraft converging toward the
center of the cirle. All aircraft fly at 36,000 ft altitude and 250kts CAS. The initial position of
this scenario is presented in Figure 6, showing a circle of eight aircraft and their corresponding
destination waypoints.

3.3 Random Traffic Scenarios

Fast-time random traffic simulation experiments are conducted to evaluate the performance
of the conflict resolution models. First, the simulation design is introduced in section 3.3.1,
after which the random traffic generation is elaborated upon in section 3.3.2. Finally, the
performance measures for the evaluation of the model are introduced in section 3.3.3.
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Figure 6: Eight aircraft (AC1-ACS8) scenario, with corresponding waypoints as destinations.

3.3.1 Simulation Design

The simulation design is similar to the review performed by Ribeiro et. al (2020) [6]. The
aircraft type used during the simulations is a Boeing 747-400. All aircraft fly at constant
velocity in the range of v € [450,500]kts true airspeed (TAS), constant altitude H = 36,000 ¢,
and have a constant bank angle ;1 = 25° when making a turn. The duration of the simulations
is 3 hours, with an experiment duration of 1.5 hours to measure the performance of the model.
This means that all conflicts, losses of separation, and flight parameters of aircraft inside a
defined measurement area are logged during this experiment duration. However, to make sure
that when an aircraft leaves this measurement area accidentally it is not deleted, an experiment
area is defined around the measurement area.

All aircraft are spawned at the edge of this experiment area to prevent conflicts in the
measurement area due to spawning. Furthermore, each aircraft spawned has a destination such
that the minimum flight time through the measurement area is 30min. However, to make sure
there is a range of different headings, a longer flight time is preferred. Thus, the average flight
time is set to 40mun.

Assuming an average velocity of 475kts, the length of the side of the measurement area is
computed by finding the distance an average aircraft will fly. This is given in Equation 12.
From squaring the length, the size of the measurement area is then found in Equation 13.

 475[kts] e
Lineas = W%[mm] = 316.7[N M| (12)

Apmeas = L., ~ 100, 000[N M?] (13)

As the A3 CD&R model has a lookahead time of 10min, the time it takes to fly from the
spawning point at the edge of the experiment area to the edge of the measurement area should
be more than 10min. The maximum velocity is 500kts TAS, which means the distance from
the edge of the experiment area to the edge of the measurement area can be computed as in
Equation 14.

500[kts]

D = ——11|mun| =91.71NM 14
exrp2meas 60[mm] [mln] 9 7[ ] ( )
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This is then doubled and added to the length of the side of the measurement area, finding
the length of the side of the experiment area using Equation 15. The size of the experiment
area is then found by squaring the length, as can be seen in Equation 16

L6$P = Lmeas +2- De$p2meas = 500[NM] (]_5)
Aeap = L2, = 250,000[N M?] (16)

To avoid aircraft converging on a destination, leading to difficult conflicts, destinations are
placed far outside the experiment area. For this, the size of the experiment area is doubled.
This makes sure that aircraft, when almost leaving the experiment area and being deleted, do
not enter a difficult to solve conflict stalling the simulation. A schematic of the simulation
design is shown in Figure 7.

experiment ares

measurement area

\.

destination

317 NN

508 NM

Figure 7: Schematic of simulation design.

3.3.2 Random Traffic

For the random traffic scenarios, a certain traffic density at a single flight level is to be reached
to test the performance. In 2017, traffic density above the Netherlands had a maximum of 32
aircraft per 10.000N M? [13]. However this number will increase in the future [3]. In the safety
evaluation by Blom and Bakker (2015), traffic densities per flight level of 20.8 and 41.6 aircraft
per 10, 000N M? were simulated, although there a different random traffic generation was used
[12]. Additionally, in the review by Ribeiro et al. (2020), traffic densities of 32, 37, and 45
aircraft per 10,000N M? were simulated. Therefore, in this paper similar traffic densities are
used. In three different scenarios, the density will increase from a low level of 35 aircraft per
10, 000N M?, to a medium level of 40 aircraft per 10, 000N M?2, up to a high level of 45 aircraft
per 10, 000N M?2.

To reach the required traffic density, the first 45 minutes of the scenario are used to build up
the amount of aircraft. The scenario starts with no aircraft. Aircraft are added to the scenario
either when the required traffic density is not reached or when the traffic density is expected
to drop below the required level.

When the required traffic density is not reached, aircraft spawn at a time interval determined
by the average flight time and the required amount of aircraft inside the measurement area.
This time interval is multiplied by a factor of 0.75 to speed up spawning when below the
required density level. This factor is determined empirically.
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When the required density level is reached, the time interval is determined by the expected
time at which the traffic density will drop below the required level. This way the traffic density
will not overshoot the required level, as the spawning of aircraft is paused until it is expected
to fall below the required level. This takes into account the average time it takes aircraft to
reach the measurement area after spawning.

After the experiment duration, so after 45min build up phase and 90min experiment, no
new aircraft are spawned and the scenario runs an additional 45min to build down. The
scenario is then terminated and the data logged.

This traffic generation predetermines when and where each aircraft will spawn. This means
that the spawning of aircraft is not determined by the actual traffic density during the simulation
runs, which might change due to conflict resolution trajectories. A more in detail description
of how these scenarios are created is given in Appendix B.

3.3.3 Performance Measures

The performance of a conflict resolution method is mainly described by its ability to resolve
detected conflicts and prevent losses of separation. The frequency of conflicts f.; is defined
to be the sum of the detected conflicts per aircraft per flight hour. This means that if a
pair of aircraft (AC'1, AC2) detect a conflict, it counts as a conflict for AC1 and as a conflict
for AC2. The frequency of loss of minimum separation fr,s is defined to be the sum of
the losses of separation per aircraft pair per flight hour. Furthermore, to show how well the
model prevents larger intrusions of the PAZ, the frequency of loss of separation below 2/3Rp4z
f2/310s is measured and compared [12]. Additionally, the amount of horizontal intrusion iy as
a percentage of the radius of the PAZ Rpaz gives insight in the performance of the conflict
resolution method. This intrusion percentage I is computed using Equation 17 [6]:

IH
I = . 17
Rpaz (17)

Additionally, the performance of a conflict resolution method can be measured by its ten-
dency to create new conflicts. The domino effect parameter (Ppg) is the frequency of conflict
with conflict resolution compared to the frequency of conflict without. A higher Ppg signals a
higher instability of the airspace, thus conflict resolution leading to more conflicts. The Ppg is
shown in Equation 18:

ON _ fOFF
Pop = o, (18)
cfl
with (%\r and fc(}f F the frequency of conflict detected while conflict resolution is on and off,
respectively [6].

Lastly, the performance of a conflict resolution method can be determined by its flight
efficiency. The efficiency is measured by the work done during the simulation, that is flight
effort. This does not include work (labour) activities performed by pilots. If all aircraft fly
their trajectories straight, this is minimal. However due to conflict resolution, additional flight
effort is required to fly to the destination. The work done W is computed as in Equation 19:

W = T - ds, (19)

path

with T the thrust vector and s the displacement vector [6].
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3.4 Simulation Variability

Due to computational effort, each of the above mentioned scenarios is run once for both the A3
model and the MVP resolution method. Each simulation is run with a timestep of At = 0.1s.
The MVP resolution method resolves detected conflicts within that timestep.

However, there is some variability in the A3 model. In the A3 model, the conflict resolution
execution is delayed by the pilot decision time. This means that both MTCR and STCR is
delayed by a random generated time before actually resolving the conflict. The MTCR pilot
decision time is approximated by a Rayleigh distribution with g = 30s. The STCR pilot
decision time is approximated by a Rayleigh distribution with 4 = 5.7s. For the back to
goal MTCR performed in STCR, the pilot decision time is approximated like the MTCR pilot
decision time. Additionally, if there is no possible back to goal MTCR, the aircraft will retry to
generate a conflict free route after a delay. This delay is determined by a Rayleigh distribution
with u = 20s.

As mentioned before, no altitude changes are considered. The MVP resolution method
does use speed change to resolve conflicts, whereas the A3 model only considers trajectory
changes. Additionally, no wind or performance uncertainties are considered. This is different
to the simulations performed with the A3 model in the safety evaluation by Blom and Bakker
(2015) [12]. There monte carlo simulations were performed with both wind and performance
uncertainties.

4 Results

Following the methodology, the results are presented in similar order. First the results of the
two aircraft scenarios are shown in section 4.1. Then the eight aircraft scenario results are
presented in section 4.2. Finally, the results of the random traffic simulations are presented in
section 4.3.

4.1 Two-Aircraft Scenarios

The results of the head-on encounter scenario are presented in section 4.1.1. The results of the
nearly parallel crossing trajectories scenario are presented in section 4.1.2.

4.1.1 Head-on Encounter

Figure 8 illustrates the conflict resolutions for a head-on encounter between AC1 and AC2.
Figure 8a shows the conflict resolution performed by the A3 model. As both aircraft are
equally far from their destination, AC2 has higher priority based on its index. The CD&R
model successfully generates an asymmetric avoidance manoeuver, with AC1 executing a right-
turn to avoid AC2. The trajectory then clearly shows a back-to-goal turn after passing AC2.
Figure 8b illustrates the conflict resolution performed by the MVP resolution method.
Clearly, both aircraft have moved to resolve the conflict, and after the conflict have turned
back to their respective destinations. Due to the shorter look-ahead time of the state-based
conflict detection, the resolution using the MVP method starts significantly later than using
the A3 model leading to a larger resolution heading change. Additionally, since both aircraft
resolve the full conflict using the MVP method, more distance is travelled in total. In contrast,
using the A3 model only ACI resolves the conflict, leaving AC2 to fly its most efficient route.
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(b) MVP

Figure 8: Head-on conflict resolution trajectory

4.1.2 Nearly Parallel Crossing Trajectories

The nearly parallel crossing scenario in Figure 9 demonstrates conflict resolutions for converging
trajectories at a shallow crossing angle. Figure 9a shows the resulting resolution trajectory using
the A3 conflict resolution model. Similar to the head-on encounter, the aircraft are equally far
from their destination. Thus AC2 again has higher priority based on its index. AC2 indeed
does not make a manoeuver, whereas AC1 is clearly seen abandoning its original heading, flying
more parallel to AC2. AC1 now has computed a back-to-goal waypoint 15 minutes ahead, but
after 5 minutes detects that this intent is still in conflict with AC2. Since it cannot find a
conflict free resolution without losing separation to still reach its goal, it tries to diverge. This
divergence can clearly be seen as a turn to the right away from AC2. This creates manoeuvering
space to then turn back to goal behind AC2.

Figure 9b shows the resulting resolution trajectory using the MVP resolution method. As
can be seen, quite a large resolution trajectory is required by both aircraft to resolve the conflict.
It is not visible on the image, but worth noting that both aircraft slowed down significantly.
Both aircraft thus needed more time and flew a larger distance to reach their destinations.

4.2 Eight-Aircraft Scenario

To assess the algorithm’s performance under more challenging conditions, a symmetric eight-
aircraft conflict scenario was simulated. This is done with both the A3 model and the MVP
resolution method. Figure 10 demonstrates the trajectories of both the A3 model and the
MVP method. Figure 10a illustrates the resolution trajectories using the A3 resolution model.
Similar to the two aircraft scenarios, each aircraft has the same distance to its destination.
Priority is thus based on the index, with AC8 having highest priority going counter clockwise
to AC1 having the lowest priority. This is also visible in the figure, where AC1 performs a larger
avoidance manoeuver whereas AC8 can fly straight to its destination and does not manoeuver
at all. However, it is noticable that AC4 performs a smaller avoidance manoeuver than AC7,
whereas priority dictates the other way around. This is both due to conflict geometry and pilot
decision timing. Here, AC7 in its effort to avoid ACS8 has to fly a longer route to cross back
to goal behind AC8. AC4, deciding on its resolution later, profits by being able to avoid AC7
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(b) MVP

Figure 9: Nearly parallel crossing conflict resolution trajectory

more easily and having a head-on encounter with ACS, thus being able to fly a shorter route.
As all aircraft are able to resolve with MTCR, no STCR is performed in this scenario.

Figure 10b shows the resolution trajectories using the MVP method. Similar to the head-on
scenario, aircraft are seen resolving conflicts later as the state-based conflict detection has a
smaller look-ahead time. However, where this lead to slightly larger resolution heading changes
in the head-on scenario, that is not the case in this scenario. As no aircraft has priority, all
aircraft work together to resolve the conflicts. Where using the A3 model, AC1 thus makes a
large detour avoiding all other aircraft, using the MVP method all aircraft fly equal distances.
In this case, no aircraft slowed down to resolve the conflicts.

(a) A3 (b) MVP

Figure 10: Eight-aircraft scenario conflict resolution trajectories
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4.3 Random Traffic Scenarios

The results of the random traffic scenarios are presented according to the performance measures
introduced in section 3.3.3. But first, the actual density during simulations is presented in
section 4.3.1. Secondly, loss of separation related results are shown in section 4.3.2. Finally,
the efficiency results are presented in section 4.3.3.

4.3.1 Density

The density analysis across different traffic scenarios reveals a significant difference between
the two resolution methods tested. In Figure 11 the density during the simulations is plotted
over time, with the average density and its standard deviation for each simulation shown in the
legend.

Figure 11 shows that with the MVP method the density increases significantly. All three
scenarios show a significant rise in aircraft inside the measurement area during the simulations
using MVP method. This can be due to the resolution method using speed change, in this case
slowing down, to resolve conflicts. The additional effect is that aircraft remain longer inside
the area, artificially increasing the density.

Figure 11 also shows that, in contrast to the MVP method, the simulations using the
A3 conflict resolution model have a significantly lower density than expected. A possible
explanation for this are resolutions pushing aircraft out of the measurement area. If aircraft
continue to their destination without re-entering the measurement area, this is measured as
a decrease in density. Another possible explanation is the avoidance of high density areas by
lower priority aircraft. As can be seen in the eight-aircraft scenario, the lower priority aircraft
make larger detours to avoid all higher priority aircraft, flying around the busy area. If this
effect keeps aircraft outside of the measurement area, this is also measured as a decrease in
traffic density.

4.3.2 Loss of Separation

The frequency of loss of separation is shown in Figure 12. As can be seen in Figure 12a, the
loss of minimum separation frequency is significantly lower for the A3 conflict resolution model.
Additionally, this seems to increase with increasing density suggesting a correlation. However,
interestingly the loss of 2/3 separation frequency shown in Figure 12b is higher for the A3
model, where the MVP method has no losses of 2/3 separation.

The intrusion distribution in Figure 13 also shows that the intrusions recorded are larger
when using the A3 model. Across all densities it shows outliers far inside the 2/3 separation
line, as can be seen in Figure 12b. But also for the losses of minimum separation, the intrusions
using the A3 model are significantly higher than those of the MVP method. In contrast to the
frequency of and loss of minimum separation, here no correlation is seen between the traffic
density and the amount of intrusion.

The conflict frequency can be seen in Figure 14. When examining Figure 14, it reveals
that the MVP method has a significantly higher conflict frequency than the A3 model. This
difference seems to increase in the higher traffic density scenarios. This may be caused by the
increase in density using the MVP method leading to a greater amount of aircraft and thus a
greater amount of potential conflicts in the measurement area. It may also indicate that the
MVP resolution method is less effective at preventing secondary conflicts. This domino effect
has also been seen by Sunil et al. and by Ribeiro et al. [6, 13].

The domino effect parameter is a quantification of this domino effect, presented in Figure 15.
Similar to the conflict frequency results shown in Figure 14, the MVP resolution method per-
forms worse in preventing cascading conflicts. The A3 model performs significantly better,
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Figure 11: Density over time per random traffic scenario
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which may be due to its longer look-ahead time when using MTCR.
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Figure 15: Domino effect parameter.

4.3.3 Efficiency

The efficiency analysis examines the operational costs of conflict resolution through flight time,
distance, and work increases. Figure 16a shows that the MVP method incurs substantial
flight time penalties across all density scenarios. In stark contrast, the A3 method maintains
minimal flight time increase, indicating more time efficient conflict resolution. This paints a
similar picture as the density results shown in section 4.3.1. As the MVP method increases the
flight time significantly by slowing down, the density inside the measurement area increases.
The A3 model finds conflict resolutions without a speed change, making more time efficient
resolutions.

Distance increase per flight are shown in Figure 16b. This figure shows again shows similar
results on the difference in behaviour of the A3 model and the MVP method. As the MVP
method relies on speed change next to heading change, and flight time results showed a signif-
icant increase, it is to be expected that the covered distance does not increase as significantly.
As the A3 model does not consider speed change, it is to be expected that the increase in
distance is higher than for the MVP method.

Work increase analysis shown in Figure 17 shows that even though the flight time and
distance increase results are opposite, the flight effort increases are similar. The A3 model does
show much larger ranges, similar to the flight time and distance increase results. This variance
might be due to the larger look-ahead time. Similar to the eight-aircraft scenario presented
in section 4.2, aircraft with a lower priority tend to be forced to fly around high density area,
increasing their flight time, distance, and flight effort significantly.

It is noted that in Figure 16a, Figure 16b, and in Figure 17 the boxplots also extend into
the negative, showing a decrease in flight time, distance, or flight effort. This is due to the
experiment design, where aircraft due to conflict resolution are forced out of the measurement
area early. In the results, the time, distance, and flight effort of an aircraft in between 2 entries
of the measurement area are taken into account. However, if an aircraft leaves early without
re-entering the measurement area, this shows as a flight time, distance, or work decrease.
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5 Discussion

In this discussion, based on the results presented in section 4 a comparison is made between the
A3 model and the MVP method in section 5.1. Then, the impact of intent information in conflict
resolution is discussed in section 5.2. Next, the limitations of this research are elaborated upon
in section 5.3. Finally, recommendations for future research are given in section 5.4.

5.1 Performance Comparison

The random traffic simulation results show that the A3 model achieves substantially fewer
conflicts and losses of separation than the MVP method across all tested traffic density levels.
This is consistent with the longer look-ahead time of the A3 model and its intent-based conflict
resolution strategy. By planning conflict-free trajectories up to 15 minutes ahead using MTCR,
the model is able to resolve potential future conflicts in advance. The MVP method gets into
conflicts more regularly by only reacting to the detected conflict, not taking into account its
future trajectory. The domino effect parameter further illustrates this, with the MVP method
generating substantially more conflicts than the A3 model.

However, when intrusions do occur using the A3 model, they tend to be larger. The intrusion
distribution results show that the A3 model produces outliers with significantly larger horizontal
intrusions into the PAZ, including violations below 2/3 separation, which are not observed at
all with the MVP method. The MVP method exhibits a much narrower intrusion distribution.
This suggests that while the A3 model is effective at preventing conflicts in the longer term, it
performs worse when a loss of separation is unavoidable.

Regarding efficiency, the A3 model and MVP method show opposite trends in flight time and
distance increase. The MVP method incurs substantial flight time increases across all density
scenarios due to its reliance on speed reduction to resolve conflicts. The A3 model, which does
not use speed changes, avoids this. However, the resolutions of the A3 model require aircraft to
make a larger detour, resulting in greater distance increases than MVP. The variance in flight
time and distance increases under the A3 model is also considerably larger. This is consistent
with the eight-aircraft scenario results presented in section 4.2, where lower-priority aircraft
are forced to fly larger detours around higher-priority aircraft. This asymmetric distribution
of resolution costs is an inherent consequence of the priority-driven design of the A3 model.
However, this effect may also spread aircraft over a larger area, preventing aircraft flying into
high density areas, preventing more conflicts.

5.2 Impact of Intent Information in Conflict Resolution

The results of this study suggest that intent information provides meaningful advantages for
CD&R performance. The primary benefit of the A3 model over the MVP method is a sub-
stantial reduction in the number of conflicts and losses of separation. By using the planned
trajectories of surrounding aircraft, the A3 model is able to resolve conflicts earlier and compute
resolutions that remain conflict-free for an extended horizon, which also reduces the domino
effect.

However, the larger intrusions are concerning. According to Blom and Bakker (2013) the
probability of a loss of 2/3 separation in controlled United Kingdom airspace is 10™* per air-
craft [18]. Knowing that the amount of aircraft in the measurement area per flight hour is
approximately 1000 for the highest traffic density scenario, it can be estimated that this event
is expected to happen 0.1 times per flight hour. However, the recorded frequency is more than
3. This was not seen in the safety evaluation by Blom and Bakker (2015), so it is expected this
is due to differences with the numerical implementation of the model there and in this paper
[12]. An overview of these differences can be found in Appendix A.
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The efficiency results show that the intent-based approach reduces overall flight time in-
creases by not using speed changes, but introduces larger and more variable distance increases.
As the aim is to reduce air traffic flow management delays, this is a major benefit of the A3
model. Additionally, the distance increase might be worth it, as aircraft increase flight distance
to avoid high density traffic areas, possibly preventing more losses of separation.

5.3 Limitations

Several limitations of this study should be noted. First, the different taxonomy of the two
conflict resolution models. Where the intent-based A3 model finds a joint resolution using either
a trajectory or heading resolution, the state-based MVP method resolves pairwise summed with
both heading and speed alteration.

Secondly, the A3 model is based on a concept of operations, aiming to be realistic on real-
world operations and limitations. The MVP method on the other hand is more idealized. This
shows in the conflict detection, where the A3 model has update intervals in which conflict
detection is performed, where state-based detection is performed every timestep. Also, the A3
model involves a pilot decision time, which is not considered in the MVP method. Finally, the
A3 model limits the magnitude of the resolutions by limiting the heading change per TCP and
the total amount of detour accepted. The MVP method on the other hand does not limit its
resolutions.

third, only two conflict resolution methods are compared: the intent-based A3 model and the
state-based MVP method. Without a broader comparative evaluation, using different intent-
based and state-based conflict resolution models, it is unclear whether the observed performance
differences are specific to the A3 versus MVP comparison or reflect more general properties of
intent-based versus state-based conflict resolution.

Fourth, no uncertainty quantification is performed. Each scenario is run only once for
each resolution method, meaning the variability inherent in the simulation, arising for example
from the stochastic pilot decision times in the A3 model, is not characterized. It is therefore
unclear whether the observed differences between A3 and MVP reflect consistent performance
differences or are attributable to random variation. This is particularly interesting concerning
the larger intrusion values found using the A3 model. Monte Carlo simulations with multiple
replications would be required to establish statistical confidence in the results, as was done in
the safety evaluation by Blom and Bakker (2015) [12].

Fifth, the scenarios considered are limited in scope. The verification scenarios are stylized
conflict geometries that do not capture the full diversity of conflict types encountered in realistic
traffic. The random traffic simulations are conducted at a single flight level and without wind
or performance uncertainties, which is also a simplification compared to the simulations in [12].

5.4 Future Work

Based on the limitations identified above, several directions for future research are suggested.
First, when performing a similar comparison study, setting equal degrees of freedom and limi-
tations on both conflict resolution methods will lead to a better comparison. For example, a
pilot decision time or maximum resolution heading might be included, or the A3 model might
be adapted to include speed alterations.

Second, the comparison should be extended to a wider range of conflict resolution methods.
This would provide a more complete understanding of how intent information impacts conflict
resolution and when the advantages are most pronounced.

Second, proper uncertainty quantification should be introduced. Repeating each scenario
with multiple random seeds and characterizing the distribution of performance outcomes would
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substantially strengthen the conclusions. This is particularly important given the stochastic
pilot decision timing in the A3 model, and the lack thereof in the MVP method.

Third, future work should focus on how scenarios should be constructed for the evaluation of
CD&R methods. The choice of scenario design, including traffic density, airspace geometry, and
the distribution of conflict types, can have an effect on the performance of a conflict resolution
method. The density anomalies observed in section 4.3.1 illustrate how aspects of experiment
design might influence results.

6 Conclusion

This research implemented and evaluated the A3 CD&R model in the BlueSky ATM simulator,
comparing its performance against the MVP resolution method across multiple traffic density
scenarios. The study provides insights into the effect of intent information on conflict resolution
performance.

The A3 CD&R model compared to the MVP method demonstrates promising performance
characteristics for autonomous conflict detection and resolution. Both in the frequency of con-
flict and loss of separation the intent-based A3 model performs better than the state-based
MVP method. The intent-based resolutions allow for much less cascading conflicts. Addition-
ally, the intent-based resolutions ensure significantly lower flight time increase, as well as avoid
high density areas. However, the large intrusions when using the A3 model are concerning.
Overall, intent information appears to be a valuable input for conflict resolution models.

Several limitations remain. There are more differences between the two methods than only
using intent information or not. Also, limitations in the A3 model are not imposed on the
MVP resolution method. Furthermore, only two methods are compared, and the scenarios are
limited in scope: single flight level, no wind or performance uncertainties, and deterministic
traffic generation without Monte Carlo replication.

Future work should address these limitations by extending the comparison to additional
conflict resolution methods, imposing similar resolution limitations within the methods, intro-
ducing proper uncertainty quantification through Monte Carlo simulation, and investigating
the scenario design choices that most fairly expose the advantages and disadvantages of intent-
based conflict resolution.

This study contributes to the broader CD&R research by analysing the impact of intent in-
formation on the performance of conflict resolution. This is a step in the research on distributed
conflict resolution, required to implement the concept of Free Flight in real-world operations
to solve air traffic flow management delays and allow optimal flight routes.
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Appendices

A Appendix A

The A3 CD&R model used in this paper is originally implemented in the TOPAZ-iFLY Pascal
codebase, which is based on the specification document [15, 16]. During the implementation of
the BlueSky plugin described in section 2, several differences were identified between the spec-
ification document and the TOPAZ implementation. These differences fall into two categories:
functions present in the TOPAZ implementation that are not described in the specification de-
scribed in section A.1, and parameter values that differ between the specification and the code
described in section A.2. Furthermore, some mistakes were made during the implementation of
the A3 model in BlueSky, leading to differences. These differences are described in section A.3.

A.1 Functions Not Described in the Specification

The first difference is that the specification document is incomplete concerning the functions
used in the TOPAZ implementation. The missing functions are mentioned below.

A.1.1 MTCR Resolution Algorithm

The specification document defines the ASAS MTCR Advisory LPN in appendix U.4 and
references the resolution function fﬁ:ﬁg‘;ﬁ;@wew by name, but does not describe the algorithm
itself. The iterative angular search, the back-to-goal turn logic, and the separation reduction

loop are all implementation details present only in the TOPAZ implementation.
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A.1.2 Divergence Mechanism

The TOPAZ implementation implements a divergence mechanism in the STCR algorithm that
is not described in the specification document. When the computed STCR resolution heading is
nearly parallel to the aircraft’s current heading, there is a risk that multiple aircraft involved in
the same conflict execute similar heading changes, potentially maintaining parallel trajectories
or generating new conflicts. To prevent this, the divergence mechanism is activated when the
cosine of the angle between the resolution heading and the current heading exceeds 0.9994,
corresponding to an angular difference of approximately 2° or less.

When the divergence mechanism is activated, three candidate heading adjustments are
evaluated: the current parallel resolution heading, and the current heading offset by +A@4.,
where the code default is A¢g;, = 5°. For each candidate, the minimum separation distance to
all other aircraft is predicted one second ahead. The candidate that maximizes this minimum
separation is selected as the divergence heading, which is then used as the starting offset for the
STCR resolution search. The divergence criterion is only applied to aircraft within a vertical
bound of Hg, — 100ft of the own aircraft, where Hg;, = 300 ft.

A.2 Parameter Differences

Several parameter values differ between the specification document and the TOPAZ implemen-
tation. The most notable differences are listed below.

A.2.1 STCR Horizontal Separation Parameter

The specification document implies a horizontal separation distance for STCR of Rsep srer =
5N M, consistent with the PAZ radius. The code uses a default of Ry, srcr = 3NM, which
is smaller than the PAZ radius, but this is overridden to Rspsrcr = HNM in the input
parameters, bringing it in line with the specification. The simulations in this paper therefore
use the specification value.

A.2.2 MTCR Vertical Separation Parameter

The specification document specifies a vertical separation height for MTCR of Hgep yrer =
950ft. The code default is Hyep pror = 900 £, and the input parameters set this to Hgep yror =
1000 ft. The simulations in this paper use the input parameter value of 1000 f¢, which is in line
with the input parameters.

A.2.3 Pilot Decision Time for STCR

The specification document specifies a pilot decision time for STCR approximated by a Rayleigh
distribution with purp; = 5.7s. The code default matches this value. However, the input
parameters override this to prp; = 18s. This is a deliberate scenario choice that increases the
pilot response delay for STCR. The simulations in this paper use urp; = 5.7s, in line with the
specification document.

A.2.4 Intent Update Interval

The specification document specifies an intent-based conflict detection update interval of 17 ypdate
90s, i.e., the interval at which the ASAS CD&Management LPN re-evaluates conflicts using
intent trajectories on the medium term horizon. The code default is 17 ypgare = 655, which is
below this value, and no override is applied in the input parameters. The simulations in this
paper use 90s, in line with the specification document.
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A.3 Differences Between the BlueSky Implementation and the Code-
base

Several differences exist between the BlueSky plugin implementation used in this paper and
the TOPAZ implementationbase. The most notable differences are described below.

A.3.1 Divergence Mechanism Applied to Both STCR and MTCR

As described in section A.1, the divergence mechanism in the TOPAZ implementation is only
applied within the STCR algorithm. In the BlueSky implementation, the divergence mechanism
is also applied to MTCR resolutions. When an MTCR resolution heading is found to be nearly
parallel to the current heading (i.e., the cosine of the angle between the two headings exceeds
0.9994), the same divergence routine is invoked to select an initial heading offset that maximizes
the minimum separation to nearby aircraft. This extension was motivated by the same concern
as the original STCR divergence mechanism: without it, MTCR resolutions can result in aircraft
flying parallel courses that do not sufficiently separate.

A.3.2 10 Second STCR Delay

In the TOPAZ implementation, STCR is triggered when a state-based short-term conflict is
detected, i.e., when two aircraft are predicted to violate separation based on their current state
vectors rather than their intent trajectories. The specification document defines Tsrc res = 105
as the duration of a state-based conflict that must elapse before the system switches to STCR
resolution mode. This delay is therefore tied to the state-based detection mechanism.

In the BlueSky implementation, a fixed 10-second delay is added to all STCR resolutions
in addition to the Rayleigh-distributed pilot decision time, regardless of how the conflict was
detected. Since the BlueSky implementation uses only intent-based conflict detection and
state-based detection is not considered in this paper, this 10-second delay is not appropriate.
It is applied unconditionally to all STCR resolutions, meaning that STCR resolutions in the
simulations are systematically delayed by 10 seconds beyond what the specification and code-
base intend for intent-detected short-term conflicts. Combined with the pilot decision time of
prp1 = 5.7s, the effective STCR response time in the BlueSky implementation is approximately
15.7s, compared to the specification value of urp; = 5.7s.

B Appendix B

The random traffic scenarios used in the simulations are generated using a BlueSky plugin. Be-
fore any simulation is run, the plugin generates a scenario file for each traffic density configura-
tion. This appendix describes how these scenario files are created. The scenario generation con-
sists of three steps: defining the spawn and destination positions, generating origin-destination
(OD) pairs, and writing the scenario file.

B.1 Spawn and Destination Positions

Aircraft are spawned on the edge of the experiment area, which has a side length of L., =
500N M. To prevent conflicts due to simultaneous spawning at the same location, a set of
discrete spawn positions is pre-calculated along the four edges of the experiment area. The
number of spawn positions is determined by dividing the total perimeter of the experiment
area by an effective separation distance, given by:

defr = Rpaz - (1 +0), (20)
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where Rppz = BNM is the PAZ radius and o0 = 4 is a separation margin. This results
in an effective separation of deyy = 20N M between adjacent spawn positions. The positions
are distributed evenly across the four edges of the experiment area, with an equal number of
positions on each edge. A spawn position is marked as unavailable for a cooldown period after
an aircraft is spawned there. This cooldown is the time required for the aircraft to travel at
least one PAZ radius away from the spawn point, plus a 60-second buffer.

Destination positions are calculated in the same way, but on the edge of a larger destination
area with a side length of Lg.oq = 7T07TNM. Placing destinations outside the experiment area
ensures that aircraft do not converge on the same destination without being able to resolve the
conflict.

B.2 Origin-Destination Pair Generation

OD pairs are generated sequentially, starting from ¢ = 0. For each aircraft, a true airspeed
is drawn uniformly from v € [450, 500]kts, and a spawn and destination position are selected
at random from the pre-calculated edge positions. The time the aircraft will spend inside the
measurement area is then computed by finding the intersection of the straight-line flight path
between origin and destination with the boundary of the measurement area, which has a side
length of L,,cqs = 316.7N M. If the resulting time inside the measurement area is less than the
minimum required flight time of 30 min, the OD pair is rejected and a new one is generated.

Once a valid OD pair is accepted, the spawn time of the next aircraft is determined based
on the predicted number of aircraft inside the measurement area at the time the next aircraft
is expected to enter it. This expected count is computed from the entry and exit events of all
previously generated aircraft. If the predicted count is below the target density, the next spawn
time is set to Atgpaun - a after the current spawn time, where:

tin

Ats;oaum = N ;
target

(21)

with ¢;, the mean time in the measurement area of all aircraft generated so far, Nygger the
target number of aircraft in the measurement area, and o = 0.75 a factor to accelerate spawning
when below the target density. If the predicted count is already at or above the target density,
the next spawn time is set such that the new aircraft enters the measurement area when a
sufficient number of existing aircraft are expected to have exited, preventing the density from
overshooting the target level.

This process is repeated until the end of the logging phase at ¢ = 9000s. The resulting
OD pairs, including spawn time, entry and exit times, airspeed, time and distance in the
measurement area, and origin and destination coordinates, are saved to a log file. This log file
is reused for all simulation configurations that share the same traffic density, ensuring that the
traffic patterns are identical across different CD&R method configurations.

B.3 Scenario File Creation

Using the generated OD pairs, a BlueSky scenario file is created for each simulation configura-
tion. The scenario file first defines the simulation setup, including the center coordinates, the
boundaries of the measurement area and experiment area, and the conflict detection and reso-
lution methods to be used. The measurement and experiment areas are defined as rectangular
regions using the AREA and EXP commands, respectively.

Subsequently, a CRE command is written for each aircraft in the OD pair log, scheduled at the
aircraft’s spawn time. This command creates the aircraft at its origin position with the correct
heading toward its destination, at a cruise altitude of H = 36,000 ft and the corresponding
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calibrated airspeed. An ADDWPT command is then written to assign the destination waypoint,
followed by an LNAV ON command to activate lateral navigation. The aircraft will then fly a
straight-line path from its spawn position to its destination at constant altitude and speed.
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Introduction

During the past 20 years, the aviation sector has grown almost continuously. IATA expects
that passenger numbers will hit 10 billion by 2050 [1, 2]. However, according to Eurocontrol,
air traffic delays reached the second highest value in 20 years [3]. A significant part of this
is attributed to the air traffic control (ATC) capacity.

The concept of Free Flight is one of the most promising developments for increasing
the capacity in air traffic management (ATM). This concept allows optimisation of flight
routes by airlines. The pilot is responsible for maintaining airborne separation. Aircraft
ensuring self separation is thought to be more effective than a global optimisation of flight
routes along airways by a centralised ATC [4]. To allow for safe operations within such a
Self Separating Airspace (SSA), aircraft themselves have to be able to detect and resolve
conflicts [5]. Airborne self separation research focuses on the development of Airborne
Separation Assistance Systems (ASAS). It has seen a tremendous development worldwide
since the invention of Free Flight in 1995. Examples are research programs like DAG/TM or
SESAR [6, 7].

An example of a project studying the feasibility of SSA in high-density traffic condi-
tions is the iFly project'. Through a sequence of studies within iFly an advanced airborne
self separation concept of operations has been developed. This is called the Autonomous
Aircraft Advanced (A3) Concept of Operations (ConOps) [5]. For this ConOps a model in-
cluding Conflict Detection & Resolution (CD&R) using both state and intent information
has been developed. This will be called the A3 CD&R model in this report. The state in-
formation of an aircraft contain its current position and velocity. The intent information
includes future states of the aircraft such as position and velocity. Previous analysis of the
A3 CD&R model have shown positive safety and flight efficiency related characteristics [8].
These findings encourage further analysis of the A3 CD&R model.

In this report, first a literature study is performed in chapter 2. Then a research gap is
identified and research questions presented in chapter 3. Based on these gap and ques-
tions a preliminary methodology is given in chapter 4. Finally, the report is concluded in
chapter 5.

1https://ifly.nlr.nl/
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Literature Study

This section provides an overview of the perfomed literature study. The literature study
provides the relevant background for the identification of the research gap and research
questions. This includes a definition of multiple CD&R models and how they can be cate-
gorised in Section 2.1. Following is a description of the A3 Model in Section 2.2. Next, the
requirements for an ATM simulator and the chosen Open Source ATM simulator BlueSky
are elaborated upon in Section 2.4. Finally an overview will be given of how CD&R models
are simulated in Section 2.5.

2.1. CD&R Models

Before diving into the A3 model it is good to start with the development of CD&R models.
To begin, it is necessary to have a clear definition of a conflict. A conflict is an event in
which two or more aircraft experience a loss of separation (LoS) [9]. Separation minima are
defined to be the protected aircraft zone (PAZ), which is, in en-route airspace, defined as a
disc with diameter of 10 NM and a height of 2000 ft providing a horizontal separation of 5
NM and a vertical separation of 1000 ft, as is shown in Figure 2.1 [10]. The PAZ could also be
defined as a much smaller region (e.g. a sphere of 500 ft in diameter) in the case of tactical
collision alerting systems or in terms of parameters other than distance, for example time
[9].

10NM

2000 f{

Figure 2.1: The International Civil Aviation Organization’s (ICAO) separation minima: 5 NM horizontal sepa-
ration and 1000 ft vertical separation [10].
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The goal of the CD&R system is to predict that a conflict is going to occur in the future,
communicate the detected conflict to a human operator, and assist in the resolution of the
conflict situation [9]. To provide insight into different methods of conflict detection and
resolution, methods can be evaluated according to ten characteristics [10]:

1. The type of surveillance

2. Trajectory propagation

3. Predictability assumption

4. Centralised or distributed control

5. Method category

6. Multi-actor conflict resolution

7. Timescale of avoidance planning

8. Type of resolution manoeuvre

9. Type of obstacle

10. Optimisation objective

In Section 2.1.1 an overview is given of some CD&R models and their categorisation. Next,
the first three items are characteristics used in the conflict detection phase and will be elab-

orated upon in Section 2.1.2. The last seven characteristics are on the conflict resolution
phase and will be elaborated upon in Section 2.1.3.

2.1.1. Overview
To summarise Sections 2.1.2 and 2.1.3, CD&R methods can be categorised by defining ten

characteristics. The ten characteristics and their categories are visualised in Tables 2.1 and
2.2,

Table 2.1: Taxonomoy of conflict detection categories [10].

Conflict Detection Categories

Surveillance Trajectory Propagation Predictability Assumption
Centralised Dependent State-Based } Nominal
Distributed Dependent Intent-Based Probabilistic

Independent Worst-Case

A lot of conflict detection and resolution methods are shown in Table 3 in [10]. Addi-
tions to Table 3 in [10] are introduced in Table 2.3. The used abbreviations can be seen in
Table 2.4.
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Table 2.2: Taxonomoy of conflict resolution categories [10].
Conflict Resolution Categories Applicable For All Conflict Resolution Categories
Multi-Actor Gbstacle
Control Method Categories Conflict Avoidance Avoidance T tirizati
Resolution Planning  Manoeuvre i Grtaaden
Exact _ Sequential Strategic ~ Heading Static Flight Path
Centralised b L b . : )
Heuristic Concurrent Tactical Speed : Flight Time
= Dynamic
Prescribed Slégi::;tsi; Escape Vertical All Fuel/ Energy
St b Consumption
Distributed Flicht
Reactive ? Pairwise Summed 18
Plan
Explicitly : -
Negotiated Joint Solution
Table 2.3: Taxonomy of CD&R methods, additions to Table 3 in [10]
Met | Sur | Tra | PAs | Con | Mul | Plan | Obs | AyMan | Source
H C S N C S T D H+S+V | Suietal. [11]
H C I N C S T D FP Sui and Zhang [12]
R C S N D PSE | T D S Brittain and Wei [13]
R D S N D )] T A H+S Piccinelli et al. [14]
R D S P D ] T A H+S+V | Naga Jyotish et al. [15]
R D S N D J T D FP Bonanni et al. [16]
R I S N D J T A H Fan et al. [17]
R D I N D ] T D FP Blom and Bakker [8]
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Table 2.4: Abbreviations used for taxonomy of conflict resolution methods [10].

Category Abbrev. | Meaning
E Exact
H Heuristic
Method Categories (Met) P Prescribed
R Reactive
EN Explicitly Negotiated
C Centralised Dependent
Surveillance (Sur) D Distributed Dependent
I Independent
. . S State-based
Trajectory Propagation (Tra) I Intent-based
N Nominal
Predictability Assumption (PAs) | P Probabilistic
WC Worst-case
Control C Centralised
D Distributed
S Sequential
Multi-Actor Conflict ¢ Co'na.lrrent .
Resolution (Mul) PSE Pa%rw%se Sequential
PSU Pairwise Summed
J Joint Solution
S Strategic
Avoidance Planning (Plan) T Tactical
E Escape
S Static
Obstacles (Obs) D Dynamic
A All
H Heading
S Speed
. \Y% Vertical
Avoidance Manoeuvre (AvMan) H+V Horizontal and Vertical
H/V Horizontal or Vertical
FP Flight Plan

2.1.2. Conflict Detection Characteristics

Aircraft surveillance can be defined in terms of whether the aircraft is dependent on exter-
nal systems, or on its own on-board systems (i.e. independent) [10]. Within the dependent
surveillance systems, an additional distinction can be made based on the origin of the data:
a centralised system receives data from a common station (e.g. ATC), whereas a distributed
system processes information broadcast and received to and from the surrounding traf-
fic (e.g. via ADS-B). Independent surveillance is more commonly referred to as Sense and
Avoid and uses on-board sensors to detect static and dynamic obstacles (e.g. [17]) [10].
Independent surveillance is not employed in manned aviation, however, as aircraft are ex-
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pected to cooperate through the ADS-B system [10]. In Figure 2.2 the three different types
of surveillance are visualised.

+ T X
\Y +\/§4 +@ gg

\G ))

(a)Centrahsed dependent (b)Distributed dependent surveillance. c)Independent surveillance.
surveillance.

Figure 2.2: Different types of surveillance used in CD&R models [10].

The propagation of an aircraft’s trajectory can be considered based on their current
state (i.e. state-based) or their future intent (i.e, intent-based) [10]. State-based trajectory
propagation assumes a straight line as continuation from the current state, whereas intent-
based trajectory propagation assumes turns and changes in heading and speed based on
the future waypoints of the aircraft [10]. Using a state-based model is naturally simpler
and faster computationally, as intent-based models require data transmission and heavier
computational processing [10]. False alarms in state-based systems can occur, or potential
conflicts overlooked, if future trajectory changes of all aircraft are not taken into account
[10]. However, false alarms are also introduced when aircraft diverge from their initially
intended trajectory due to conflict resolutions when using intent-based systems [10]. Some
models using state-based conflict detection can for example be found in [18, 19, 20]. Intent
in the form of future waypoints can be found in [21, 22, 23, 24, 12]

To find a conflict between two aircraft, it is to be identified whether those two aircraft
will be closer than the minimum required separation at a future point in time [10]. This
thus requires an estimation of the future positions of all aircraft, and it differs on whether
uncertainties are added to the trajectory propagation [10]. A nominal assumption (Fig-
ure 2.3a) does not consider uncertainties (i.e. uncoordinated behaviour from other traffic,
unknown wind, or state variation), which is often used for its simplicity and good computa-
tional performance [10]. This assumption is mostly used with shorter look ahead times (i.e.
a few minutes) and can be quite accurate in an environment where aicraft have a steady
behaviour [10]. A worst-case assumption (Figure 2.3b) considers all possible trajectory
changes resulting from uncertainties [10]. However, this is impractical in a real environ-
ment as its complexity results in a heavy computational load [10]. The middle ground is
the probabilistic assumption (Figure 2.3c) [10]. In this case the likelihood of each possible
trajectory change is taken into account based on the current position and maximum turn
and climb rates [10]. Incorporating uncertainties may improve accuracy; as more poten-
tial trajectories are considered, the more likely it is that one will resemb]e the real observed
position in the future [10]. However, this is at the cost of more false alarms and reduces the
available manoeuvring space to resolve conflicts [10].

2.1.3. Conflict Resolution Characteristics

Separation management, or control, can either be centralised or distributed [10]. Cen-
tralised control means that decisions regarding future trajectories and conflict resolutions
are computed in a centralised location for multiple aircraft in a certain area for which the
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(a)Nominal assumption. (b)Worst-case assumption. (c)Probabilistic assumption.

Figure 2.3: Different types of predictability assumption methods [10].

controller is responsible [10]. A centralised system is capable of providing a global solu-
tion to complex multiple-actor systems, at the cost of being computationally heavy and
having a single point of failure [10]. Distributed control means that individual aircraft are
responsible for assuring separation from other aircraft [5]. Each aircraft only needs to solve
a fraction of the global problem solved by the centralised system, as each aircraft only con-
siders neighbouring aircraft, incurring computational benefits [5]. A comparison between
distributed and centralised systems concluded that, at the loss of some performance, dis-
tributed systems can successfully solve complex multiple-aircraft problems in real time
with very low computational effort compared to a centralised system [25]. Furthermore,
the Free Flight concept illustrates that in a distributed system aircraft are free to decide
upon their optimal route, versus following the route received from a centralised system [4,
20].

Next, five conflict resolution method categories are described [10]. For centralised sys-
tems an exact and a heuristic approach can be defined. As mentioned above, using a cen-
tralised system can find a global solution for a complex multiple-actor systems. This global
solution of all aircraft trajectories or avoidance manoeuvres can be optimised for either
performance (e.g. fuel consumption, flight path, or flight time) or safety. When using an
exact method (e.g. a multi integer linear programming approach [26]) a global optimum
is to be found. Otherwise a heuristic method (e.g. Variable Neighborhood search [27], Ant
Colony optimization [28], Evolutionary Algorithms [29], or Monte Carlo Tree Search [12])
attempts to yield a good, not necessarily global optimum, solution at the benefit of lower
computational time. For distributed systems the prescribed, reactive, and explicitly negoti-
ated categories are defined. Both prescribed and reactive resolution methods are implicitly
coordinated, meaning no explicit communication takes place between the aircraft resolv-
ing a conflict. Prescribed resolution methods use a set of rules or determined manoeuvres
to resolve conflicts (e.g. Right-of-Way rules [30] or fixed climbing-turn manoeuvres [31]).
Reactive resolution methods perform manoeuvres based on the conflict geometry, where
each aircraft not only reacts to the conflict but can also react to the other aircraft’s reaction
to the conflict (e.g. eby’s self-organisational approach [18]). Explicit coordination resolves
conflicts based on explicit communication between aircraft. This can be done by setting a
negotiation mechanism where aircraft communicate towards an agreement and/or priori-
tisation (e.g. safe separation constraints [32], cost negotiated [33], or priority-based [11]).

Centralised and distributed systems have different approaches to multi-actor conflicts
[10]. Centralised systems will either use a sequential algorithms according to the prioriti-
sation of the aircraft (e.g. [34, 11]) or concurrent resolution where all trajectories are com-
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puted simultaneously (e.g. [35]). Sequential algorithms do need an adequate priority de-
termination method (e.g. [36]). Distributed systems use either a joint solution, a pairwise
sequential solution, or a pairwise summed solution. A joint solution resolves multiple con-
flicts simultaneously in a single solution (e.g. [14, 15, 16]). To avoid too complex situations
the look ahead time is limited. Pairwise sequential methods focus on individual conflict
pairs and computing a resolution manoeuvre per conflict (e.g. [13]). Pairwise summed
(used in [20]) sums all resolution manoeuvres from the pairwise sequential method to per-
form a single manoeuvre resolving all conflicts. It is good to note that the pairwise sequen-
tial method ensures implicit coordination as described above, as implicit coordination uses
the reaction of the other aircraft to the conflict. Using a joint solution or pairwise summed
resolution manoeuvre thus also had consequences on the implicit coordination between
aircraft. It is shown that the summing of the avoidance vectors does have a beneficial emer-
gent global effect of distributing the available airspace between different vehicles [20].

The planning of a resolution manoeuvre can be defined as per the look ahead time and
the state of the aircraft after the avoidance manoeuvre is performed [10]. Strategic is a
long-range action in the order of 20 minutes to hours before the conflict which changes the
flight-path significantly, whereas tactical is a mid-range action in the order of 3 to 5 minutes
before the conflict that changes a small part of the flight path [10]. An escape is a short-term
manoeuvre in the order of seconds before a collision that brings the aircraft to safety with
no additional consideration regarding the flight path [10]. As illustrated in Figure 2.4(a), a
strategic resolution manoeuvre affects the planned flight considerably as future waypoints
are modified to avoid conflict [10]. A tactical resolution manoeuvre (Figure 2.4(b)) avoids
the conflict but does not consider a new flight plan or recovery to the original flight plan
[10]. Some sort of coordination can still be utilised to perform the conflict resolution [10].
An escape manoeuvre as shown in Figure 2.4(c) is a last resort where no flight plan or co-
ordination is used due to the lack of time, this is for collision avoidance [10]. In manned
aviation, escape manoeuvres are not usually employed [10]. Due to the large PAZ around
aircraft, a LoS does not necessarily represent a collision [10].

(a)Strategic planning. (b)Tactical planning. (c)Escape planning.

Figure 2.4: Different types of avoidance planning [10].

There are also multiple types of avoidance manoeuvres [10]. These can be based on
changing the aircraft’s current state (e.g. heading, speed, or altitude) or changing the air-
craft’s future intent by changing its flight plan [10]. The different state-based avoidance
manoeuvres are visualised in Figure 2.5. Most methods use horizontal (thus heading and
speed) manoeuvres, some also consider vertical manoeuvres. The added degree of freedom
added by vertical manoeuvres results in a greater variety of possible conflict resolution ma-
noeuvres, but also results in more complex optimal route calculation [10]. When at cruise
altitude, the manoeuvring space for speed manoeuvres is small as the stall speed at such
altitudes is high [10]. However, research done on using so-called 'subliminal’ speed control,
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i.e. modifying the aircraft speed within a small range around their original speeds, can be
used to resolve some conflicts. Its efficiency does depend on the minimal separation and
the available time to LoS, and is only possible with non-(near-)head-on conflicts [37, 38].
Other methods have shown that combining heading and speed manoeuvres have potential
results [20, 39]. Intent-based resolution manoeuvres change the waypoints the aircraft is
intended to follow. This way of avoiding conflicts has gained new attention with the devel-
opment of the four-dimensional trajectory-based operation (4DTBO) concept, waypoints
in three dimensional space with specific timestamps [40]. New flight plans can then be
constructed in case of a conflict, either by changing the waypoint or the timestamp at the
waypoint, or both. An example of intent-based avoidance can be found in [24, 12]. Lastly,
resolution manoeuvres are either discrete, the environment is assumed to remain constant
until the manoeuvre is terminated, or continuous, the environment is observed continu-
ously and can adapt the manoeuvre while it is being executed [10]. In practice, it can be a
combination where a manoeuvre is computed using an assumed discrete state but can be
updated when for example a new conflict changes the existing traffic situation and thus the
discrete state [10].

(a)Heading avoidance (b)Speed avoidance manoeuvre. (c)Vertical avoidance
manoeuvre. manoeuvre.

Figure 2.5: Different types of state-based avoidance manoeuvres [10].

A CD&R method may prevent collision with only static obstacles, dynamic obstacles, or
with a combination of both [10]. Manned aviation CD&R models will naturally be directed
at dynamic obstacles as these models are mostly used when aircraft are flying at cruise
altitude [10]. An exception is the Ground Proximity Warning System (GPWS) which detects
the aircraft’s proximity to the ground as a static obstacle and warns the crew in case of a
conflict [41].

Finally, CD&R methods can be categorised by the chosen optimisation objective [10].
For CD&R methods, safety is paramount; however, there is a preference for methods which
do not significantly alter the initially planned trajectory or heavily increase the costs of an
operation [10]. The efficiency of CD&R methods can be evaluated regarding its effect on the
time and/or path of the flight or even fuel/energy consumption [10]. It is to be noted that
a CD&R method may contain weights of costs which vary based on the mission/situation,
thus its efficiency being dependent not only on the intrinsic method but on the weights
employed. In the Free Flight concept, the choice of optimisation is up to the operator of
the aircraft [4].

2.2, iFly

As described in the introduction, the iFly project has lead to the development of the A3
Model, which is derived from the A3 ConOps. The A3 ConOps describes the overall con-
cept of operations within the autonomous en-route ATM environment as well as a high
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level specification for the required equipment [5]. The A3 ConOps is further elaborated
upon in Section 2.2.1. Using the A3 ConOps, the iFly Work Package WP9 descibes an Op-
erational Services and Environment Description (OSED) and the airborne system design
requirements of airborne self-separation procedure [42, 43]. The OSED is elaborated upon
in Section 2.2.2 and finally the system design requirements are reviewed in Section 2.2.3.

2,2.1. A3 ConOps
The basis of the A3 ConOps is that all aircraft are responsible for airborne self separa-
tion without ground support from ATC while meeting traffic flow constraints [5]. The A3
ConOps is limited to en-route flight only, defined to be from the departing Terminal Ma-
neuvring Area (TMA) exit point to the entry point of the arrival TMA [5]. This en-route
airspace is classified as SSA in which the route from exit point to entry point is defined to
be the Reference Business Trajectory (RBT) [5]. The above mentioned traffic flow constraint
is the predetermined Controlled Time of Arrival (CTA) at the entry point of the arrival TMA
[5]. A CTA is not an exact time of arrival but rather a time window which decreases in size
as the aircraft comes closer to the entry point of the arrival TMA [5]. To fly the RBT it is
assumed all aircraft are equipped and certified for self separation and precision navigation
is the standard [5]. To allow for self separation, the aircraft are equipped with airborne
separation assistance systems (ASAS).

The A3 ConOps thus describes some ground rules all autonomous aircraft have to ad-
here to when inside the SSA and performing self separation. These autonomous flight rules
(AFR) are:

* Autonomous aircraft are responsible for maintaining separation with all other air-
craft [5].

* Autonomous aircraft are required to maintain separation from designated areas and
no-fly zones [5].

* Autonomous aircraft are required to adhere to flow management constraints. Rene-
gotiation will have to take place if these constraints cannot be met [5].

* Lower priority autonomous aircraft involved in a medium term Intent based conflict
ruled by priority are required to manoeuvre to solve it sufficiently in advance, so that
the conflict does not continue until the conflict resolution becomes a short term co-
operative conflict [5].

* Autonomous aircraft shall not manoeuvre in a way that creates a short term (3 to 5
minutes) conflict [5].

* The trajectory of autonomous aircraft shall at no time place the aircraft in a 2 minutes
state vector conflict (blunder protection) [5].

* Autonomous aircraft shall not enter managed airspace (for example a TMA) without
the approval of the controlling entity of that airspace [5].

A definition of a conflict is given in Section 2.1. In the A3 ConOps additionally a subset
within the PAZ is made; the reduced separation minima of 3 NM instead of 5 NM hori-
zontally and 900 ft instead of 1000 ft vertically. The formal PAZ is then called the comfort
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separation zone (CSZ), whereas the reduced separation minima form the minimum sepa-
ration zone (MSZ). An illustration of this is shown in Figure 2.6.

— 5 NM Radius

900 ft 1000 ft
«—4

T -———s— SR . L — — ——f—

1000 ft

3 NM Radius

Minimum Separation Zone (MSZ)

Confort Separation Zone (CSZ)

Figure 2.6: Protected Airspace Zone, divided into a comfort separation zone and a minimum separation zone
[5].

Next to the AFR, some systems are required to enable the A3 ConOps allowing safe op-
erations within the SSA [5]. These systems include:

* A system wide information management system (SWIM) [5].
* Air-Ground and Air-Air data link communications and surveillance broadcast
* On-board decision support tools (including ASAS) [5].

* Advanced airborne automated applications (e.g. weather data fusion applications,
warning functions and guidance algorithms) [5].

* Advanced ground surveillance support (available via SWIM) which allows for:

— Communicating the presence of other aircraft in the aircraft’s awareness zones

[5].

— Detecting complex and/or congested areas [5].
* Advanced human machine interfaces (HMI) [5].
* New procedures and rules (e.g. AFR) [5].
* Flight Management System integrated with the on-board decision support tools [5].

* Airborne Collision Avoidance System (ACAS) [5].
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The A3 ConOps uses a combination of long term area conflict detection (LTACD), medium
term and short term conflict detection and resolution (MTCD&R, STCD&R), and ACAS to
increase the maximum airspace capacity while allowing safe operations [5]. To be able to
predict the future position and velocity of surrounding aircraft the A3 ConOps uses not
only state information but also intent information. The intent is the planned flight tra-
jectory of the aircraft broadcast up to a medium term time frame and allows surrounding
aircraft to predict whether a conflict will occur. In the long term awareness zone (LTAZ) the
aircraft, with help of SWIM, knows its own RBT, weather hazards, restricted airspace areas,
and other areas to avoid. Within the medium term awareness zone (MTAZ) the aircraft will
know its own state and intent and that of the surrounding aircraft [5]. Within the short term
awareness zone (STAZ) the aircraft will know its own state and first level of intent as well as
that of the surrounding aircraft [5]. The awareness zones are defined to enable processing
of relevant information [5].

Table 2.5: Overview of CD&R and ACAS modules considered within A3 ConOps [5].

Look Create Type of
ahead Principle | Priority P .
. Coord. secondary | resolution

time ofuse rules conflict? algorithm

for CD ) 8
LTACD >30 min | - RBT - - -
MTCD&R Up to 15.5 Not . Intent Yes Do not Intent

to 20 min | required based

Ub to3 State (first
STCD&R p o Implicit | level of No Do not lonN

to 5 min .

intent)

ACAS <1 min Explicit | Pure state | No Try not lonl

The LTACD uses its own RBT information to detect conflicts with weather hazards or re-
stricted airspaces [5]. If a conflict is detected, trajectory management is activated, however
this is not an ASAS function.

The MTCD&R uses intent information only and is priority based [5]. The aircraft with
the lowest priority has to make a resolution manoeuvre, whereas the aircraft with the high-
est priority is allowed to fly its planned trajectory. Priority can be based on multiple factors
like the distance to destination, the aircraft manoeuvrability, or its mission statement (com-
mercial, military, governmental, etc.). The resolution manoeuvre performed has to solve all
known conflicts and shall not create new conflicts up to a to be determined time [5]. The
medium term conflict resolution (MTCR) is in the form of an updated RBT, which will be
broadcast to the surrounding aircraft as the new intent of the aircraft.

The STCD&R uses state and first level intent information to resolve conflicts within the
STAZ [5]. If first level intent information is not available, the state information of surround-
ing aircraft is nominally extrapolated, which is considered to be representative. The short
term conflict resolution (STCR) will enable a quick execution of conflict resolution due to a
focus on conflict resolution instead of trajectory management [5]. The STCR makes use of
implicit coordination between conflicting aircraft to resolve conflicts. The STCR will have
to be able to resolve conflicts which involve several other aircraft and not create new con-
flicts [5]. The resolution is in the form of a manoeuvre. An update of the RBT and broadcast
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of the new intent is performed next to this resolution but is not part of the resolution per-
formed.

The ACAS only uses state information, as it requires a fast resolution of the potential
collision [5]. Explicit coordination is used in this conflict pair solving the conflict only for
the involved aircraft. It does consider surrounding aircraft within the STAZ, but can ignore
secondary conflicts if no other option is available.

Conflict detection and conflict resolution modules work in parallel, using a conflict pro-
cessing module to assign a detected conflict to the appropriate conflict resolution module
[5]. For example, if a conflict is detected using medium term intent-based conflict detec-
tion, but requires a short term resolution, STCR is activated.

The A3 ConOps does not in detail describe operations involved in the transition in or
out of SSA, but only mentiones some guidelines [5]. The most important is that the air-
craft is free of conflict for a to be determined timeframe when entering SSA and is free of
conflict when exiting SSA. Furthermore, the A3 ConOps describes military, head-of-state,
non-normal and emergency operations.

2.2,2, Operational Services and Environment Description

The operational services and environment description is meant to provide a more detailed
description of the A3 ConOps by elaborating on the environment in which the A3 ConOps
will operate and describing the process of conflict detection and resolution [42].

Inside the environment, aircraft know about each others existence via both Air-Air datalink
and SWIM [42]. Other means of communication like voice communication are not consid-
ered. SWIM provides the aircraft with the state and intent information of all aircraft within
the medium term time horizon (MTTH) [5, 42]. The Air-Air datalink provides the aircraft
with the state, and if possible first level intent, information of all aircraft within the short
term time horizon (STTH). It is possible to have an SSA with different performance require-
ments or level of ground support like SWIM. In the OSED three service levels (SL) are con-
sidered. A SL is the level of ground support or information available to the autonomous
aircraft in SSA. The three service levels are:

* SL1: All autonomous aircraft are broadcasting only state information.

» SL2: All autonomous aircraft conform to SL1 and in addition they broadcast intent
information allowing a prediction of the trajectory planned by other aircraft for the
MTTH.

e SL3: All autonomous aircraft conform to SL2 and in addition there is a ground in-
formation sharing (SWIM) support. This level corresponds to the complete system
described in the A3 ConOps [5].

For this study, it is assumed the system is continuously in SL3.

Within the environment, different responsibilities are applied to the different actors
[42]. Ttis the autonomous aircraft’s responsibility to broadcast the state and intent informa-
tion and immediately announce any changes to the RBT due to conflict resolution to SWIM.
For the flight crew, the OSED explicitly states: "all actions which are suggested by onboard
support tools and which would directly influence the actually flown trajectory shall at least
be approved by the flight crew’. This also means that the flight crew has a proper level of
situational awareness provided by the HMI. Next to this, flight operation centres (FOC) are
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defined to be airline operation centres and responsible for the planning of flights of their
fleet. In the A3 ConOps FOCs are not essential for the safety and feasibility of operations in
SSA, but it is envisioned they will play a role for the effectiveness of the A3 ConOps for max-
imising user benefits. Finally, service providers for SWIM, advanced ground surveillance
support, and air navigation (ANSP) are defined. Next to SWIM, which is defined in Section
2.2.1, the advanced ground surveillance support is responsible for providing additional in-
formation such as traffic complexity prediction, increasing flight performance, whereas the
ANSP controls a TMA and thus the CTA of the aircraft. The A3 ConOps assumes: 'no ANSP
intervening during the self separation part of flight (even if self-separation fails)’. If a CTA
is to be renegotiated, this is done with the ANSP.

To process the detected conflict and resolve it, certain parameters have to be defined
[42]. For a start, the urgency of the conflict at any moment of conflict processing in terms of
the time span between the actual time and the predicted LoS. This time span is defined as
the time to predicted loss of separation (TTL). Now, to separate MTCR and STCR processes
the short term time threshold (STT) is defined as a TTL threshold. Due to the absence of any
additional communication among conflicting aircraft, the start of a resolution manoeuvre
execution is the first point of onboard conflict processing detectable by surrounding air-
craft. Therefore, the operational requirements are refined as follows:

* The resolution manoeuvre which starts at TTL < STT shall fulfill the implicit coordi-
nation requirements with respect to the conflicting aircraft. Such conflict is referred
as a Short Term Conflict (STC).

* The resolution manoeuvre which starts at TTL > STT shall respect the set priority
rules. Such conflict is referred as a Medium Term Conflict (MTC).

Furthermore, to decide whether the detected conflict will be resolved using MTCR or
STCR, a conflict processing logic (CPL) is used as described below. In the CPL, open and
closed manoeuvres are introduced. A closed manoeuvre is defined to be a conflict res-
olution manoeuvre provided in the form of an updated RBT within the MTTH. An open
manoeuvre on the other hand is a conflict resolution manoeuvre that does not consider a
consistent continuation of the existing RBT, but updates its RBT after the conflict resolu-
tion has been executed. The conflict resolution in this case is thus a conflict free trajectory
within the STTH. The CPL also uses the remaining time to LoS (RTTL), which is the time re-
maining between the predicted LoS and the moment the resolution manoeuvre is executed.
The difference between the TTL and RTTL is the time required to process the detected con-
flict and come to a decision on which resolution manoeuvre is to be executed. This conflict
processing performance (CPP) consists of:

 Surveillance Performance: The delay between the time the information for conflict
detection is available and the time the conflict is actually detected;

* Logic Performance: The time taken to assess the situation and deciding on a suitable
resolution type;

* Conflict Resolution Performance: The time it takes to generate (possibly multiple)
resolution manoeuvres and present them to the flight crew;

* Execution Delay: The time used by the crew to evaluate the resolution manoeuvres
presented to them and start execution.
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Figure 2.7: On-board conflict processing [42].

A visualisation of the CPP is given in Figure 2.7 [42]. The shown RT (Reference Time) is
the time of the traffic situation 'snapshot’ used in the conflict resolution. As solutions are
presented for acceptance to the flight crew, continuously updating the given resolutions
might not be acceptable for the pilots.

Using all these parameters and definitions the CPL will look like Figure 2.8 [42]. When
the conflict process ends at enhanced monitoring, this means the conflicting aircraft which
is supposed to manoeuvre is monitored to check whether it is actually manoeuvring.

2.2.3. System Design
Now that the A3 ConOps and its conflict processing logic is known, the design of the system
can be elaborated upon. The system design requirements have been elaborated upon in
[43]. The system is shown in Figure 2.9 as a high-level architecture. The contents of the
different functional blocks (FB) are elaborated upon below. A functional block is a set of
functionalities assuring a group of tasks, for example navigation or conflict resolution.

First, the information management system groups functions dealing with information
to and from external systems and agents other than the flight crew [43]. The information
management consists of ADS-B communication, SWIM communication, navigation com-
munication, traffic data, and airborne weather data management. The traffic data manage-
ment fuses information from both ADS-B and SWIM, checks the quality of the information,
and serves this information to other ASAS functions. The airborne weather data focuses on
long term area detection which can be used to determine areas to avoid.

The application management system is responsible for the overall function orchestra-
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Figure 2.8: Conflict Processing Logic (CPL) [42].

tion, global parameter determination, and operational status supervision [43]. The ap-
plication management system contains the priority level selection function, service level
management, conflict management, system operational status management, and user-
preferred trajectory modification management. The conflict management function coor-
dinates other functions related to CD&R, prioritises conflicts, initiates and executes the
conflict processing logic and potentially the conflict resolution manoeuvres. The user-
preferred trajectory modification management is used to alter the RBT outside of resolu-
tion manoeuvres. Finally, the system operational status management checks whether all
necessary functions are working as required, and if not manages potential degradation of
certain functions.

Next is the conflict detection system, which is responsible for the detection of all types
of conflicts and their reporting to the conflict management function in the application
management system [43]. This system includes short term conflict detection, medium
term conflict detection, complexity conflict detection, and area-to-avoid conflict detec-
tion. Conflict detection is intent-based using nominal trajectories.

The conflict resolution system is responsible for computing conflict resolution ma-
noeuvres, and monitoring their execution, whenever solicited by the conflict management
function [43]. This system includes functions like the computation of a tactical manoeuvre,
the computation of a trajectory modification, and monitoring functions for the execution
of either a tactical manoeuvre or a trajectory modification.

The last system is the human machine interface (HMI) [43]. The HMI displays traffic
and conflict information to the flight crew, presents proposed conflict resolution manoeu-
vres, and includes a system operational status interface which displays for example the
current priority level and provides information about the ASAS. Finally, the HMI allows the
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Figure 2.9: High level view of ASAS architecture [43].

flight crew to select a user-preferred trajectory, e.g. for optimisation.

2.3.A3 Model

Using the A3 ConOps, a safety evaluation has been performed [8]. In the safety evaluation,
the TOPAZ modelling approach has been used to develop a mathematical model of the
A3 ConOps [44, 45]. As the first step, an agent-based model of the A3 ConOps has been
developed which allows for rare-event Monte Carlo (MC) simulation. Previous research
done on rare-event MC simulations can be found in [46, 47]. Using this, it is required that
'the agent-based model satisfies specific mathematical conditions [48]’ [8]. In the safety
evaluation, these conditions are satisfied by developing the A3 model in the framework
of stochastically and dynamically coloured petri nets [49]. An elaboration on Petri nets
is given in Appendix 6.1. The A3 model is further elaborated upon in Section 2.3.1. In
the safety evaluation, the dynamic velocity obstacle (DVO) method is chosen to perform
conflict resolution. The velocity obstacle method is described in Section 2.3.2, and the
dynamic velocity obstacle in Section 2.3.3.

2.3.1. A3 Model
Within the agent-based formulation of the A3 model, the following agents are considered
[50]:
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Aircraft state

Pilot-Flying (PF)

Pilot-Not-Flying(PNF)

Airborne guidance, navigation, and control (GNC)
ASAS

communication, navigation, and surveillance systems

It should be noted that the A3 model does not incorporate environment/weather, ACAS, or
FOCs [50]. Furthermore, the A3 model ASAS agent is restricted to horizontal CD&R only,
thus assuming all aircraft fly at the same flight level.

For the A3 model, the relevant ASAS elements of the A3 ConOps are [50]:

All aircraft are supposed to be A3 equipped, and their ADS-B periodically broadcasts
own aircraft state and intent information, and periodically receives the state and in-
tent information messages broadcasted by other aircraft.

All aircraft are supposed to use the same resolution algorithm, and all crews are as-
sumed to use ASAS and to collaborate in line with the procedures.

ASAS related information is presented to the crew through a Cockpit Display of Traffic
Information (CDTI) [5].

Following [5], the aim is to work with a vertical separation minimum of 900 ft and
with a horizontal separation minimum of 3 NM (which is referred to as Minimum
Separation Zone (MSZ)). A conflict is detected if these separation minima will be vi-
olated within medium term or short term horizon. Minimum separation between
centre lines of intents are 1000 ft and 5Nm in vertical and horizontal direction re-
spectively (which is referred to as Comfort Separation Zone (CSZ)).

The conflict resolution process consists of two phases: MTCR and STCR. During the
MTCR phase, one of the aircraft crews should make a resolution manoeuvre. If this
does not work, then during the STCR phase, both crews should make a resolution
manoeuvre.

Both STCR and MTCR are intent-based, i.e. available intent information of own and
other aircraft is taken into account when identifying a conflict free RBT. A key differ-
ence between MTCR and STCR is that the former uses priority rules and the latter
not.

During STCR, coordination does not take place explicitly, i.e., there is no communi-
cation on when and how a resolution manoeuvre will be executed.

Using these relevant elements, the implementation principles of the MTCR and STCR
are given as in [8]:

MTCR implementation principles:
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— MTCR detects planning conflicts 10 min ahead, and it resolves 15 min ahead.
— An aircraft nearest to the destination has priority over others.

— An aircraft with the lowest priority has to make its 4-D plan conflict free (15 min
ahead) with all other plans.

— If there is no feasible conflict-free plan, then rather than doing nothing, it is
better to identify a plan that has a minimal undershooting of the 5 NM/1000 ft
criterion and does not create a short-term conflict.

— Upon approval by the crew, the aircraft uses automatic dependant
surveillance-broadcast (ADS-B) to send this 4-D plan to all other aircraft; if ap-
plicable, together with a message of being handicapped (which is priorityin-
creasing, and it forces other aircraft to help resolve the initial undershooting).

* STCR implementation principles:

— STCR detects tactical conflicts 3 min ahead and resolves 3 min plus 10 sec ahead
through course changes.

— When an aircraft detects a short-term conflict, it is obliged to resolve the conflict
without waiting for any of the other aircraft.

— If there is no feasible alternative, then rather than doing nothing, it is better
to choose a tactical manoeuvre that minimizes the undershooting of the mini-
mum tactical separation criterion.

— Upon approval of the crew, the aircraft broadcasts its new course, which will
trigger other aircraft to help with resolving the conflict in case of an initial un-
dershooting.

— STCR triggers MTCR to produce a new consistent RBT taking into account the
pilot confirmed STCR.

2.3.2. Velocity Obstacles

As the A3 ConOps does not describe a conflict resolution algorithm for either MTCR or
STCR, for both a specific approach needed to be adopted [8]. As computational load is a
severe issue in rare-event MC simulation, the velocity obstacle based conflict resolution
algorithm was selected.

The conventional velocity obstacle approach is described in [24]. The velocity obsta-
cle description is restricted to circular agents, thus considering a planar problem with no
rotations. It is also assumed that agents move along arbitrary trajectories and that their in-
stantaneous state (position and velocity) is known. Now consider the own aircraft as agent
A and another aircraft with circular PAZ as agent B, moving with respective velocities v4
and vp, as shown in Figure 2.10a. The collision cone CC,4 p is defined as the set of colliding
relative velocities between A and B, where A is agent A reduced to a point and B is obstacle
B enlarged by the radius of A. This cone is the planar sector with apex in A, bounded by
tangents from A to the edge of the PAZ of B. Any relative velocity outside of CC 4 p is guar-
anteed to be collision free provided that B maintains shape and speed. The collision cone
is illustrated in Figure 2.10b.
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Figure 2.10: Construction of the collision cone [24].
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(a) Velocity obstacle VOp. (b) Reachable avoidance velocities (RAV).

Figure 2.11: Construction of velocity obstacle and consequent reachable avoidance velocities [24].

To consider multiple obstacle agents it is useful to establish an equivalent condition
on the absolute velocities of A [24]. This is done by translating CC4 g by vg. This velocity
obstacle (VO) partitions the absolute velocities of A into avoiding and colliding velocities.
Selecting v, outside of the VO would avoid collision with B. To avoid multiple agents the
union of all individual VOs is considered. The avoidance velocities then consist of those
velocities v 4 that are outside all VOs.

To decide on the avoidance manoeuvre, which consists of a one-step change in veloc-
ity to avoid a future collision, a set of reachable velocities is to be defined [24]. Reachable
velocities are velocities within the kinematic (e.g. turning radius) and dynamic (e.g. accel-
erations) constraints of the agent. The set of reachable avoidance velocities (RAV) is then
defined as the difference between the set of reachable velocities and the VOs. An avoid-
ance manoeuvre can then be computed by selecting any velocity in the set of RAVs. An
application of this theory for solving multi-aircraft conflicts using VOs is the solution space
diagram [51], amethod to show the VOs to the pilot which combines all VOs into a set of for-
bidden reachable velocities (FRV) and its complement set of allowed reachable velocities
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(ARV) [52]. The construction of the SSD is illustrated in Figure 2.12.

Bl FRV [ ARV
(a) (b) (c)

Figure 2.12: Construction of SSD in (c) by combining set of forbidden velocities (or VOs) in (a) and the reach-
able velocities in (b) [52].

When resolving a conflict using VOs, a choice has to be made by the pilot on which
manoeuvre is executed. In Figure 2.13 an example is shown of different coordination rules
and their location within an SSD [52]. As can be seen, the different coordination rules are:

1. Shortest way out

2. Clockwise turning

3. Rules of the air

4. Shortest from target heading
5. Only heading change

6. Only speed change

Notice that the resolution point using 'rules of the air’ remains within the FRV as the
conflicting aircraft approaches from the left, and the depicted aircraft thus has the right of
way [52]. Different rules can lead to the same resolution point. Additionally, rules five and
six do not garantuee a solution and thus have to be used in conjuncture with the other rules.
The forbidden resolution velocities (FRV) are given in red, whereas the available resolution
velocities (ARV) are the white space.

These 6 coordination rules solve the conflicts in the SSD in a joint solution. However
the conflicts can also be solved in a sequential manner, making use of priority to determine
which aircraft should solve which conflict [52].

2.3.3. Dynamic Velocity Obstacles

Now the above described VOs are state-based, but considering the intent-based nature of
the A3 model it is interesting to look at applications considering intent information for VOs.
An example of this is the Dynamic VO (DVO) method [8, 53]. The DVO method takes the VO
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Figure 2.13: Resolution points under different coordination rules [52].

to be a family of circles with their centres at 7. (t.) and radii r (¢;) as illustrated in Figure 2.14.
U.(t.) is the exact collision course from agent A to agent B.
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Figure 2.14: VO described as a family of circles [53].

Another example is to consider that a complex trajectory can be approximated as a
series of straight paths [8, 54]. A curved trajectory can be approximated using virtual vehicle
positions, or 'ghosts’, which can be extrapolated backward along each of the approximated
straight sections. The virtual positions can be used to generate a VO for that part of the
moving obstacle’s trajectory. This is illustrated in Figure 2.15.
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Figure 2.15: Approximation of the curved trajectory of obstacle B using 'ghosts’ in (a), and consequent VO for
agent Ain (b) [53].

The safety evaluation of Blom and Bakker (2015) also uses such a DVO approach [8]. In
this case, the DVOs follow from the RBTs, each of which consists of a centerline and a 3D
volume around this centerline. This means that the 3D volumes of RBTs define the DVOs.
The technical details of the RBT-DVO approach used by Blom and Bakker (2015) have been
specified in the unpublished NLR Technical Report by Bakker, Nieskens and Blom (2010)
[55].

2.4. Simulator

When looking at different papers on CD&R models and their analysis, it is clear that simu-
lation of air traffic with ASAS is the main way to verify and validate the CD&R model and its
performance. This is shown in for example [8] or [18]. In these cases the model is verified
and validated using a simulator. The different simulators have different fidelity levels, or
use different aircraft performance models. To test the performance of the A3 model and be
able to compare it to other CD&R models one simulator has to be used.

The chosen simulator for this research is the BlueSky ATM simulator [56]. This simula-
tion tool is open-data, using for example self-generated text files containing Aeronautical
Information Services (AIS) as navigation data. Furthermore, the simulator is open-source
which allows the community to contribute to the development. To allow for the simulator
to be open-source, it is build using Python, which is a popular open-source programming
language used by many academia. Furthermore, used data files are plain text files which
contributes to its ease of use. Simulation scenarios can also be described in text files, using
the traffic program manager used by for example NLR and NASA as part of the ASTOR sim-
ulation [57]. This program uses plain text scenario files with time stamped commands, that
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can also be entered during runtime by the user, in the console of the simulation program.
Next to this, the scenario files can easily be shared to be used in future research.

Next to the scenario files, plugins can be built and implemented inside the simulator.
Such plugins add functionalities to the simulator which are not available at that moment.
For this research, the A3 model will be implemented using one (or maybe more) plugins in
BlueSky. Other conflict resolution algorithms have already been implementend using such
aplugin'. An overview using the taxonomy described in Section 2.1 is given in

Table 2.6: Conflict resolution methods in BlueSky and their taxonomy.

Method | Surv | Traj | PAsm | Cont | Multi | Plan | Obst | AvMan | Source
MVP D S N D PSU | T D H+S+V | [20, 18]
SSD D S N A J T A H+S [52]

2.5. Simulation Scenarios

To evaluate a CD&R method in a simulator, certain scenarios can be used to allow for a fair
comparison. In this section, scenario variables and how they are used in different papers
are described. First, different traffic scenarios are introduced in Section 2.5.1. Next, inde-
pendent variables are elaborated upon in Section 2.5.2. Finally, some dependent variables
are discussed in Section 2.5.3.

2.5.1. Traffic Scenarios

As a start, a simulation has a certain amount of aircraft or agents within the simulated
space. This number can vary a lot. For example, when looking at validation of a CD&R
method, simulations can contain two aircraft flying towards the same point in space, illus-
trated in Figure 2.16 [18, 19]. Other two aircraft conflicts are used as case studies for the
DVO, for example by including manoeuvres, and are shown in Figure 2.17.
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Figure 2.16: Example of a two aircraft conflict [38].

Ihttps://github.com/TUDelft-CNS-ATM/bluesky/tree/master/bluesky/plugins/asas
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Figure 2.17: Two aircraft conflicts including manoeuvres [53].

With a few more aircraft, more complex conflict geometries can be made, e.g. the super
conflict with eight aircraft visualised in Figure 2.18a [18, 4, 23] or the wall conflict visualised
in Figure 2.18b [4, 23].

(a) Example of a superconflict. (b) Example of a wall conflict.

Figure 2.18: Examples of special conflict geometries [4].

Now when looking at large scale traffic scenarios, an area has to be defined in which
the simulation will take place. For example, Balasooriyan et al. uses a square area of
455,625 NM? [52], whereas Ribeiro et al. define a square area of 202,500NM? [10]. The
measurement area does not need to be chosen arbitrarily. This can be done using the av-
erage true air speed (TAS) and the average flight time, giving a square area [10]. However,
this is the measurement area. Both define an experiment area larger than the measure-
ment area to account for edge effects, for example aircraft leaving the measurement area
due to resolution manoeuvres. The aim is to keep the traffic density constant within the
measurement area. In these simulations, aircraft are spawned continuously.

Another way of defining a simulation area is described in [8]. Here, the area is packed
with rectangular boxes. Each box contains a fixed number of seven aircraft which fly at an
arbitrary position and arbitrary direction at a certain ground speed. One aircraft aims to
fly straight through a sequence of connected boxes at the same speed. Per box, the air-
craft within it behave the same, and for aircraft that pass the boundary of a box a periodic
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boundary condition applies. This means that all aircraft have to be simulated in one box
only. By changing the size of the boxes, the traffic density can be varied. The boxes should
not become too small to avoid that an aircraft experiences a conflict with its own copy in a
neighbouring box. In such a simulation, all aircraft are spawned immediately.

Both types of simulations may need a build-up period. Either to reach a steady state of
traffic volume and traffic pattern [10], or to solve serious short and medium term conflicts
which appear due to the immediate nature of spawning [8].

Finally, the aircraft in the simulation can be defined in certain different ways. For ex-
ample, the aircraft can be based on a real aircraft (e.g. B747 [52, 10] or B737-500 [23]).
Another option is to simulate more anonymous agents, giving a speed and altitude normal
for manned aviation purposes [8]. More reality based simulation scenarios use a mix of
aircraft types and thus performance values [39].

2.5.2. Independent Variables

In this Section, the independent variables are described. These variables are independent
because they are not influenced by other parameters, and can thus be varied to make dif-
ferent analysable scenarios. These variables do have influence on the dependent variables
explained below.

1. Conflict detection & resolution methods

Simulations in BlueSky use the already implemented state-based conflict detection
method [52, 10]. Another possibility is to use intent-based conflict detection [23, 8].

Furthermore, the resolution method can also be varied. For example, implementations
in BlueSky can lead to a comparison of different resolution methods [52, 10]. Within the res-
olution method, the type of manoeuvre can also be varied, for example by giving a range of
speed controls in subliminal speed control or defining certain coordination rulesets when
using VOs [39, 52].

2. Traffic volume

To increase pressure on the CD&R models during simulations, the traffic volume can be
increased which will lead to an increase in the amount of conflicts. Here a wide range of
traffic densities per flight level have been considered

* 2.5t07.5 AC/10,000N M? [52]
* 20.8 AC/10,000N M? and 41.6 AC/10,000N M? [8]

e 32t045 AC/10,000NM? [10]
3. Manoeuvring space

The performance of the CD&R models will be dependent on how constrained the agents in
the simulation are in their manoeuvres. This can include restrictions on turn rate, speed,
and altitude. A speed range for manned aviation between 450 and 500k s can be used [52,
10], but a larger speed range of 300 to 500k¢s is also possible and increases the available
manoeuvring space [52].
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Most simulations encountered use a horizontal resolutions only approach [8, 52, 10].
Others evaluate horizontal and vertical separately, where in theory the resolution method
can choose [23].

A final way to limit the manoeuvring space is to implement static obstacles within the
experiment area, creating corridors in which the agents have to manoeuvre [32].

4. Wind

Next, an independent variable is the wind. Some simulations included no wind [52, 10].
Some do include an invariant wind vector field [58]. Others include a wind prediction error
trying to measure the effect of unexpected local wind or weather disturbances [8].

5. Various disturbances

Finally, other independent variables can be set as a probability of failure of for example the
enabling systems for the CD&R [8]. Such baseline values of key dependability parameters
can cause various disturbances with which the CD&R model has to be able to deal with
in the real world. Below a list is given of the dependability parameters used in the safety
evaluation [8]:

* Probability of global navigation surveillance system down

Probability of global ADS-B down (frequency congestion/data transfer overload)

Probability of aircraft ADS-B receiver down

Probability of aircraft ADS-B transmitter down

Probability of aircraft ASAS performance corrupted

Probability of aircraft ASAS down

2.5.3. Dependent Variables
3 categories of dependent variables can be used to compare different CD&R methods, which
are loss of separation, stability, and efficiency [58].

1. Loss of Separation

The obvious aim of a CD&R method is to allow safe self separation. This can be measured
in the number conflicts. A conflict is defined as a predicted intrusion. The safety can also
be measured as the number of intrusions. An intrusion is defined as a violation of sepa-
ration minima. These metrics can either be shown as the total number found during the
simulation or as a frequency per flight hour [8, 10].

Using these numbers, the intrusion prevention rate (IPR) can be computed. The IPR
can be computed as in Equation 2.1. Here n.f, is the number of conflicts and n;,; is the
number of intrusions.

ft— Nint

n
IPR= % 2.1)
Nert
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Other metrics can be the severity of LoS. This can be measured as a fraction of the in-
trusion compared to the horizontal separation minima. This is computed in Equation 2.2
[52]. R is the horizontal separation minimum and dcp4 the closest distance between two
aircraft.

LoSsey = R=depa (2.2)
R

Furthermore, another metric to measure the severity of the losses of separation is the
number of intrusions going under 2/3 of the separation minima [8]. This metric can be
compared to the number of intrusions to find whether the intrusions were severe, or the
closest point of approach was just inside the PAZ. Here, the number of intrusions going
under 2/3 of the separation minima can be shown as the number during a simulation or
the frequency per flight hour.

2. Stability

When at very high traffic densities, resolving conflicts may cause new conflicts [58]. The
stability of the airspace as a direct result of conflict resolution manoeuvres can be measured
using the domino effect parameter (DEP). The DEP is visualised in Figure 2.19. The DEP is
computed using Equation 2.3.
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Figure 2.19: The DEP compares simulations with and without conflict resolution to measure airspace stability
[58].
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3. Efficiency

Finally, itis interesting to know whether a model can not only allow safe separation, but also
do so in an efficient manner. A first metric is the distance travelled. This can be compared
to the minimum distance required to find the loss in effective distance travelled. Summed
for the total of all flights in the scenario, the efficiency can be described by the mean loss in
effective distance travelled [8]. This metric can also be expressed in time.
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Another efficiency metric is the mean lateral deviation at the endpoint of the simula-
tion period. This provides a measure of the net effect of the detours made due to conflict
resolutions [8].

The efficiency in a simulation can also be analysed using the work done metric [58].
This metric considers the optimality of the aircraft’s trajectory, having a strong correlation
with fuel/energy consumption. The work is computed using the thrust vector T and the
displacement vector §, as shown in Equation 2.4. This can then be compared to the mini-
mum work required for the flight.

W= T-ds (2.4)
path
Finally, the efficiency of a CD&R method can be analysed by looking at the pilot activity.
Blom and Bakker (2015) assessed pilot activity in terms of number of pilot-flying and pilot-
not-flying activities per flight hour [8].



Research Gap & Questions

After the given overview of relevant literature, the identified research gap is defined. Ad-
ditionally, resulting research questions are provided. The research gap can be found in
section 3.1 and the research questions in section 3.2.

3.1. Research Gap

When looking at the literature study, it is noticed that a lot of research has been performed
on CD&R methods. Both the development of CD&R methods and the analysis of their per-
formance has seen a lot of research over the past years. However, some gaps can be identi-
fied.

First, the comparability of different CD&R methods, both state-based and intent-based,
is lacking. It is unclear how CD&R methods perform compared to each other. This is due to
different ATM simulators and scenarios used in different papers. This includes a compari-
son between state-based and intent-based CD&R methods. This is required to analyse the
impact of using intent-information in conflict detection and resolution.

Next, how to set up simulation scenarios to study intent-based CD&R methods is miss-
ing. Furthermore, this is needed to be able to compare them fairly to other CD&R meth-
ods. How is intent information incorporated in simulation scenarios? How to measure
the impact of intent information on conflict detection and resolution? And what variables
describe the performance of an intent-based CD&R method?

This research aims to fill the gaps defined above by implementing the A3 model in
BlueSky. Then use this implementation to do a comparative study to other existing CD&R
models.

3.2. Research Questions

In this section the main research question is presented, which is followed by the subques-
tions and some elaboration on how together they will answer the main research question.

Main Research Question

How are traffic scenarios developed which include intent information and explore a range
of independent variables and rare events to research the advantages and disadvantages of
different CD&R models?
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Research Subquestions
1. What is the impact of using intent information when analysing CD&R methods?

2. Which performance indicators should be chosen to perform a comparative study be-
tween different intent-based CD&R models in BlueSky?



Methodology

In this section, a brief description is given on how the thesis research will progress from this
proposal. A preliminary methodology based on the research questions given in Section 3.2
is given in Section 4.1

4.1. Methodology

The steps needed to be taken to perform this research are the following:
1. Implement intent information in BlueSky.

As a first step intent information has to be implemented into the vectorised operations of
the BlueSky ATM simulator. The required intent information of aircraft is key to implement
and simulate the A3 CD&R model.

2. Implement A3 intent-based conflict detection algorithm in BlueSky.

Now, aircraft in BlueSky have to be able to detect potential conflicts using intent informa-
tion. Current conflict detection in BlueSky is state-based only '.

3. Implement both A3 intent-based STCR and MTCR algorithms in BlueSky.

When a conflict is detected, either the MTCR or STCR is to resolve it. Both MTCR and STCR
algorithms will develop an intent-based resolution, where MTCR will give a conflict free
trajectory for the MTTH and STCR will give a conflict free trajectory for the STTH.

4. Develop traffic scenarios which include intent information.

Next, to analyse the performance of the A3 model and make a comparison with other con-
flict resolution algorithms implemented in BlueSky, traffic scenarios have to be developed.
These traffic scenarios have to at least include a variety of traffic densities, time horizons
for CD&R, and PAZ dimensions.

5. Create and analyse results using the developed scenarios for both the A3 model and
other conflict resolution models implemented in BlueSky based on chosen perfor-
mance indicators.

Using the developed traffic scenarios, both the A3 model and other conflict resolution mod-
els implemented in BlueSky can be simulated. Results on the chosen performance indica-
tors are created and Analysed.

'https://github.com/TUDelft-CNS-ATM/bluesky/wiki/asas
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Conclusion

The global air traffic continues to grow. To increase the ATM capacity, the concept of Free
Flight is a promising development. To allow for Free Flight, an Autonomous Aircraft Ad-
vanced (A3) concept of operations has been developed. This concept of operations uses
intent information to combine strategic and tactical conflict detection and resolution. It
allows safe operations in a self separating airspace.

Yet it is unclear how this A3 model performs compared to other CD&R models. Thus
the impact of combining strategic and tactical CD&R using intent information is unclear.

This research aims to answer this question by implementing the A3 model in the BlueSky
ATM simulator. This implementation is used to perform simulations. By doing so, it will
improve understanding of the A3 model. Furthermore, it enables future research in a com-
parative simulator environment. This will ultimately provide a means of implementing the
concept of Free Flight in air traffic management.
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Appendix 1

6.1. Petri Nets

To mathematically describe the A3 model and be able to use it within rare-event MC sim-
ulations, Dynamically Coloured Petri Nets (DCPN) are used [8]. The total A3 model is a
composition of Petri nets per functional entity of an agent, defined as a Local Petri Net
(LPN). Below DCPNs and LPNs are described.

Dynamically Coloured Petri Net

A petri net is a graph of circles (named places), rectangles (named transitions), and arrows
(named arcs) [49]. The arcs exist between places and transistions and vice versa. The places
represent discrete modes or conditions, the transitions represent possible actions: they in-
dicate transitions between those conditions. A condition is current if a token (represented
by a dot) is residing in the corresponding place.

The many advantages of petri nets and their extensions include their graphical repre-
sentation which makes it possible to observe or model a system in all of its components
at a higher level, and their applicability to dynamic process models [49]. The extension
used for the A3 model is the DCPN. A DCPN is given by the following tuple: DCPN =
(PT,AN,S,C,V,G,D,F]I), where:

P isasetof places

T is a set of transitions which consists of a set of guard transitions (7g), a set of delay
transitions (Tp), and a set of immediate transitions (77)

A is aset of arcs which consists of a set of ordinary arcs (A,), a set of enabling arcs (A,),
and a set of inhibitor arcs (A;)

N is anode function which maps each arc to an ordered pair of one transition and one
place; multiple arcs between the same place and transition are allowed

S is a set of colour types for the tokens occuring in the net; a colour is the value of a
token, a colour type is thus the state space of the colours a token can be

C is a colour function which maps each place to a colour type in S
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V' is a set of place-specific colour functions which describe what happens to (i.e. define
the rate of change of) the colour of a token while it is residing in that place; each
colour function is determined by a differential equation which is locally Lipschitz
continuous

G is a set of Boolean-valued transition guards associating each transition in T with a
guard function

D is a set of transition delays associating each transition in Tp with a delay function

F isasetof (probabilistic) firing functions which for each transition describes the quan-
tity and colours of the tokens produced by the transition at its firing; a transition will
either fire 0 or 1 token per outgoing arc which together with its colour is according
to a transition-specific probabilistic mapping rule that may depend on the colours of
the input tokens

I is an initial marking which defines the set of tokens initially present, at which place
they initially reside, and what colour they initially have

Tokens can thus be removed from places by transitions that are connected to these
places by incoming ordinary arcs [49]. However, two conditions have to be satisfied. First,
the transition must have at least one token per ordinary arc and one token per enabling
arc in each of its input places and no tokens in the input places to which it is connected
by an inhibitor arc. If this condition is satisfied the transition is pre-enabled. The second
condition differs per type of transition; the condition for guard transitions is specified by
the set of transition guards, for delay transitions by the set of transition delays, and no sec-
ond condition is specified for immediate transitions. The transition guards and transition
delays are continuously evaluated if the transition is pre-enabled, and may depend on the
colours of the tokens in the input places.

When both conditions are satisfied the transition removes a token from all input places
connected by an ordinary arc [49]. It does not remove the tokens from input places con-
nected by an enabling arc. The transition then produces a token for some or all of its output
places, specified by the firing function. The colours of the tokens produced by the transi-
tion may depend on the colours of the tokens in the input places.

In order to avoid ambiguity, for a DCPN the following rules apply when two transitions
are enabled simultaneously:

RO The firing of an immediate transition has priority over the firing of a guard or delay
transition.

R1 If one transition becomes enabled by two or more disjoint sets of input tokens at
exactly the same time, then it will fire these sets of tokens independently, at the same
time.

R2 If one transition becomes enabled by two or more non-disjoint sets of input tokens
at exactly the same time, then the set that is fired is selected randomly.

R3 If two or more transitions become enabled at exactly the same time by disjoint sets
of input tokens, then they will fire at the same time.
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R4 If two or more transitions become enabled at exactly the same moment by non-
disjoint sets of input tokens, then the transition that will fire is selected randomly,
with the same probability for each transition.

Local Petri Net

The composition of a complete DCPN for a complex process with many different interact-
ing agents such as in ATM is a bottom-up process. Each low level functional entity of each
agent is to be defined as a Local Petri Net (LPN). All LPNs are then connected such that
the high level architecture of the agent, and subsequently the complete process is defined.
The LPNs are connected in such a way that the number of tokens residing in a LPN is not
influenced by these interconnections.

The interconnections between different LPNs have to be specified in a way that allows
to start at the lowest level and then step by step going up to the highest level, such that an
interconnection at a higher level does not imply a significant change at a lower level. Two
types of interconnections can be identified:

* Enabling (or inhibitor) arc from one place in one LPN to one transition in another
LPN.

¢ Interaction Petri Net (IPN) from one (or more) transition(s) in one LPN to one (or
more) transition(s) in another LPN.

When LPNs are interconnected by an enabling or inhibitor arc the transition in LPN B
can only fire when LPN A is in a particular state. When the transition in LPN B fires, it may
use the information existing in LPN A. For example, if the transition in LPN B depends on
the colour of the token in LPN A.

An IPN consists of at least one place, and zero or more transitions. It connects LPNs
by ordinary arcs, thus a token moves to and from the IPN. If there are any transitions in
the IPN, and those transitions are connected with other LPNs, only enabling or inhibitor
arcs can be used for those connections with other LPNs. IPNs are used when enabling or
inhibitor arcs are insufficient to model interconnections. For example, it can hold on to
state information from its input LPN while the state of the LPN itself evolves further. Next
to this, an IPN connects a transition to a transition whereas an enabling or inhibitor arc
connect a place to a transition.
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