Agent-based Modelling and Simulation of
TCAS Operations under Uncertainty

Volume I: Thesis Body

Master of Science Thesis

For obtaining the degree of Master of Science
in Aerospace Engineering at Delft University of Technology

Busso Friedrich Gellert

30 August 2017

Supervisors: prof. dr.ir. H.A.P Blom

dr. M.A. Mitici

o]
TUDelft






Acknowledgements

| dedicate this Thesis to my mother, Beatrix Anna Josefine Lenner-Gellert (18 March 1955 — 13
January 2000), who would be proud to see me defending it.

Next | would like to express all my gratitude to my supervisors Henk Blom and Mihaela Mitici, who
have supported me throughout my Thesis with excellent feedback and guidance. Especially, | thank
Henk Blom for prioritising my work at all times. This also included spending evenings with me at NLR,
Amsterdam, until midnight, for which | want to thank him, but also apologise at the same time.
However, this should not hide the fact both Mihaela and Henk were very detail-oriented in their
feedback, which made it possible to deliver work of the highest quality.

Besides my supervisors, | would also like to thank Tony Licu, who was my first person of contact at
EUROCONTROL. His support made it possible to build up the solid foundation for my thesis. He
continuously kept me up to date with the latest information about aviation safety and brought me in
touch with the right people.

Last, | thank my father for his unconditional support throughout my studies. His support and
patience made it possible to enjoy the study time and gave me the opportunity to spend time on
extracurricular activities and enjoy my student life.






Summary

In order to accommodate increasing traffic demand, SESAR and NextGEN pose higher requirements
on collision avoidance. Also the increasing use of unmanned aerial vehicles (UAV) poses new
collision avoidance issues. Therefore, the FAA is currently developing a new airborne collision
avoidance system (ACAS) called ACAS X. It is supposed to be successor of the current collision
avoidance system TCAS Il (Traffic Collision Avoidance System). One of the main novelties is that ACAS
X shall have different version which are each tailored for a specific type of aircraft, e.g. ACAS X, for
commercial passenger aircraft, ACAS X, for unmanned vehicles. Next, each version of ACAS X shall
function both with other ACAS X versions and with TCAS II.

Since TCAS Il was not designed to cooperate with other systems, it is of high interest to investigate
the risk of collision between TCAS |l equipped aircraft and aircraft with a different ACAS, e.g. an UAV.

Studies do exist which model TCAS Il operations, but it became clear that none of them can both be
extended with a different ACAS model and is modelling TCAS in sufficient detail, including the effect
of various uncertainties.

Therefore, it was decided to develop a new agent-based model for TCAS Il operations, which offers
flexibility for extension, including the details of the minimum operational performance standards
(MOPS) of TCAS Il and various uncertainties.

The research was carried out in three parts. In Part | a TCAS Il model was developed based on the
MOPS and ICAO specification and additional agents were specified. The TCAS Il model followed a
modular structure.

e A Slant Range and Vertical Range Filters module estimates the states between the own and
an intruder aircraft (relative position and velocity).

e A Traffic Advisory module notifies the pilot in command about traffic in the vicinity.

e A Threat Detection module determines whether the intruder is a threat and a Resolution
Advisory (RA) should be issued.

e A Horizontal Miss Distance Filter module supports the Threat Detection module by
suppressing unnecessary Resolution Advisories in cases where the horizontal miss distance is
sufficiently great.

e A Sense Selection module selects whether an upwards or downwards manoeuvre should be
performed.

e AStrength Selection module determines the altitude velocity limits issued in an RA.

e A Threat Evolution Monitoring module monitors the evolution of the situation, and decides
when RA adjustments are needed.

In addition to the TCAS Il agent, agent “Aircraft i” models the aircraft dynamics, agent “Cockpit i”
models the behaviour of the pilot, and agent “Communication i” models the communication
between two aircraft.

In this agent-based model the following eight types of uncertainties have been captured:

e jitter in range measurements,



e bias in range measurements,

e jitter in own altitude estimates,

e bias in own altitude estimates,

e jitter in own altitude velocity estimates,

e small variation in pilot delay,

e probability of reception of an interrogation response, and
e variation in starting time of TCAS computation cycle.

In Part Il a computer implementation of the new TCAS model was developed. From the
mathematical specification of the agents a Petri Net model was developed, which after completion
was implemented in a MATLAB program. The MATLAB program was successfully verified in two
phases. In phase 1 the MATLAB program was verified with disabled uncertainties. In phase two a
second verification was carried out with enabled uncertainties.

In Part Il the new Petri Net model was validated versus the EURCOCONTROL TCAS Il simulator
“InCAS”. For validation nine cases were simulated. However, since InCAS does not model
uncertainties, for this comparison the uncertainties in the new TCAS Il model were disabled.

The effect of various uncertainties was evaluated through conducting Monte Carlo simulations for
the same nine cases. In total three Monte Carlo simulation set ups were addressed. In the first set up
all uncertainty models were enabled. In the second set up the random pilot delay variation was
disabled. In the third set up for each case eight Monte Carlo simulations were performed where in
each Monte Carlo simulation only one of the eight uncertainties was enabled.

It was identified that uncertainties have a large and unpredictable impact on TCAS operations. For
the nine cases, the findings are as follows:

e Although the mean time of issue of RAs is not significantly affected by uncertainties, the
variation in time of issue of RAs may be significantly affected by uncertainties.

e Uncertainties have a significant effect on whether an RA is issued or not.

e Uncertainties have a significant effect on the type of RA issued.

e Uncertainties have a significant effect on the number of consecutive RA adjustments.

e TCAS Il Version 7.1 may cause a loop of conflict detection and clear of conflict declaration,
which may continues until both aircraft have passed the CPA.

e The variation in pilot delay may affect both the number of RA adjustments and the vertical
miss distance at CPA.

e Uncertainties clearly have an effect on safety improvement by TCAS II.

e The dynamic and static range errors may only have an impact on the vertical miss distance, if
the horizontal closing speeds are low.

e Different uncertainties play main role in different encounters.

It remains to be studies if these findings also apply to a much larger set of aircraft and encounters.
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1 Introduction

Unmanned Aerial Systems (UAS) are the flavour of the time. They are available in all sizes and may
be used for a variety of purposes, both commercially and civil. In particular, the low cost and high
availability of toy UAS lead to high sale numbers. Smaller UAS are typically allowed, if flown within
visual range, and operated away from people and foreign property. So far, UAS operation are only
permitted in non-segregated airspace, when a safety case has proven a sufficient level of safety, and
then only with operational limitations. However, recent incident data shows that UAS operators are
often not complying with the current air space restrictions on UAS. To assess the safety impact of
those operators, studies are currently carried out to assess the severity impact between small UAS
and manned aircraft. Furthermore, it was also identified that the biggest issue is the lack of
appropriate airborne collision avoidance system in order to allow UAS free operation in non-
segregated airspace. FAA is leading in this regard with their ACAS X concept, which aims at
introducing both vertical and horizontal collision avoidance manoeuvres for UAS.

In order to estimate the risk of collision of between UAS and conventional aircraft the aim is to
develop an agent-based model which simulates operations of conventional TCAS equipped aircraft
with UAS which is equipped with a DAA system according to the ACAS X principles.

The initial idea was to reuse an available agent-based model about TCAS and extend it with an
agent-based model about an UAS. However, in the beginning of the research it became apparent
that the available TCAS model lacks details to such an extent that one could argue that the agent-
based model is not modelling TCAS but a generic collision avoidance system with some features
similar to TCAS. Especially, the assumption that all aircraft know the exact location, velocity and
heading of aircraft in the vicinity raised questions about the validity of the model.

Therefore, it was decided that in order to produce meaningful results about the risk of collision
between a TCAS equipped aircraft and a UAS, first an agent-based model for TCAS operation
considering uncertainties needs to be created.

1.1 Research question

The initial research question was the following:

To develop an agent-based model and simulation for risk analysis of controlled en-route airspace
between an UAV, which is not TCAS Il compliant due to limited climb performances, with a large
commercial TCAS I, equipped aircraft?

The question is to be answered by developing a detect and avoid concept based on the ACAS XU
concept, developing an agent-based model, simulating the number of collisions between two
commercial aircraft and between an UAV and a commercial aircraft, and analysing the risk ratio by
comparing the simulated collision probability.

Due to the lack of valid agent-based models for TCAS operations, it was decided that this research
will focus on supporting the research questions by:

To develop an agent-based model and simulation for risk analysis of TCAS Il Ver. 7.1 operation
including the effects of various uncertainties.



1.2 Methodology

The Thesis follows the steps presented in Figure 1-1. After successful completion of the literature
study prior to the Thesis, the first step was to specify the agent TCAS Il Ver. 7.1.

This is followed by the specification of additional agents.

The third step is to develop a Petri Net model capturing the specified agents. The Petri Net
specifications are according to (Everdij et al., 2003).

In order to enable simulations, the Petri Net model is programmed in MATLAB.

Next, the MATLAB program is verified and validated versus the EUROCONTROL TCAS simulator InCAS
V.3.3. For validation 9 cases are simulated in both InCAS and in the Petri Net model. As InCAS is not
capable of simulating with uncertainties, uncertainties are set to zero, and all systems are set to be
working throughout the validation simulations.

Last, Monte Carlo simulations are carried out for the 9 cases used for validation to assess the effects
of uncertainties. In one Monte Carlo simulation all uncertainties are enabled. In the second Monte
Carlo simulation pilot delay uncertainty is disabled. In the third Monte Carlo simulation only one
uncertainty is simulated at a time.

Specification of . | Specification of | Development of = MATLAB
agent TCAS Il | additional agents "] Petri Net model ”| implementation

Uncertainty
evaluation

»  Verification > Validation '

Figure 1-1: Methodology followed during the Thesis.

1.3 Organisation of the Thesis

The Thesis is organised in two volumes: Volume | - Thesis Body, and Volume Il - Appendices. This
volume includes the main body of the Thesis, which is organised as follows. First, Section 2 contains
a short literature study to give the reader an introduction to current and future airborne collision
avoidance systems, current collision avoidance models, and the concept of agent-based modelling
and Simulation, which is applied in this Thesis.

Next, Volume | — Thesis Body consists of three parts.
e Parts 1 - Specification of the agents:
o InSections 3-11 TCAS Il Ver. 7.1 is specified.

o InSection 12 the additional agents are specified, which are



= agent “Aircraft i” in Section 12.1,
= agent “Cockpit i” in Section 12.2, and
= agent “Communication i” in Section 12.3.

o InSection 13 the adopted assumption are summarised.
Part 2 - Description of the Petri Net model and the validation:

o InSection 14 the Petri Net model is described in the following order
= agent “TCAS i” in Section 14.1,
= agent “Aircraft i” in Section 14.2,
= agent “Cockpit i” in Section 14.3, and
= agent “Communication i” in Section 14.4.

o In Section 15 the implementation of the Petri Net model in a MATLAB program is
described, where
= inSection 15.1 the implementation strategy is presented, and
= in Section 15.2 the verification of the Petri Net model is given.

Part 3 - Validation of Petri Net model, Monte Carlo simulation of TCAS operations, and
conclusions drawn from the simulation results:

o InSection 16 validation of the Petri Net model is presented, where

= in Section 16.1 notable issues of the results of the EUROCONTROL TCAS
simulator, InCAS, are explained,

= in Section 16.2 the similarities of the Petri Net model results and the InCAS
results are presented,

= in Section 16.3 the differences of the Petri Net model results and the InCAS
results are presented, and

= in Section 16.4 conclusions are drawn on the validation of the Petri Net
model.

o In Section 17 the Monte Carlo simulations of TCAS operations are presented, where
three different Monte Carlo simulation set ups were applied:
= in Section 17.1 all uncertainties were enabled,
= in Section 17.2 the random variation of pilot delay was removed, and
= in Section 17.3 several Monte Carlo simulations were carried out with only
one random variable being activated at a time.

o Last, in Section 18 conclusions are drawn on the simulation results of the simulated
TCAS operations.

Additionally, Volume 2 — Appendices presents the following appendices:
o In Appendix A the Petri Net model specification of the new TCAS model is presented.

o In Appendix B a preliminary detect and avoid system for UAS is developed.



In Appendix C the Petri Net model of the detect and avoid system for UAS is
developed.

In Appendix D the Petri Net model specification of the detect and avoid system for
UAS is presented.



2 Literature study

Prior to this research a literature study was carried out. Next, parts of the literature study are
presented.

Section 2.1 elaborates on the current airborne collision avoidance system by describing the general
system, how range detection is carried out, and how the systems of different aircraft cooperate with
each other.

Section 2.2 presents a new airborne collision avoidance system, called ACAS X. The basic concept
and its components are elaborated upon, following by a description of the UAS tailored, and the
commercial aircraft tailored ACAS systems.

Section 2.3 gives a short overview on current Collision avoidance models.

Section 0 elaborates on the agent-based modelling concept, which is the intended modelling
technique of this research.

2.1 Current ACAS system (TCAS)

In order to prevent mid-air collisions the airborne collision avoidance system (ACAS) was developed.
The result is the current traffic collision avoidance system (TCAS). The main tasks of TCAS are to
detect near mid-air collision conflicts and give advisories to the pilot. A near mid-air collision is
considered to occur when two aircraft are closer than 500ft horizontally and 100ft vertically (Jeannin
et al.,, 2015). There are two types of advisories: First,

DIRECTIOMAL F“.-'«EIFH_.J«LTITL.'DE &
the traffic advisory (TA), which informs the pilot about ANTEMMA{TOR]  DISCRETE INFUTS

traffic in the vicinity and the associated threat; second, e~
e PRESSURE
resolution advisories (RA), which recommends ALTITUDE
necessary actions to the pilot to avoid a collision. Both TCAS
. . COMPUTER k 4

TA and RA are communicated aurally and visually on UNIT ooes
the flight instruments. In RA TCAS will indicate the pilot *+ B
to (Chryssanthacopoulos, 2012)

e Climb or descend at 1,500ft/min, R -

e Level off, STTOM Display || Display

OMNI
e Maintain current climb or descend rate, ANTENNA
{Cptona

e Limit climb or descend rate to 500, 1,000, or fm:";;ﬁ _,[L _

e 2,000ft/min, or URAL M e

e Strengthen climb or descend rate to AHRLNCIATION PANE

2,500ft/min.

Hence, separation is assured by vertical separation only.
The TCAS system can be seen in Figure 2-1. -
So far there have been different versions of TCAS: Ve

namely TCAS | and TCAS Il. TCAS Il can further be
distinguished in Version 7.0 and Version 7.1 (Haessig,
2016). TCAS | only provides TA while TCAS Il provides TA

Figure 2-1: TCAS Il technical system block
diagram (FAA, 2011).
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and RA. In TCAS Version 7.1 the ability of reversing a RA was added, e.g. from climb to descent to
prevent scenarios such as the Uberlingen accident (Haessig, 2016). TCAS | was never mandatory but
as of January 2000 all civil fixed-wing aircraft with a maximum take-off weight of 15,000kg or more,
or being able to carry 30 passengers or more had to be TCAS Il Ver. 7.0 equipped (Haessig, 2016) . In
January 2005 the rule was extended by including all aircraft with a maximum take-off weight of
5,700kg or more, or being able to carry at least 19 passengers (Haessig, 2016).

TCAS Range Detection

TCAS is equipped with a Mode S transponder. The Mode S transponder sends out the aircraft ID on a
regular basis. Once an aircraft notices other aircraft in the vicinity, each second it sends an
addressed interrogation to each aircraft at a frequency of 1,090MHz (ECTL, 2010). The addressed
aircraft will reply with its aircraft ID and altitude at a frequency of 1,30MHz. From the response,
TCAS computes the slant range through the measured time delay, and the slant rate through the
Doppler shift (Haessig, 2016).

Also TCAS sends out a “Mode C all-call” at a rate of once per second. All aircraft equipped with a
Mode C transponder will reply to the message but do not send their altitude. The frequencies of
Mode C are the same as for Mode S and, therefore, TCAS can compute the slant range and slant rate
as well. However, due to lack of altitude in the response, the altitude is not known.

TCAS Coordination

To avoid two aircraft from performing the same avoiding manoeuvre, TCAS coordinates the actions
(ECTL, 2010). When TCAS detects a near mid-air collision, it first checks whether the other aircraft
has sent a resolution advisory complement message, such as “don’t pass above” or “don’t pass
below”. If not, TCAS will make its decision freely and sends out the complementary message. In case
both aircraft select the same RA, the TCAS with the higher Mode S address will revert its RA.

2.2 Future ACAS systems

TCAS has certain limitations. On the one hand it is bound to large commercial aircraft, as a redesign
is expected to be very costly (Chryssanthacopoulos, 2012). On the other hand, TCAS has drawbacks,
such as a high number of false alerts and high maintenance costs (Chryssanthacopoulos, 2012).

That is why the FAA is currently developing a new ACAS system, called ACAS X (FAA, 2015b). ACAS X
is expected to have a higher flexibility, be more robust and safer, while having lower implementation
and maintenance costs compared to a TCAS redesign (Chryssanthacopoulos, 2012; Haessig, 2016).

A key word which describes ACAS X best is interoperability. ACAS X will work with a variety of
sensors in a plug and play fashion, so different aircraft types, such as small general aviation aircraft
but also unmanned aircraft can use it. Nevertheless, no matter which configuration is chosen, all
ACAS X and old TCAS Il are supposed to work together to solve conflicts between all possible aircraft
types (Haessig, 2016).



ACAS X Concept
ACAS X will contain several varieties (FAA, 2015b):

e ACAS X,: intended for large aircraft (current TCAS Il users),
e ACAS Xo: intended for specific operations,

e ACAS X;: intended for general aviation, and

e ACAS X_: intended for unmanned aircraft.

All varieties will take advantage of the more precise ADS-B surveillance technology in addition to
active interrogation reply functionality, except for general aviation which is planned to rely solely on
ADS-B. Since, it can be expected that unmanned aircraft may not have the same performance
features, the special category ACAS X, was created. ACAS X, will also be able to take advantage of
additional non-cooperative sensors and more flexible avoidance procedures. While ACAS X, will still
be handling conflicts with vertical avoidance manoeuvres, ACAS Xy will also have the capability of
horizontal manoeuvring when vertical manoeuvres are not possible or undesirable.

However, it is not very clear when vertical and when horizontal manoeuvring should be used. On the
one hand, the ACAS X concept of use (FAA, 2015b) describes that vertical manoeuvring will be used
in encounters with cooperative intruders, such as TCAS Il and ACAS A, while horizontal manoeuvres
are reserved to non-cooperative traffic. On the other hand, when due to performance issues vertical
manoeuvres cannot be carried out, the UAS should switch into horizontal avoidance mode.
Furthermore, when the UAS identifies that it will not be able to perform vertical collision avoidance,
it should switch from automatic collision avoidance to also automatic self-separation. This means it
will perform avoidance manoeuvres earlier.

In this logic it can already be seen that there are rules which contradict each other. Imagine the
scenarios where the UAS identifies while performing a vertical avoidance manoeuvre that it cannot
carry it out properly due to performance issues. Should the UAS stay in the vertical avoidance mode
which might lead to a collision, because it is dealing with a cooperative threat, or should it violate
the rule and switch to horizontal manoeuvring?

ACAS Xy Components

According to (FAA, 2015b) ACAS X, will have the following components which can also be seen in
Figure 2-2:

e Surveillance Tracking Module (STM): ACAS Xy will have an input from a variety of
surveillance sources. The minimum requirement will be a Mode S transponder which will be
capable of ADS-B, active interrogation of cooperative aircraft. Additionally, it is required to
carry sensors to detect non-cooperative aircraft. However, what the minimum required non-
cooperative sensors are has still to be determined. The STM will use the multiple sensor
input to estimate the tracks and correlate tracks of same intruders measured with different
sensors. As such, the STM will be able to validate the measurements against each other and
detect outliers. This feature has already been successfully tested in successfully in flight test
in 2014 (Kotegawa, 2016).



e Threat Resolution Module (TRM): The TRM will use the estimated tracks by the STM as input
and determines whether any aircraft will pose a threat. If so, it will determine a collision
avoidance manoeuvre and forward the RA to the aircraft control system. The difference to
other ACAS X systems is that the TRM will be able use vertical and horizontal collision
avoidance logic based on pre calculated logic tables similar to TCAS (Chryssanthacopoulos,
2012). This is to also support UAS with low vertical performance manoeuvres down to
500ft/min. Therefore, a nucleus will decide when to use which collision avoidance
manoeuvres. Nevertheless, vertical manoeuvring is the desired feature for cooperative
encounters, while horizontal collision avoidance will be used with non-cooperative intruders
or special cases only.

e Automatic Control System: For UAS it is expected that they follow RA automatically to
reduce the risk of delayed due to communication latency or loss link with the pilot.
Nevertheless, the pilot will be warned about RA and is able to intervene.

e System Monitor Module (SMM): The SMM will monitor the health of all systems of the UAS
and provides integrity knowledge.

ADS-B
Made 5 :"""’"’I’f‘““"! Vertical Collision
SR Avoidance Logic .E
Mode C 2
g
Non-cooperative E
SENSOF MEeasurement Horizontal Colliskon ;
Aveldance Logic s
Threat Resolution Module [TRM]
Surveillance and Tracking
Madule (STM) Nucheus
Figure 2-2: ACAS X, system concept (FAA, 2015b).
ACAS Xa Model

The Lincoln Laboratory, in collaboration with other organizations has developed the current TCAS I
technology and is pioneering the development of ACAS X (Chryssanthacopoulos, 2012). It can be
noted that main contributors are M.J. Kochenderfer and J.P. Chryssanthacopoulos (Kochenderfer,
2010, 2011; Chryssanthacopoulos, 2012).

Similar to TCAS Il, ACAS X, is supposed take advantage of pre-calculated look up tables. The on-
board system on the aircraft will estimate the intruder’s position and looks up the resolution
advisory from the look up tables. The look up tables were created using methods described in
(Kochenderfer, 2010, 2011).



The problem was formulated as a Markov decision process. The optimization function may be solved
using different methods. The method used is (stochastic) dynamic programming, as it is an efficient
tool (Chryssanthacopoulos, 2012). According to (Chryssanthacopoulos, 2012) the computation time
to compute one set of look up tables was only 10 minutes.

The robustness and validity was then tested using different models and data: real operational radar
data, airspace encounter models, procedure specific models, and stress-testing models. The
simulation resulted in 38% more advisories in parallel approach encounters, but risk collision
decrease by 47% and 40% fewer alerts in total compared to TCAS Il (Chryssanthacopoulos, 2012).

2.3 Collision avoidance models

TCAS Il operations have been modelled in many instances. For example (Billingsley et al., 2009)
made a multiple threat encounter analysis of TCAS Il operations and (Kuchar, 2005) analysed the
performance of UAVs, which are equipped with TCAS Il. However, it seems that in both studies only
one uncertainty, a variation in pilot delay, was included in the assessments (Billingsley et al., 2009, p.
5; Kuchar, 2005, p. 7). Another example is an agent-based model of TCAS Il by (Netjasov, 2010). But
in this model no uncertainties were modelled, either.

Next to TCAS Il, there are also a variety of other collision avoidance algorithms available of which
many are reviewed and classified (Jenie et al., 2016).

One method is the Selective Velocity Obstacle method (Jenie et al., 2013, 2016). The method works
by adopting the rules of the air and applies horizontal collision avoidance manoeuvres. Necessary
knowledge is the velocity and position of own and intruder’s aircraft. These three vectors are
sufficient to determine which avoidance manoeuvre is required according to the rules of the air. To
do so, a protecting sphere is modelled around the intruder. Then a cone is created using owns
aircraft position and the tangential points of the sphere, which is projected using the intruder’s
velocity. This creates the projected dangerous zone and if the owns aircraft velocity vectors ends up
in this cone, a collision avoidance manoeuvre is issued. Avoidance resolutions are in the form of
turns limited by maximal rate of turns. The Velocity Obstacle method has also been applied in
another similar study by NLR which has focused on agent-based modelling (Blom et al., 2016). The
study mentions model parameter which may be useful as reference for further research. It should
also be noted that the efficiency of these new methods relative to TCAS are not yet known.

Another horizontal avoidance algorithm was established using the same method as used for ACAS
Xa. The model focuses on multirotor UAS taking horizontal manoeuvring and velocity changes into
account. The velocity changes do not have a minimum velocity limit as hovering is within the
capabilities. Nevertheless, tuning of the cost function required effort to avoid the trivial solution to
stop every time in order to postpone the collision.

Including velocity variation in collision avoidance algorithms has also be been considered in other
research. (Galatolo et al., 2016) developed an algorithm which allows both horizontal avoidance
manoeuvres according to the rules of the air, but also allows velocity variations. Furthermore, the
algorithm also tries to keep deviations to intended flight path as low as possible. The protected zone
of an intruder is modelled as an ellipsoid and the relative position and speed of both aircraft is
known.



There are also models specified for UAS which implement vertical manoeuvring. In the study (Yu et
al.,, 2016) a model was designed specific for the landing phase. Opposed to the other mentioned
models, this model is aircraft specific and uses an advance longitudinal aircraft description, which
uses elevator deflection and thrust to resemble desired vertical rates. In short, the model knows the
relative position and velocity of intruders. Then it estimates the optimal solution by looking for a
trajectory as close as possible to the optimal trajectory. After passing the intruder, it takes
advantage of an energy function integrated in the aircraft controller to get back to the intended
flight path. This model is very complex, as it is not trivial to derive the optimal elevator deflections
and thrust settings, and uses a biogeography-based optimization method. Biogeography-based
optimization is categorized as an artificial heuristic. Last but not least, due to the aircraft specific
modelling this method cannot be easily used on other aircraft if the aircraft characteristics are not
known.

2.4 Agent-Based Modelling and Simulation (ABMS)

This chapter elaborates on agent-based modelling and simulation by giving an overview of the
modelling method, its benefits, disadvantages and typical areas of application, and how it can be
simulated with the Monte Carlo method. Note that the research required the use of an agent-based
model and therefore only a brief overview is given.

What is Agent-Based Modelling?

According to Gilbert (Gilbert, 2008) “Formally, agent-based modelling is a computational method
that enables a researcher to create, analyse, and experiment with models composed of agents that
interact within an environment.” The first part of the definition means that it enables experiments of
models with a computational method. Basically instead of doing live trials, it is possible to describe
the to be researched systems in models and achieve results virtually. Furthermore, these models are
composed of agents. An agent is a distinct entity in the model representing social actors or bodies
(Gilbert, 2008). Importantly, the agents can be interconnected with each other and the environment.
This may be due to communication and/or observation.

Opposed to Gilbert (Gilbert, 2008), Bonabeau (Bonabeau, 2002) defines agent-based modelling as
follows: “ABM is a mind-set more than a technology. The ABM mind-set consists of describing a
system from the perspective of its constituent units.” His reasoning is that many people think
describing a model with differential equation is the alternative to ABM. However, an ABM may
consist of differential equations but each describing one of the systems units. For example, instead
of describing the traffic jam behaviour as a group of cars, in ABM each traffic participant is modelled
separately. An argument supporting Bonabeau’s vision on ABM could be explained by the fact that in
an ABM several different modelling techniques may be including. For example learning behaviour of
humans might be modelled with heuristic evolution algorithms while vehicles might be modelled
with simple dynamic or even linear equations. Hence, given the variety of agents and modelling
techniques it may makes sense to define agents in categories. According to Blom® there are two
types of agents:

' H. Blom. AE4448 - Agent Based Safety Risk Analysis. TU Delft, Aerospace, 2015. Lecture slides.
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e Proactive agent: a proactive agent is able to exhibit goal-directed and adaptive behaviour by
taking own initiative,

e Reactive agent: a reactive agent is able to perceive their environment, and respond in a
timely fashion to changes that occur in it (stimulus-response behaviour and delayed
response behaviour).

In regard to the environment one can usually distinguish between the following types":

e Accessible vs inaccessible,

e  Static vs dynamic,

e Deterministic vs non-deterministic, and
e Discrete vs continuous.

Monte Carlo Simulation

Monte Carlo simulation is a type of simulation to evaluate theoretical models. The methodology is
rather simple by approximating a solution of a given model through simulating many times with
different random parameters (Johnson, 2013).

Furthermore, it is a common tool in many fields and often used to find emergent behaviour in ABM
(Johnson, 2013). For example (Jenie et al., 2013; Blom et al., 2016; Zou et al., 2016) use Monte Carlo
simulation to approximate results.

One of the application fields mentioned in (Johnson, 2013) is socio sciences. As this is the nature of
the research to be carried out, it is advised to also take advantage of Monte Carlo simulation

Benefits and Disadvantages

According to Bonabeau (Bonabeau, 2002) there are three main advantages of ABMS.

First, ABMS offers a natural description of a system. Instead of describing processes, ABMS focuses
on activities. Therefore, one does not need to know the whole process in advance but can focus on
rules and behaviour of single agents. Especially in a known environment this is advantages, as it may
be difficult to be unbiased through experience when describing processes.

Second, ABMS offers a high degree of flexibility. Since each agent and the environment are modelled
separately, it is easy to adopt changes, e.g. add agents, change rules, or change the environment.
This also makes it possible to change the level of observation, e.g. by reducing the simulation to a
subset.

Third, ABMS captures emergent behaviour. Seeing in literature (Bonabeau, 2002; Gilbert, 2008; Blom
et al., 2016), this is the most important benefit. For complex systems it may be difficult to forecast
the resulting behaviour resulting from the interactions of different agents. However, this holds true
for models with simple rules as well. With ABM it is possible to capture this behaviour and identify
potential unexpected effects of small rule changes.

' H. Blom. AE4448 - Agent Based Safety Risk Analysis. TU Delft, Aerospace, 2015. Lecture slides.

11



As being described so far, ABM seems to be the ultimate tool to model everything. However, the
bottom up modelling approach has its disadvantages, too. For example, ABM requires a lot of time,
understanding of the system, and resources. The system needs to be known extensively, as all the
agents, the environment, and all interactions have to be known. In general, it can be said that a
model should have just the right amount of details to serve its purpose (Bazghandi, 2012; Bonabeau,
2002). Then with increasing number of agents and interactions, the computation time to solve such
models increases as well. Therefore, given the available knowledge, resources, time and desired
detail of results, other simpler methods may be superior.

Areas of application

Due to the capability to capture emergent behaviour, ABMS is used to model socio-technical
systems'. To be more precise, ABMS is commonly applied in the following areas (Bonabeau, 2002):

Flows: evacuation, traffic, and customer flow management.

Markets: stock market, shopbots and software agents, and strategic simulation.
e QOrganizations: operational risk and organizational design.

Diffusion: diffusion of innovation and adoption dynamics.
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3 TCASII Ver. 7.1

This section elaborates on the general principals of the airborne collision avoidance system TCAS Il
Ver.7.1.

3.1 Introduction to TCAS II

The Traffic Collision Avoidance System (TCAS) is a system to prevent mid-air collisions. The current
version is TCAS Il Ver. 7.1 and is mandatory for all aircraft with a maximum take-off mass of 5,700kg
or more, or being able to carry at least 19 passengers (Haessig, 2016).

TCAS is specified in (EUROCAE, 2008) and explained in (FAA, 2011). It is based on the ACAS
specification of ICAO which is elaborated in (ICAO, 2006). However, often the explanations are in
text form only. Based on this, a mathematical model will be developed. When available and within
the scope of this Thesis, equations have been taken from the specifications and are cited
accordingly.

TCAS uses Mode S communication to detect threats and coordinate avoidance manoeuvres. If a
threat has been detected, TCAS warns the pilot with an aural and visual traffic advisory (TA), which is
supposed to inform the pilot about the threat and help him to locate the intruder. If the conflict
remains unsolved and a certain threshold has been reached, TCAS issues a resolution advisory (RA),
which recommends necessary actions to the pilot to avoid a collision. The RA is both aural and visual,
as well and is coordinated between TCAS of involved aircraft. The RA may recommend to

= climb or descend at 1,500ft/min;

= |evel off;

= maintain current climb or descend rate;

= |imit climb or descend rate to 500, 1,000, or 2,000ft/min; or
= strengthen climb or descend rate to 2,500ft/min.

After the conflict has been resolved, TCAS notifies the pilot with a clear of conflict message.

3.2 TCASII Ver. 7.1

In this study TCAS Ver. 7.1 has been modelled to the specification gathered from (FAA, 2011),
(EUROCAE, 2008) and (ICAO, 2006). The way the model is working is visualised in a simplified
manner in Figure 3-1. It may be divided into four phases, threat detection, sense selection, strength
selection and threat evolution assessment.
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Second, after a threat has been detected a sense is selected. The sense defines the nature of RA and
may be positive or negative. A positive sense means that a change in vertical velocity is required for
a safe pass. This velocity change may be either in upwards or downwards direction. For example, if
the own aircraft is descending and the sense is positive upwards, the possible RA’s may be to level
off or to climb. In contrast, a negative sense means that no vertical velocity change is required, but
certain vertical speed limitations exist. For example, if the own aircraft is flying level, possible RA
may be to not climb.

The geometrical rules to determine the sense are as followed:

= Select sense which results in greatest miss distance;
=  Except, avoid altitude crossings if miss distance suffice

Furthermore, the sense selection also takes advantage of Mode S coordination with the intruder.
TCAS checks whether a coordination message has been received. In a coordination message the
TCAS of the own aircraft tells the TCAS of the intruder, and vice versa, which its intended resolution
is. Depending on the resolution the coordination message may demand the other aircraft to either
not pass above, or to not pass below. This is necessary to avoid both aircraft initiating an avoidance
manoeuvre in the same direction. Therefore, if no coordination message has been received by one
TCAS, it will determine the sense depending on the encounter geometry. However, if a coordination
message has been received, then the selection space of the sense is limited accordingly.

In rare cases both aircraft select the same sense at the same time. In this case the aircraft with the
higher aircraft ID will go back to the sense selection and changes its sense. Hence, this check is
carried out until a message has been received and the selected senses of both aircraft harmonise or
the aircraft has the lower aircraft ID.

Third, the strength of the RA is determined and the RA is issued to the pilot.

Fourth, the evolution of the threat is being monitored until the aircraft is clear of conflict. If the
current RA is identified to be insufficient, e.g. if the pilot reacts too late or the intruder is not
following its selected sense, then the RA may be strengthened or the sense reversed.

Following, the structure of the mathematical model is following the structure of Figure 3-1.

= Section 4 elaborates on information received by TCAS; state and altitude measurements,
and received coordination message and aircraft ID,

= Section 5 elaborates on the slant range and vertical range filtering modules,
= Section 6 describes the Traffic Advisory module,

= Section 7 explains the horizontal miss distance filter which is used as an additional input in
the threat detection module,

= Section 8 elaborates on the threat detection module, in which another aircraft is declared a
threat,

17



Section 9 describes the sense selection module, which results in a coordination message
sent to the intruder,

Section 9.5 elaborates on the strength selection module, which results in the RA for the own
aircraft, and

Section 10 describes the threat evolution monitoring module which determines
strength/sense adjustments.
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4 State and altitude measurements

The own aircraft receives information about the location of other aircraft via measurements through
interrogation messages. Also through coordination messages the intent of other aircraft is
communicated. In this section first the communication between an aircraft ‘i’ and ‘k’ are explained.
Then the state and velocity variables are defined, followed up by the measurements of aircraft ‘i’.
Last, the received coordination message and aircraft ID of aircraft ‘k’ by aircraft ‘i’ are described.

4.1 State and velocity variables
The position state of aircraft ‘i’ at time ‘t’ is specified in Cartesian coordinates as Si . The change of

position, Si , is defined as velocity vector vi . The change of velocity, vi , is defined as a{ .

St,x
s,=| s, |eR’ (1)
Stz
i
Vt,X
i i 3
Ve = Ve eR (2)
i
1,z
§ =V, (3)
vV, =4 (4)

Furthermore, the position, velocity and acceleration states are decoupled in a horizontal, subscript
‘H’, and altitude, subscript ‘A’, components. The horizontal components at time ‘t" of aircraft ‘i’ are

i
t,H”

the two dimensional position, S, ,, , and the two dimensional

the two dimensional velocity, v

acceleration, aT' y » allin xand y coordinates.

. s'
S;'H :( ti'X ERZ (5)
St'y
. v/
Vg :( > leR? (6)
Vt,y
al, :(a}x e R? (7)
a,y

The altitude components at time ‘t’ of aircraft ‘i’ are one dimensional. S; , is the altitude of aircraft

. vti,Ais the rate of climb of aircraft V. If V|

\.a IS negative, then we also call ‘V:'A‘the rate of

descend. avais the altitude acceleration of aircraft ‘i".
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StiyA eR? (8)
Vi eR (9)
a,eR (10)

It is assumed that each aircraft ‘i’ has a system to know its own rate of climb, VtiyA, and that this

information is made available to TCAS of aircraft ‘i’. According to (NASA, 2017, p. 12) the altitude
velocity has a jitter of 1.707m/s with 95% confidence.
Besides, the relative position,Sik , between aircraft ‘i’ and aircraft ‘k’ is defined as the position vector

between aircraft ‘i’ and aircraft ‘k’” with reference to aircraft ’i’.Vik is the relative velocity vector

between aircraft ‘i’ and aircraft ‘k” with reference to aircraft ‘i’

sk =s—s eR’ (11)

ViEEvi-v, eR’ (12)
If i=0 and k=1 then it is shortly written:

s, ési—sf eR? (13)

v, 2vi -V, eR® (14)

4.2 Measurements by aircraft ‘i’

The exact position and speed vectors of an intruder aircraft are not known to own aircraft but are
estimated by TCAS with alpha-beta filters (ICAO, 2006) from physical range and bearing tests using
the Mode S signal and received altitude reports.

Every 8 to 10 seconds each TCAS equipped aircraft sends out a Mode S message including its aircraft
ID (EUROCAE, 2008, p. B1). This message is being picked up by other aircraft which start
interrogating each other. An interrogation message is always addressed to one specific aircraft
which responds accordingly. The response also includes the pressure altitude, aircraft ID and a
coordination message. From the response delay the slant range can be measured. Interrogations are
nominally carried out once per second (EUROCAE, 2008, p. B3).

+é

ytlkr = Hsik H + gti, r,bias (15)

r, jitter

ytil,(r is the aircraft ‘i’ measured distance of aircraft ‘k’ to aircraft ‘i’. According to (EUROCAE, 2008, p.

34) the slant range measurement should not exceed a bias of up to 125ft and a jitter, o-i'jmer , of 50ft

root mean square, but independently of transponder effects, the range measurement error will not
exceed 35ft root mean square jitter. Also according to (Thompson, 2000, p.7) the bias remains
“essentially constant”. In (Hammer, 1996a) the jitter of the slant range measurement error is stated
to be white Gaussian noise of 30ft root mean square. Here, the same assumption is made. Hence,
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Lr itter is the slant range measurement error of aircraft ‘i’ at time ‘t’ induced by jitter, and gl'r bias 1S

the constant error of the slant range measurement of aircraft ‘i’, also called bias.
v, =angle(v;)—angle(s; ) + &%, (16)

Y\ is the relative bearing measurement by aircraft ‘i’ of aircraft ‘k’ measured in clockwise direction.

Because the relative bearing is measured in the aircraft body axis system, Equation (16) applies
under the assumption that the velocity vector points in the direction of the aircraft body (no wind or
sideslip present). Hence, the relative bearing measurement is equal to the angle of velocity vector of

aircraft ‘i’, angle(v{), minus the angle of the relative position vector between aircraft ‘i’ and aircraft
‘k” with reference to aircraft ‘i’, angle(sik), and added measurement error, gt"‘g. Note that

angle(v{) and angle(s{") are measured counter clockwise in the mathematical reference system,

while the relative bearing is measured clockwise from the direction of flight of aircraft ‘i’. Also, in
case the relative bearing measurement exceeds the range [-180°, 180°], then the relative bearing
measurement is corrected in quantisation of 360°. According to (EUROCAE, 2008, p.117) the bearing
measurement error should not exceed 9 degrees root mean square with a maximum of 27 degrees.

Pressure altitude is reported either in 25 or 100ft quantization. This model assumes 25ft
quantization reports.
i

i i i
Yin =St At Eapias T &t A, jitter

(17)

ytiyA, as defined in Equation (17), is the measured pressure altitude of aircraft ‘i’. It is assumed that

all measurements are carried out with QNH setting equal to O. 6‘kvbias is the constant altitude

measurement error. According to (ICAO, 2006, pp. 444-445) the total measurement error may be

modelled as a Gaussian variable with a 99.7% error bound as stated in Table 4-1. & is the

t,A, jitter
variable measurement error. From available flight data, it was identified that the measured altitude
of a steady aircraft varies with a standard deviation of about 5ft with an autocorrelation of about 8s.
Hence, the jitter of the altitude measurement is modelled in a first order autoregressive as given in

Equation (18) with 05; =0.8. & anoise is White Gaussian noise with zero mean and a standard
deviation of O'iA,noise' which is assumed to be 3ft in this case. a; has been deducted from the
autocorrelation of the flight data. The standard deviation of the white noise, O_iA,noise' in the
autoregressive model has been deducted from the standard deviation of the flight data,O'L, and is
given in Equation (19).

i

P i
8t,A,jitter - aAgt—A,A,jitter + 8t,A,noise (18)

GL,noise = G,iA (1_ aLZ) (19)
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Table 4-1: TCAS specified altitude measurement 99.7% error bound (ICAO, 2006, Table 3-1).

Own altitude [ft] 99.7% error bound [ft]

Mean sea level 135
5,000 144
10,000 156
15,000 174
20,000 195
25,000 213
30,000 234
35,000 258
40,000 285

Hence, the relative measured altitude difference, ytif‘A, between aircraft ‘i’ and aircraft ‘k’ is the

difference between measured altitudes of aircraft ‘i’ and aircraft ‘k’:

k
i Yi, i
yt!(A = 25ﬁL Zé?t “ ~Yia (20)

where the measured altitude of aircraft ‘k’ is rounded to the closest 25ft increment (in line with the

25ft quantization assumption). |_—| is defined as rounding to the nearest integer.

Similar as in (13)-(14), if i=0 and k=1, then it is shortly written:

Yor SV (21)
Yia 2 ytojx (22)
Yoo = Voo (23)

4.3 Received coordination message and aircraft ID

The coordination message received by aircraft ‘i’ from aircraft ‘k’ depends on the coordination
message sent by the aircraft ‘k’. A coordination message sent and a coordination message received
from aircraft ‘i’ to aircraft ‘k’ are defined as, respectively:

0, no message sent by a/c 'i" to a/c 'k’
1, a/c 'i' should pass above a/c 'k’ (24)
-1, a/c 'i" should pass below a/c 'K’

k A
t,sent —

m

0, no message received by a/c ' from a/c 'k’
1, a/c 'k' should pass above a/c 'I' (25)
-1, a/c k' should pass below a/c I’

ki A
t,received —

m
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Hence, if there are no communication errors, then the coordination message received by aircraft ‘i’
from aircraft 'k’ satisfies:

ki ki
rTlt,lreceived = mt,lsent (26)

According to (EUROCAE, 2008, p.133) both aircraft also acknowledge the reception of a coordination
message in a reply. Therefore, it is assumed that the coordination message is only being transmitted
until the other aircraft has acknowledged the reception of the message.

The aircraft ID, )(;,wdes , of aircraft ‘i’ is defined as a positive or zero integer:
;(livlodes é {011,2,3,...} (27)

Similar as in (13)-(14), if i=0 (own aircraft) and k=1 (intruder), then the message sent by own aircraft
is shortly written as:

A 01
Int,sent = rnt,sent (28)

Similarly the message received by own aircraft is shortly written as:

A 10
mt,received - mt,received (29)

In the following it is always considered that own aircraft is number ‘0" and the other aircraft is
number ‘1’, which allows to use short notations from Equations (13)-(14), (21)-(23), and (28)-(29).
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5 Slant range and vertical range filters

As the measurements contain errors, state estimators are used to reduce these errors. This section
describes the applied state estimation a-f filters.

5.1 Slant range a- filter

With the range measurements and an a- filter the slant range and slant range rate are estimated.
These are defined in Equations (30)-(35) based on (ICAO, 2006, pp. 3-9 — 3-10).

= Bpr T Ol (30)

Gt D, 1)
T

Rt = lr F e T (32)

I, is the estimated slant range, I, is the estimated slant range rate, and li_r is the prediction of

slant range at time ‘t’ subject to range and range rate estimates at time ‘t-T'.

Yir =Ry » If 3 measurement y, ,
oy = _ (33)
0 , if no measurement

4, . is the range measurement residual and T is the elapsed time since the previous interrogation
message.

The presented values of the smoothing parameters « and £ are (ICAO, 2006, p. 3-9):
a =0.67 (34)

B =025 (35)

5.2 Vertical range a-p filter

The estimates I, ,and f , of the relative altitude,s, ,, and relative altitude velocity, v, ,, satisfy

t,A’
Equations (36)-(41) according to (ICAO, 2006, p. 3-50).

A= rt\t—T,A T At (36)
fia= rt—Tv A +%IUI,A (37)

Rera=haathioal (38)
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Yoa =Bt if 3 measurementy, ,
Hn = '

fiar

] (39)
0 , If no measurement

r't'A,rt‘H’A,,utyAare the relative altitude estimate, relative altitude velocity estimate, the

relative altitude prediction based on the previous measurements and the relative altitude residual,

respectively, all at time ‘t’.

The presented values of the smoothing parameters @, and :Bv depend on the vertical range rate

estimate and the vertical range measurement residual as defined in Equations (40) and (41) (ICAO,

2006, p. 3-50).

0.4, if
“"T05 . if
0.100 , if
Br=10.167 i

(Ft_T’A < 7f'[/s)/\(l’t_T’A > O)]v
(Firn>-TRUS)A (1 o < O)]
(

B p < 22.56) A (¥ 2 THUS) A (1 y 0 2 0) ] (40)
(,uH,A > —22.5ft) A (I;H'A < —7ft/S) A (I’H’A < 0)]

0.6 , otherwise

(Fira <T7HUS) A (5 a2 0) v

[ (Fira>=THUS) A (55 4 <0) ]

(#hr.n < 225f) A (55 4 2 7ftIs) A (1 7, 2 0) ] (41)
(#hr.n>=225ft) A (¥ o <=THUS) A (17, <O) ]

0.257 , otherwise
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6 Traffic Advisory

With the range estimates from the a-p filters TCAS tracks the distance to aircraft in the vicinity. If the
range estimates satisfy certain threshold values, then TCAS warns the pilot with a Traffic Advisory
(TA) that an aircraft is close (EUROCAE, 2008, p. 140). This is purely informative and is intended to
make the pilot aware of other aircraft as they may become a threat to the own aircraft. Whether the
other aircraft is sufficiently close to issue a TA is determined by a range and an altitude test (ICAO,
2006, p. 3-57).

6.1 Range test of TA

The range test (RT), as described in the ACAS specification (ICAO, 2006, pp.3-58 - 3-59), determines
whether the intruder is a Range threat. As defined in Equation (115), the range test for a TA, defined

as Boolean B, o1 14,

is true if the modified time until closest point of approach (CPA), 7o 7a , I
within a certain threshold, ATA, and the aircraft are converging, or the aircraft are within a specified

distance, d, 414, diverging in range, and the divergence is “slow”. The modified time until CPA,

Tinod TAY 7 accounts for horizontal position inaccuracies and is defined in Equation (116) (ICAO, 2006,

p. 3-59). Aircraft are considered to divert slowly when the multiplication of estimated range and

estimated velocity is less than the value of a parameter I:"m .

_ [(0 < Trogmag < ATA) A (I’t < O)] v
B rrra = TRUE iff (42)

(5 <uasra) A (5 >0)n (5 1 <Py

rt2 -d . d,TA
moa, H
. ! if (rt 2 dmod,TA)
Tmoarat =1 6 [f (43)
0 , otherwise
i =min (¢ ,-3m/s) (44)

The alarm threshold values of the range test are a function of the own altitude and defined in Table
6-1. However, in (EUROCAE, 2008, p. 125) some exceptions are stated. One is that in cases where
the threshold values of the intruder aircraft ‘k’ are larger than the threshold values of the own
aircraft ‘i’ then the larger threshold values are used by own aircraft ‘i’ as well. Exceptions exist when
the own altitude is below 1,000ft or TCAS has been manually set to a mode which only issues TAs.
Here these exceptions are not considered and the threshold value is determined by the maximum
altitude of aircraft ‘i’ and ‘k’.
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Table 6-1: Alarm thresholds of the range test for a Traffic Advisory (FAA, 2011, Table 2).

Own altitude [ft] P [NMZs] A, [S] diara [NM]
<1,000 (AGL) N/A 20 0.30
(1,000 - 2,350] (AGL) 0.0020 25 0.33
(2,350 - 5,000] 0.0028 30 0.48
(5,000 - 10,000] 0.0028 40 0.75
(10,000 - 20,000] 0.0028 45 1.00
(20,000 —-42,000] 0.0040 48 1.30
>42,000 0.0040 48 1.30

Furthermore, the specification also describes that the range test is positive if a miss distance could
not be calculated on the current or the miss distance is violating the horizontal miss distance
threshold. However, from the description it is not clear whether this specification is only considered
for RAs or also for TAs. Since, TAs are purely informative and the description is not clear, the
horizontal miss distance test has been omitted from the range test regarding TAs.

6.2 Altitude test of TA

The altitude test (AT) for TAs, as described in the ACAS specification (ICAO, 2006, p.3-57),
determines whether the intruder is an altitude threat. The altitude test, as defined as Boolean
B

. a7 14 1S true if the current aircraft altitude separation is small, or the aircraft are converging in

altitude and the time to co-altitude (both aircraft at same altitude) is small. If B,; ., is defined as

the outcome of the latter “co-altitude is small” test, then the altitude test for TAs becomes:

Drt,A‘ < Zthr,TA:| v

By ar 7 = TRUE iff 3| (£, <0) A (1, 20) A By o |V (45)
|:(rt,A > O)/\(rt,A < 0)/\ BAT,CA:|

where 2, 1, is an altitude separation threshold value. According to (ICAO, 2006, p.3-61) the time to

co-altitude is small if:

“t, is declared “small” if T, < T, for encounters in which the magnitude of own aircraft’s vertical rate is
not more than 600 ft/min or own aircraft’s vertical rate has the same sign as but smaller magnitude
than that of the intruder. For all other encounters 1, is declared “small” if t, < T.”

In our setting this means that the time to co-altitude, 7, is small, i.e. Bar cals true,

= if the time to co-altitude, TA‘t , is below a threshold value TV and the own aircraft’s altitude

velocity is below 600ft/min, or
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= if the time to co-altitude, TA‘t , is below a threshold value TV and the own aircraft’s altitude

velocity has the same sign but is smaller in magnitude than the altitude velocity of the
intruder, and

= for all other encounters if the time to co-altitude, TA‘t , is below threshold value ARA.

Given this description B, ¢, is captured in:

(0< 7 <T,) A (Iv04| < B0OfUMIn) | v

. (Fin +¥a)
Bur.ca = TRUE | iff {| (0 <7, <TV)/\ T>1 v (46)
_(0 <Tpy < ARA) A (‘VSA‘ > 600ft/min) A W <1
The predicted time to co-altitude, NS is given in Equation (47):
Ty = _:LA it (i) > O> (47)

Alt t,A
-1 ,otherwise

The threshold values Zy, 14, A7y, Agaand T, are a function of the current altitude as given in Table

6-2.

Table 6-2: Alarm thresholds for the altitude test for a Traffic Advisory (FAA, 2011, Table 2).

Own altitude [ft] Ay [8] A [9] T, [s] Zywra [Tt]
<1000 (AGL) 20 N/A N/A 580
(1,000 - 2,350] (AGL) 25 15 15 850
(2,350 -5,000] 30 20 18 850
(5,000 - 10,000] 40 25 20 850
(10,000 - 20,000] 45 30 22 850
(20,000 - 42,000] 48 35 25 850
242,000 48 35 25 1,200

6.3 Traffic Advisory test

Now a TA is issued if both the range and altitude test have been passed:

Bt,TA =TRUE, iff [Bt,RT,TA A Bt,AT,TA:' (48)
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7 Horizontal miss distance filter

The horizontal miss distance filter, as described in report (Hammer, 1996a) and in US patent
5,566,074 (Hammer, 1996b), is supposed to filter nuisance resolution advisories. The summarized
concept is given in Figure 7-1. The filter is activated if it recognises that the estimated relative
acceleration is below a defined threshold, the estimated horizontal miss distance is above a defined
threshold, and if it detects that none of the involved aircraft is performing a manoeuvre. The
calculations are performed in a parabolic range tracker (PRT) and a Cartesian tracker (CT), which just
use the range measurements, and a bearing based tracker (BBT), which uses both the range and the
bearing measurements.

Start

State and b
altitude
measurements
Parabolic range Range noise and
> 8! > 14

tracker ‘ acceleration test

v

6/.}L’tll)l’,z1('(' -

‘ ‘ —  Horizontal miss
Bearing based | N> distance test No

tracker ‘

: BLII:\IIJI".II."W)
I No
Yes
L
Manoeuvre test
'——p Cartesian tracker -
l \ 4 A\ 4
B : B :
1 ,HMDI t,HMDF
€ No— B/‘H:’Wl)l-',M,»m’ —YesT—»
=TRUE ‘

= FALSE

v v

End

Figure 7-1: Concept flow diagram of horizontal miss distance filter.

7.1 Parabolic range tracker

The parabolic range tracker is an a-B-y filter (Hammer, 1996a). It uses the same range measurement,
Y,.r » @s used in the a-B filter in equation (30) (ICAO, 2006, pp. 3-9 — 3-10).
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fprr = Tyt prr T et Ay v prr (49)

; ; Borr
A T N ?lut,r,PRT (50)
v YRt
iprr =lirprr T T2 Hi ¢ prT (51)

I, I,

I t,PRT 7 "t,PRT

\ PRT 7 are the estimated slant range, relative velocity, and relative acceleration at time

t’ respectively.
T 2

Vit prr = Tt prr + ot prr T+ 01 e B3 (52)

rt\t—T,PRT =Frprr Hhorprr T (53)

Rt prr » I*t‘H'PRT are the predictions at time ‘t’ of the just mentioned slant range, velocity and

acceleration estimates at time ‘t’ subject to estimates at time ‘t-T'.

Yir =Rt prr + IT 3 measurementy, ,

Hirprr = (54)

, iIf N0 measurement

I, prr s the predicted range error, and T, as previously defined, is the elapsed time since the

previous interrogation.

I_r prr = 0, initial condition (55)
i r prr =0, initial condition (56)
ii_r prr = 0, initial condition (57)

The initial range, velocity and acceleration estimates are set equal to zero, i.e. when for the first time
a measurement is established.

Py €{01,2,...8}
0, initial value
Al : (58)
2.min(P_; 4, +1,8) , if 3 measurement y, ,
max (P_; g, —1,0) , if no measurement

The smoothing parameters, &prr, Borr, Ver7. and the estimated slant range, I prr » depend on

which is a function of successful measurements. The evolution of the

the firmness parameter, P, 4,

firmness parameter is defined in Equation (58) and visualised in Figure 7-2. The smoothing
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parameters are given in Table 7-1. If the firmness parameter is equal to 0 or 1, then the current slant
range estimate is set equal to the current slant range measurement (Hammer, 1996b). Furthermore,
the firmness parameter is used for the components of the horizontal miss distance filter to identify
whether a stable track has been established (Hammer, 1996a, p. 8). This is captured in Boolean

B

t, firm *

reliable track has been established. If the firmness parameter drops below value 3, then B, ;. is set

If the firmness parameter reaches value 8, then Boolean B, ;. is set to TRUE, meaning a

to FALSE, which means no reliable track has been established.

/\\2/2/
L

5

+

)
)

\\‘/

» /

+ +y
fofofe

5

2

Figure 7-2: Evolution of firmness parameter P, .

Table 7-1: Smoothing parameters of Parabolic Range Tracker (Hammer, 1996b).

Pt, firm 0 1 2 3 4 5 6 7 8

Xprr 1.0 1.0 0.83 0.70 0.60 0.46 0.40 0.40 0.40

IB 0.0 1.0 0.50 0.30 0.20 0.11 0.10 0.10 0.10
PRT

Vot 0.0 0.0 0.16 0.07 0.035 0.013 0.01 0.01 0.01

7.2 Range noise estimator and acceleration test
The range noise estimator, as defined in (Hammer, 1996b), uses the prediction error to estimate the

standard error of prediction, o, . The estimate standard error will be used in an acceleration test

to define the measurement validity region.

12
Otm = {E[:ut,r,PRTZ:I} (59)
O-tz,m = aRNEo-tZ—T,m +(1_aRNE)Iut,r,PRT2 (60)
Qe =0.1 (61)
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The acceleration test, as defined in (Hammer, 1996b), checks whether the estimated relative
acceleration is higher than a threshold T, . The minimal threshold value is 1.5ft/s2. It is increased if

the estimated standard deviation of prediction error is higher than 35ft/s2. This test is intended to
ensure sufficient confidence of horizontal miss distance estimates.

(o}
T, = max| 1, —2 |1,5ft/s’ (62)
35ft
Bt,HMDF,ACC =TRUE, iff ﬁ,r,PRT >Ty (63)

7.3 Bearing based tracker

The bearing based tracker is an a-B filter and uses the range measurement and the bearing
measurement for the estimation of relative position and relative velocity. The relative position and
velocity estimates are calculated as follows:

[qt,X,BBTJ_ YGier.x.g87 Sin(ytv'-") Cos(ytﬂ) |:a,0yBBT 0 :|(/ut,p,BBT] (64)

= +
Oyrv.eer ) | €0S(Yes) —Sin(Yi,) 0 &, per

Qv ger M, px,BBT

B, eer
. . . , 0
[qt’x'BBT] - Ser x oo + Sm(yt’g) Cos(yt,e) T (:ut,p,BBT ] (65)
Ge.v mer qt\t—T,Y,BBT COS(yt,g) _Sin(yt,g) 0 ﬁpx,BBT Hi, px,BBT
L T
Oje—7.x 887 _ {th,x BBT j N (th,x JBBT ]T (66)
qt\t—T Y ,BBT qt—T,Y,BBT qt—T,Y,BBT
qt\t—T’XvBBT G x ot

. il (67)
qt\t—T .Y,BBT Oc-7.v BoT

yt’r - (Sin(yt,g)qt‘t_T,x,BBT + Cos(ytﬁ)qt\t—T,Y,BBT ) .
_ , if 3 measurementy, . AY,,
( lut,p,BBT ] — _Cos<yt,9)qt‘t7T,x'BBT + Sm(ytﬂ)qt\th,Y,BBT
Hi, px,BBT 0
( ] , else
0
(68)

O, x ger » G v gey are the relative position estimates in Cartesian coordinates, and, G, y g7 » G, v BBT
are the relative velocity estimates in Cartesian coordinates, all relative to own aircraft’s position.

Qi1 x,e87 » Qe v BT ,qt‘t_T x gg7 and qt‘t_T v gt are the predictions of just mentioned relative

position and velocity estimates at time ‘t’ subject to estimates at time ‘t-T". &, gg7, &, g7+ B, gor
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and ﬂpX‘BBT are the smoothing parameters. g4  gor and f4 y ger are the slant and cross range

measurements residuals respectively, as given in Equation (68) .

The values of the smoothing parameters &, ggr and ﬂp’BBT are given in Table 7-2 and correspond

to the firmness parameter of the bearing based tracker, P, ; oo, which increases by one when

both bearing and range measurements are successful and decreases by one when not both
measurements were successful. The minimum and maximum values of the firmness parameter are
zero and eight. Once the firmness parameter of bearing based tracker reaches the value 8, the
horizontal miss distance estimates of the bearing based tracker may be used by the horizontal miss
distance filter.

Table 7-2: Smoothing parameters of Bearing Based Tracker (Hammer, 1996a).

I:)t,firm,BBT 0 1 2 3 4 5 6 7 8

a 1.0 1.0 0.83 0.70 0.60 0.46 0.39 0.31 0.278
,BBT

’B 0.0 1.0 0.50 0.30 0.20 0.11 0.07 0.05 0.0453
»,BBT

The values for &, ggr and f, ggr are calculated as follows.

The initial range and velocity estimates are set equal to zero, i.e. when for the first time a
measurement is established.

qth,X,BBT — (O] (69)
qt—T,Y,BBT O

q.t—T,X,BBT — (Oj (70)
qt—T,Y,BBT O

Initially &, ggr = B, gsr = 0. At the second successive measurement &, gor = f3,, ggr =1and the

initial covariance is estimated as given in Equation (71), where &, equals 0.0087 radians.

Aoyt —ytz’f;
Ct,BBT = (71)
yi.oo 2y 0,
T T?

After the second successive measurement on at each measurement moment the predicted
covariance is estimated as follows:
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C

t[t-T,BBT (

T4
1,1) =C, 1 ger (1,1) +2TC, 1 gor (l, 2) +T2Ct_T’BBT (2, 2) + TQ (72)

3

T°Q
Ct\t—T,BBT (l’ 2) =Cy 1 ger (1! 2) +TC 1 gor (2’ 2) + Y (73)
T°Q
Ct\t—T,BBT (2’1) =Cy 1 ger (2’1) +TC 1 gor (2’ 2) + Y (74)
Ct\t—T,BBT (22)=C g (22)+T Q (75)
Then the smoothing parameters are computed as given in Equations (77)-(78).
Ct!\:—T,BBT = Ct\t—T,BBT (1'1) + ytz,raa2 (76)
C 11
“T#‘BBT( ) , if 3 measurementy, . A Y,
X x.BBT = Ct\th,BBT (77)
0 , else
C 2,1
%T() , if 3 measurement y, , A Y, ,
ﬂvaBBT = Ct\t—T,BBT (78)
0 , else

From the third successive measurement on, at each measurement moment the covariance is
updated as follows:

Cyosr (11) = (L= @, gor ) Cyr por (L) (79)
Cyosr (L2) = (1= @, gar ) Cyyr oer (1.2) (80)
Cyosr (21) = (L= @,y 67 ) Cypr g7 (22) (81)
Cpeer (2:2) = Coir er (2.2)- BoxssrCuir gor (L2) (82)

Additionally, there are four inconsistency tests. The first test checks whether the cross range residual

is greater than three times the square root of expected residual covariance, CJLT BBT *

The second test checks whether the sign of the cross range residual has not changed in the past 10
cycles and the cross range residual is greater than 0.7 times the square root of expected residual

covariance, Ct"i_T’BBT. If either of the first or the second test is passed, then the bearing based

tracker is reset.
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The third inconsistency test checks whether the range residual is above 150ft.

The fourth inconsistency test checks whether a manoeuvre has been detected. If either of the third
or fourth test is passed, then the smoothing parameter values of the bearing based tracker are
increased. In (Hammer, 1996a) it is not stated by how much the smoothing parameters should be
increased”.

7.4 Horizontal miss distance test

Following (Hammer, 1996a), if the acceleration test has been passed (B:umpracc=TRUE), then the
horizontal miss distance estimates from the parabolic range and bearing based tracker are compared

with a reference miss distance,Hm. If both miss distances are greater than the reference miss

distance, the horizontal miss distance test is passed:

Bt,HMDF,HMD =TRUE ,iff {[(dt,HMD,PRT Adt,HMD,BBT)> Hm} (83)

2

2 .

d . I prr _(rt,PRTrt,PRT)

t,HMD,PRT — " . 2 (84)
A
‘rtx BBTr‘-t x,887 ~ Ty ger Ty BBT‘

d =t AR (85)

t,HMD, BBT
2 + 12
t,X,BBT t,Y,BBT

d; v prr @nd d; o ger @re the predicted horizontal miss distances estimated with the parabolic

range tracker and bearing based tracker respectively. Equations (84)-(85) are not calculated if the
acceleration test has been failed (B mpracc=False), i.e. when aircraft are really close. The horizontal
miss distance threshold is a function of the own altitude and defined in Table 7-3.

Table 7-3: Horizontal miss distance threshold (ICAO, 2006, p. 3-59).

Own altitude [ ft]? H, [ft]
<1,000 (AGL) N/A
(1,000 - 2,350] (AGL) 1,251
(2,350 - 5,000] 2,126
(5,000 -10,000] 3,342
(10,000 - 20,000] 4,861
(20,000 - 42,000] 6,683
>42,000 6,683

'Due to this lack of information, at this moment only the second inconsistency test will be implemented.
% As discussed in Section 6 the maximum altitude of aircraft ‘i’ and ‘k’ is used to determine the threshold
values.
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7.5 Cartesian tracker

The Cartesian tracker is an a-B-y filter specified by (Hammer, 1996b). Opposed to the parabolic
range tracker, it is based on linear trajectories through Cartesian extrapolation. This works well
under the restrictive assumption that no course changes are carried out by any of the aircraft
considered. If this restrictive assumption is violated, then a high range prediction error may result.
Hence, a dedicated manoeuvre test is specified later on. The range estimation and smoothing is
identical to the parabolic range tracker and is computed throughout Equations (86) to (106) and

based on (Hammer, 1996b). The range estimate, ot the range rate estimate, f},CT , and the relative

acceleration estimate, I, ., are:

fer = et er T Qerbhrcr (86)
fer = fprer T -FT Hi et (87)
3 - 7/CT

fer =Rprer + T_zﬂt,r,CT (88)

lr—r.cr Tyt cr @nd Ky _r cr are the predictions of slant range, velocity and acceleration made at the
previous measurement. 4 . is the measurement residual:

Yor ~ Myt ot o if 3 measurement y,

Hirer = . (89)
0 , iIf no measurement

The smoothing parameters & , ﬂCT , Yot are not defined in (Hammer, 1996b). Hence smoothing is

assumed to be identical to the parabolic range tracker with equal smoothing parameters:

Oct = Oppr (90)
IBCT = ﬂPRT (91)
Yer = Verr (92)

The Cartesian extrapolation is defined in Equations (99)-(100) and Equations (104)-(106) based on
the following five implicitly adopted assumptions (Hammer, 1996b):

=2 =2

Fvs.cr = fer +herfier (93)
Fvs.cthivs.cr = Rerfier (94)
rt,zxs,(:'r + rt,ZYS,CT = rt,ZCT (95)

rt,xs,CT =0 (96)
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I

. 3 2 22
tether = oxserlivs.cr (97)

Then the Cartesian extrapolation is defined in Equations (99)-(100).

. N 2 . .s . 2
; . /r [ ifr .. . +F > 1ft/s
i _ t,CT 't,CT t,CT 1 t,CT 't,CT t,CT (98)

t,YS,CT — .
1ft/s , otherwise
f CTr CT
Lyscr = ———— (99)
r:(,YS,CT
2 2 H 2 2 2
\/rtCT _rtYSCT 'IfrtCT _rtYSCT > 1ft
i xs.ct = ' o T (100)
1ft , otherwise

This is followed by the estimate prediction defined in Equations (101)-(106).

Bt xs.cr = fiet xs.c1 (101)
Lt vs.cr = fryser T frys.crl (102)
Ti-tvs.cr = feryser (103)

Fig—r.xs,cr @nd 1 ys cr are the predictions at time ‘t’ subject to estimates at time ‘t-T'. rt\t—T,YS,CT is

the prediction at time ‘t’ subject to the corresponding relative velocity estimate at time ‘t-T’. With
these two dimensional predictions the final slant range, velocity and acceleration predictions are
calculated as followed:

_ 2 2
rt\t—T,CT = \/rt\t—T,xs,CT + rt\t—T,YS,CT (104)

r r
¢ _ _U-T.¥S.CT gj-T.¥s.CcT (105)
tjt-T,CT 1ft
max(rt\m,cw )

2 2
&

h

P _ [t-T,XS,CT "t}t-T,YS,CT (106)
tft-T,CT 3 1t
max(rt\t-T,CT ’ )

The initial range, velocity and acceleration estimates are set equal to zero, i.e. when for the first time
a measurement is established.

I_ or =0, initial condition (107)

f,_r - =0, initial condition (108)
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i_r - =0, initial condition (109)

7.6 Manoeuvre test

The manoeuvre test consists of four sub tests as defined in Equation (110) (Hammer, 1996b). It is
only carried out if both the acceleration test and the horizontal miss distance test have been passed
(Bt impr,acc=TRUE and By mpr,ump=TRUE).

lprr < 0] Vv

Bt,HMDF,MAN =TRUE ,iff (110)

d <0.5d

[
I:/ut,r,CT <Tgsy ] \%
[

t,HMD, BBT t,HMD,PRT]V

|:(r;,CT V E par ) < _TA1:|

First the acceleration determined by the parabolic range tracker, Equation (51), is used to estimate

Si , through an alpha filter as defined in

the relative jerk, I ,or , of the relative position vector,

Equation (111) (Hammer, 1996b). If the jerk is negative, meaning that the acceleration of the slant
range is decreasing, then a manoeuvre is declared and no RA is suppressed. Manoeuvres are also
declared, if the range measurement residual of the Cartesian tracker is sufficiently negative, or if the
estimated horizontal miss distance of the bearing based tracker is smaller than half the estimated
horizontal miss distance of the parabolic range tracker, or if the estimated range acceleration of the
Cartesian or parabolic range tracker are smaller than the acceleration threshold defined in Equation
(62). According to (Hammer, 19964, p.30), if the manoeuvre test has been passed, then the following
10 seconds no RA will be filtered, as the state estimation are expected to be erroneous.

_ (1—a|v|AN ).rt.,TxPRT + Ayan (r;\t—T,PRT - ﬁ,PRT) Jif Bt,HMDF,ACC =TRUE
Iprr = (111)

, otherwise
According to (Hammer, 1996b) the smoothing parameter of the acceleration estimate is:

Apypny = 0.1 (112)

The parameter TRV is not specified in (Hammer, 1996b). But in (Hammer, 1996a, p. 35) it is stated
that the manoeuvre is declared if the range residual of the Cartesian tracker is larger than 3 times
the range measurement error as calculated in the range noise estimator and acceleration test, O, ,

in Equations (59)-(61). However, in (Hammer, 1996a, p. 45) the manoeuvre detection threshold
value is indicated to be approximately constant at about 105ft. From this it is concluded that the
manoeuvre detection threshold for the range residual of the Cartesian tracker is calculated similar to
the acceleration threshold value as calculated in Equation (62), and uses the maximum between

Oy nm and 35ft. Hence, the threshold parameter Tgy is set to:

Toy =-3max (o, ,,35ft) (113)

t,m?
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7.7 Horizontal miss distance filter activation
The state of the horizontal miss distance filter is activated if both the acceleration and the horizontal

miss distance test, B, oe acc and B, vor nvp - have been passed, the manoeuvre test, B, |yoe van

, is negative and a reliable track of the aircraft, Bt’ has been established:

firm 7

B, iwor = TRUE iff {[BI,HMDF,ACC]/\I:Bt,HMDF,HMD:I/\|:_'Bt,HMDF,MAN:I/\[Bt,firm] (114)
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8 Threat detection

In the threat detection process TCAS determines whether another aircraft is a threat towards its
own aircraft. To do so, a range and an altitude test are carried out. Furthermore, information from a
received coordination message, if received, and the status of the horizontal miss distance filter are
considered as well.

8.1 Range test

The range test (RT) in the threat detection test is similar to the range test in the traffic advisory
module described in section 6.

The range test, as described in the ACAS specification (ICAO, 2006, pp.3-58 - 3-59), determines
whether the intruder is a Range threat. As defined in Equation (115), the range test, defined as

Boolean B,

w7+ 15 positive if the modified time until closest point of approach (CPA), 7, , is within

a certain threshold,ARA, and the aircraft are converging, or the aircraft are within a specified

distance, dmod , diverging in range, and the divergence is “slow”. The modified time until CPA, Tmod\t ,

accounts for horizontal position inaccuracies and is defined in Equation (116) (ICAO, 2006, p. 3-59).
Aircraft are considered to divert slowly when the multiplication of estimated range and estimated

velocity is less than the value of a parameter pm .

[(0 < Trnogp < ARA) A (I’t < O)J v

B rr =TRUE ,iff _ (115)
|:(rt <dm0d)/\(rt >0)/\(rt rt <Pm)j|
r?—d?, .
Tt = tft \f}'\d (R 20) (116)
0 , otherwise
i =min (¢, ,-3m/s) (117)

The alarm threshold values of the range test for RAs are a function of the own altitude and defined
in Table 8-1.
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Table 8-1: Alarm thresholds of the range test for RAs (ICAO, 2006, p. 3-58) (FAA, 2011, Table 2).

Own altitude [ ft]* P [NMZs]  Ag [s]  dpes [NM] 2z, [ft]
<1,000 (AGL) N/A N/A N/A N/A
(1,000 - 2,350] (AGL) 0.0020 15 0.20 600
(2,350 - 5,000] 0.0028 20 0.35 600
(5,000 - 10,000] 0.0028 25 0.55 600
(10,000 - 20,000] 0.0028 30 0.80 600
(20,000 —-42,000] 0.0040 35 1.10 700
>42,000 0.0040 35 1.10 800

Furthermore, the specification also describe that the range test is positive if a miss distance could
not be calculated on the current or the miss distance is violating the horizontal miss distance
threshold, which also has been used in the horizontal miss distance filter. Since TCAS already uses
the horizontal miss distance filter this aspect has been excluded from this model.

8.2 Altitude test

The altitude test (AT), as described in the ACAS specification, determines whether the intruder is a
vertical threat (ICAO, 2006, pp.3-59 - 3-61):

IH

“a) the aircraft are converging in range, the current altitude separation is “small” and the vertical miss

distance is “small”;

b) the aircraft are converging in range and altitude, the time to co-altitude is “small” and either the

|II

vertical miss distance is “small”, or co-altitude is predicted to occur before CPA (T, <1, ); or

c) the aircraft are diverging in range and the current altitude separation is “small”;”

In our setting this means that the altitude test is true:

* if the aircraft are converging in range, the current relative altitude, I, ,, and an adjusted

predicted relative altitude at CPA, Q?CJF:J:TA‘“ are violating the vertical separation threshold,

Zthr , or

= ifthe aircraft are converging in range and altitude, the time to co-altitude, 7, is small, and

either the adjusted predicted relative altitude is violating the vertical separation threshold,
or the aircraft cross altitudes before CPA, or

= if the aircraft are diverging in range and the current altitudes separation is violating the
vertical separation threshold.

The above is captured as Boolean B, ,- in Equation (118):

t,AT

! As discussed in Section 6 the maximum altitude of aircraft ‘i’ and ‘k’ is used to determine the threshold
values.
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(5 <0) {1 <t (] <2
:(f} SO)A(HA<0)A(nA>0)ABAT,CAA(rtfgipu;\fA‘t <Ztm)}v
IS [ . PN (PR Y P P R (eS|
, (n go)A(qA<o)A(qA>o)ABAT,CAA(0<TA“<r;ﬁiust)}v
(1 <0) A (>0 A (fn <O A By ey A (0 <22) ]y
(> 0)A (el <2 )

where 7, satisfies Equation (47) and Bar ca satisfies Equation (46). ﬂ?gg':fA‘t is the adjusted

predicted relative altitude dependent on the modified time to CPA, T and an adjusted time to

mod|t /

co-altitude, Tf\(‘jtjUSt , as defined in (ICAO, 2006, p.3-60) and captured in Equations (119) and (120).

i > adjust P . . adjust
adjust mm((r“* AT )’(r"A + rt-ATmOd\t)) i foa+ T aTap >0
' ca, Al s . _ (119)
max (rt,A + rt,ATA‘t )’(rt,A + rt,/-\Tmod‘t)'O ) otherwise
adjust __ i I':[ A (120)
Ta " =min| 12, Ay
t

The alarm thresholds for the altitude test are a function of the own altitude and defined in Table 8-2.

Table 8-2: Alarm thresholds for the altitude test (FAA, 2011, Table 2).

Own altitude [ft]* Aea [8]  z4 [ft]
<1000 (AGL) N/A N/A
(1,000 — 2,350] (AGL) 15 600
(2,350 -5,000] 20 600
(5,000 - 10,000] 25 600
(10,000 — 20,000] 30 600
(20,000 —42,000] 35 700
242,000 35 800

8.3 Threat detection test

As described in the TCAS specification (EUROCAE, 2008, pp. 127-128), TCAS issues an RA if the
intruder is declared a range threat and a vertical threat and the state of the horizontal miss distance

! As discussed in Section 6 the maximum altitude of aircraft ‘i’ and ‘k’ is used to determine the threshold
values.
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filter is deactivated, i.e. B, ;o = FALSE . Furthermore, TCAS also issues an RA if the intruder has

sent a crossing intent via a coordination message and the range test has been passed, or if the
intruder has sent any coordination message and both the range and altitude test have been passed.
Whether TCAS issues an RA is defined as the Boolean B ra which satisfies Equation (121).

I:Bt,RT A Bt,AT A _'Bt,HMDF]V

B, ra = TRUE, iff |:Bt,RT /\(mt,received # 0) A Bt,CROSSj|V (121)

|:Bt,RT ABar /\(mt,received # O):|

Whether the own aircraft has received from the intruder a coordination message and that
coordination message indicates a crossing intent, e.g. the intruder is higher/lower in altitude than
own aircraft but the received coordination message indicates that the intruder wants to pass

below/above own aircraft, is determined by Boolean B, .pos :

[(mtymceived :1) A (I’t’A < 0)] v

B [(mtyrecewed =-1)A(r,> 0)]

t

cross = TRUE , iff (122)
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9 Sense selection

After another aircraft has been declared a threat, TCAS selects the sense of the RA. The sense
selection process is explained in words in (FAA, 2011) and (EUROCAE, 2008):

“Based on the range and altitude tracks of the intruder, the CAS logic models the intruder’s flight path
from its present position to CPA. The CAS logic then models upward and downward sense RAs for own
aircraft, [..], to determine which sense provides the most vertical separation at CPA. [...] In encounters
where either of the senses results in the TCAS aircraft crossing through the intruder’s altitude, TCAS is
designed to select the non-altitude crossing sense if the non-crossing sense provides the desired
vertical separation (ALIM) at CPA. If the non-altitude crossing sense provides at least ALIM feet of
separation at CPA, this sense will be selected even if the altitude crossing sense provides greater
separation. If ALIM cannot be obtained in the non-altitude crossing sense, an altitude crossing RA will
be issued” (FAA, 2011, p. 29);

“The basic rule for sense selection in a TCAS/TCAS encounter is that each TCAS must check to see if it
has received an intent message from the other aircraft before selecting an RA sense. If an intent
message has been received, TCAS selects the opposite sense from that selected by the other aircraft
and communicated via the coordination interrogation.

[...] If TCAS has not received an intent message, the sense is selected based on the encounter
geometry in the same manner as would be done if the intruder were not TCAS equipped.

[...]0Occasionally, the two aircraft declare each other as threats simultaneously, and therefore both
aircraft will select their RA sense based on the encounter geometry. In these encounters, there is a
chance that both aircraft will select the same sense. When this happens, the aircraft with the higher
Mode S address will detect the selection of the same sense and will reverse its sense.” (FAA, 2011, p.
34).

The sense selection model has been developed from these descriptions plus the specification of
possible RAs given in Table S-1. A graphical representation of the sense selection process is given in
Figure 9-1.
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Figure 9-1: Functional flow diagram of sense selection module.
The sense is selected only once. The exception is, if both aircraft have selected the same sense,
which is described later. The Boolean B, , is defined to determine whether a sense has been
selected. So if no sense has been seIected,ﬂBtyD, and if an RA is present, BLRA, then the sense is

selected. Subsequently a coordination message is sent and B, , is set to true, as defined in Equation

(123). Furthermore, a timer, , ;... , is set equal to the time until CPA, Tepay » in order to determine

later in section 10 whether the aircraft have passed the initially predicted CPA.
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if [~By5 A Byga

compute D, using eq. (126-136)

compute m, ... using eq. (137) (123)
then ’

B, = TRUE

t'(,timer = TCPA\t
Tepa = min(ARA, max(rt,A‘t’Tmod‘t’O)) (124)

For a time step A>0:
tt,timer = tt—A,timer -A (125)

As described above, according to (FAA, 2011) the sense selection depends on the encounter
geometry and chooses the sense which leads to the greatest miss distance as long as altitudes do
not cross. The sense resulting in non-altitude crossings while sustaining a minimal required vertical
miss distance is favoured over the greater miss distance. However, the sense selection algorithm
takes the geometric position and, if available, the coordination message received from the intruder
into account.

According to (FAA, 2011, p. 30) TCAS Il Ver.7.1 May choose between a positive and a negative sense.
The possible initial RAs based on sense selection have been summarised in Table 9-1. A positive
sense indicates that the own aircraft should either start or increase climbing or descending. Hence it
is also labelled as a “Positive (Corrective)” sense with either upwards or downwards direction. A
negative sense indicates that the own aircraft should limit its climb or descend. However there are
two cases. One is the “Negative (Preventive)” sense, which requires no action from the pilot. The
other is the “Negative (Corrective)” sense, which requires an action from the pilot, e.g. reduce climb
or descent to Oft/min.
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Table 9-1: Possible initial RA of TCAS Ver.7.1 (FAA, 2011, Table 3) with the three clusters used in the model.

Upwards Sense: Downwards Sense:
RA Type Required Vertical Required Vertical
RA Rate [fpm] RA Rate [fpm]
Positive Climb 1,500 — 2,000 ; Descend 1,500 — -2,000;
(Corrective)
Positi
ositive Crossing Climb 1,500 — 2,000 Crossing Descend  -1,500 — -2,000
(Corrective)
Posmv.e Crossmg Maintain 1,500 — 4,400 Crossing Maintain 11,500 — -4,400
(Corrective) Climb Descend
Positive Maintain Climb 1,500~ 4,400 ||| Maintain Descend  -1,500 - -4,400
(Corrective)
Negatlye Reduce Descent Reduce Climb 0
(Corrective)
Negatl\./e Do Not Descend Do Not Climb <0
(Preventive)
Negative Do Not Descend Do Not Climb
(Preventive) >500fpm >-500 >500fpm <500
Negative Do Not Descend Do Not Climb
(Preventive) >1,000fpm >-1,000 >1,000fpm <1,000
Negative Do Not Descend Do Not Climb
-2 <2
(Preventive) >2,000fpm >-2,000 >2,000fpm 000 /

Based on the possible initial RAs the senses are clustered in three:
= cluster corrective upwards sense, as indicated by top left box in Table 9-1;
= cluster corrective downwards sense, as indicated by top right box in Table 9-1;
= cluster preventive sense, as indicated by bottom located box in Table 9-1.
Hence, the sense in this model is defined asD,, as defined in Equation (126) where D, =1

represents a corrective upwards sense, D, =—1 represents a corrective downwards sense, and

D, = Orepresents a preventive sense. So the clustering is based on whether the pilot needs to adjust

the current vertical velocity, and if yes, whether the pilot needs to increase or decrease vertical
velocity

D, €{-1,0,1} (126)

To determine Dt eight decision variables have been identified. Seven of them are binary and the

eighth has three parameters. Hence, there are 384 combinations possible (2’¥3=384). Two third of
these combinations, 256, are possible if the own aircraft has received a coordination message from
the intruder, and one third, 128, if the intruder has not received any coordination message.
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9.1 Message and geometry based sense selection

If a coordination message from the intruder has been received, then the to be selected sense, D, , is

based on the received coordination message and the encounter geometry.

Obviously, the received coordination message simplifies the sense selection process. For example, if
the received coordination message advises to pass above the intruder aircraft, then a descent
manoeuvre is not considered. Hence, it only needs to be checked whether the prediction of the
current flight paths would result in a predicted relative altitude greater than the minimal required

altitude miss distance, a is specified in (FAA, 2011, Table 2) as a function of the own altitude

lim * I|m

and is given in Table 9-2.

Table 9-2: Definition of minimal required altitude miss distance (FAA, 2011, Table 2).

Own altitude [ft]* a,, [ft]

<1000 (AGL) N/A
(1,000-2,350] (AGL) | 300
(2,350 — 5,000] 300
(5,000 — 10,000] 350
(10,000 — 20,000] 400
(20,000 — 42,000] 600
>42,000 700

So if a coordination message has been received, i.e. M, | .ieq € {—Ll} , then the own sense, D, , is

selected as defined in in Equation (127).

. l:(mt,received = _1) A (rCPA Alt 2 ):I v
1,if
|:(mt,received = _1) A (rCPA,A\t O) (_rC_PA,A\t < & )}
. [(mt,received A (rCPA Alt :I v
D, =<-1,if (127)
[(mt,received (rCPA At = ) (rgPA,A\t < )J
. |: mt,received = _1) /\( CPA,Alt < O) /\( CPA At = aIim )] v
0,if
|: mt,received = 1) A ( CPA At = 0) (rgPA,A\t 2 Qi )j|
with rCPA’A‘t the predicted relative altitude of the intruder above own aircraft at CPA:
Tepnar = Tt T Tepag fia (128)

! As discussed in Section 6 the maximum between the altitudes of aircraft ‘i’ and ‘k’ is used to determine the
threshold values.
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As defined in Equation (124), the time until CPA is determined as the minimum of ARA and the
maximum of the time to co-altitude from the altitude test, the modified time to CPA from the range
test, and zero. The ARA is necessary to exclude large times until CPA, e.g. when the distance to the

intruder is below the threshold distance and closing rates are very small or negative.

Now the additional tests against aj, in Equation (127) will be explained. These tests take into
account that the relative altitude velocity may be adjusted, because TCAS only gives preventive RAs
in quantization of 500ft/s (see Table 9-1). It might be possible that the current flight paths result in a
sufficient vertical miss distance, but there is no valid negative RA available. For example imagine that
all altitude velocities above 350ft/s of own aircraft would result in insufficient vertical miss distance.
So if the own aircraft is flying at 250ft/s it could continue, but TCAS can only indicate to not climb
with more than 500ft/s, which would be insufficient, or to not climb with more than 0ft/s, which
would not be a preventive RA, as the pilot would need to adjust the vertical speed. Hence, if the
intruder would pass above at current relative altitude velocity, then the own aircraft altitude velocity
is set to zero if the own altitude velocity is below zero, or rounded up to the next 500ft/s increment

and the adjusted predicted relative altitude, I’SPA]A‘I, is defined in Equation (129).

.. o | max(v’,,0)

VO, —| —— 2 500ft/min 129
CPALL| LA 500ft/min (129)

r+

craat = ¢

CPA, At

If the intruder would pass below at current relative altitude velocity, then the own aircraft altitude
velocity is set to zero if the own altitude velocity is above zero, or rounded down to the next 500ft/s

increment and the adjusted predicted relative altitude, I’C_PA]A‘I, is defined in Equation (130).

y min(v¢,,0)

A — —~ |500ft/min (130)
’ 500ft/min

r

craat ~ fepaar T 7

CPAlt

Because, the adjusted predicted relative altitude may have changed signs compared to the predicted
relative altitude. The direction of the adjusted predicted relative altitude is considered in Equations

(127) and (131) by comparing the negative of rc‘,,A,A‘[ with the required altitude miss distance.

9.2 Geometry only based sense selection

If the own aircraft has not received a coordination message from the intruder, then the sense is
selected as defined in Equation (131). A graphical representation of example encounter geometries
for the seven conditions of Equation (131) in which a corrective upwards sense is selected is given in
Figure 9-2.
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Figure 9-2: Example encounter geometries where TCAS selects corrective upwards sense based on Equation (131),
i.e. when my eceives = 0. Note: numbering of example encounter geometry is based on order of appearance in
Equation (131).
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:(mt,received = 0) A (Ct* > O) A (rCPA,A\t 2 0) A (rCPA A\t iy ) A ( rcrgic,/:\t > rcrs:;\\t ‘) A ( rcr;:c';‘t < A, )j|
:(mt,received = 0) A (Ct* > 0) A (rCPA,A\t 0) A ( rCPA A\t &y ) A ( rcrgic,;\t > rcr:i:\t ‘):| v
:(mt,received = 0) A (Ct* > 0) A (rCPA,A\t O) A ( rCPA A\t aim) A ( rcrgic,;\t S rcr:i:\t ‘) A ( rcr;ZC,;\t 2 Qi ):| v
1,if :(mt'received =0)A(c < O) A (rCPA,A‘t > O) A (rc*pA a2 A, ) A ( | 2 )] v
:(mt,received = 0) A (Ct* S 0) A (rCPA,A\t 2 0) A (rC+PA Alt <& ) A ( rcr:C/:\r cr;ZCA\t‘)] v
:(mt,received = 0) N (Ct* = O) A (rcpA,A\t 2 O) A (rC+PA A\t Qi ) A ( rcr;c/:\t cr;:cA\t ) A ( rcr;ic,;\t 2 & ):| v
:(mt,received = 0) N (C: = 0) A (rCPA,A\t O) A ( rcPA Alt <&, ) N ( rcr::cjx\t rcr:i?;\t ) N ( che’icA\t‘ < &, )]
:(mt,received = 0) A (Ct* > 0) A (rCPA,A\t 2 O) A (I‘ CPA, A\t &y ) A ( r(:r:c,;\t > rcr;:;\t‘) A ( rciic,;\t‘ 2 &y )] v
:(mt,received = O) A (C: > 0) A (rCPA,A\t 2 0) A (rC+PA A\t A ) A ( rcr:ZC;\t < rcr:’;c,/;\t )] v
:(mt,received = O) A (C: > 0) A (rCPA,A\t 0) A ( rCPA A\t R ) A ( rcr:’ZcZ\t rcrgic,;\t ) A ( rcr:ZC,;\t &y ] v
-1, if :(mt,received = 0) A (CI* = 0) A (rCPA,A\t 2 0) A (rC+PA A\t S ( rcr:c;\t cr:c;\t ) A ( rcrl:ic,:\\t <, )i|
:(mt,received = 0) A (C: < 0) A (rCPA,A\t 0) A ( rCPA At = a lim ) A ( rcr:c;\t &y )] v
(M, s = 0) A (7 < 0) A (Tepm e < O) A (M < B ) A ([ring| > [rinie ) A (s = 2 ) |
:(mt,received = O) A (Ct* = 0) A (rCPA,A\t 0) A ( rCPA Alt <, ) A ( rcr:c;\t crlixaxc;\t ‘)]
[(mt,received = O)A(c* > 0) A (rCF,,Wt > 0) A (r cnat > B )] v
[(mt,received = O)A(c* > 0) A ( Fopn a < 0) A ( Foen = Qi )J v
0,if
|:(mt,received = 0) A (Ct* < 0) A (rCPA,A\t 2 O) A (I’ CPA At = allm) ( rcr;ZC./:\t < &y, ):| v
|:(mt,received = O) A (Ct* < O) A (rcpA,A\t ) ( CPA, Alt e anm) ( ré;if;‘t < &y, ):|

(131)

Here Ct*indicates whether the aircraft are predicted to cross each other’s altitudes during the time
period [treac ,tcead], as defined in Equation (132). treac is the time after an assumed reaction time
A, as defined in Equation (133).If C:is smaller than zero, then the aircraft predictions have

crossed in altitude, and if Ct*is greater than zero, then the aircraft predictions have not crossed in

altitude.
Ct* = rCPA,A\t rt,eac,A\t (132)
Lo =T+ A (133)
t(:PA\t t+ Te CPAt (134)
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reac+

I’CPA‘A‘I and rg,ijf;‘l are conditionally predicted relative altitude at CPA as defined in Equations (135)
and (136).
reac+ 0
Tepant = Topaap T (Tt,CPA - Areac) (Vt,A - VAA) (135)

rcfﬁ,if);‘t is the conditionally predicted relative altitude at CPA if own aircraft would fly upwards with

an altitude velocity of V,, after assumed reaction time {, . .

reac—
r

0
cpaat —fepaar T (Tt,CPA - Areac) (Vt,A + VAA) (136)

fégicA‘l is the conditionally predicted relative altitude at CPA if own aircraft would fly downwards

with an altitude velocity of V,, after an assumed reaction time A .. The reaction time considered

for initial RA’s is 5 seconds and the vertical velocity, V,,, is 1,500ft/min (FAA, 2011, p.29).

9.3 Coordination message transmission

As mentioned above, just when the sense has been selected, a coordination message is sent to the
intruder. The structure of the own coordination message is identical to the coordination message
from the intruder and tells the intruder where to pass. As defined in Equation (137), if a positive
sense has been selected, then the message is the opposite, and if a negative sense has been
selected, then the message depends on the predicted vertical miss distance vector.

My e =7 1 [( D, =0 /\( cPaat < )J (137)

)
1 if[(D, =0) At 20)]

9.4 Sense comparison

In the unlikely event that both aircraft select the same sense at the same time and therefore send
conflicting coordination messages, the aircraft with the higher Mode S address will reverse its sense.

This is achieved by setting the Boolean Bt’D false, in order to repeat computations from Equation

(123) on. Hence, Equation (127) is now used instead of Equation (131), which results in a new sense
selection.

it [(mt,sent = M received ) A (l’(\)”"des > Zﬁ"‘)des )]
then B, , = FALSE

(138)

9.5 Strength selection

After the sense has been selected the TCAS algorithm continues with the strength selection.
Strength selection refers to the determination of the minimum and maximum target rate of climb or
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descend to be applied by the own aircraft. The process is explained in words in (FAA, 2011, pp.29-32)
and (EUROCAE, 2008, pp.131-132). The strength selection model has been developed from these
descriptions.

TCAS Il has three main options to choose from. Either to issue a level off command, to issue a climb
or descend, or to inform the pilot about prohibited vertical velocities (FAA, 2011, Table 3) and
previously presented in Table 5-1. The latter is being issued when a negative sense has been selected
upon. When a positive sense has been selected another geometrical test is carried out. This has
been incorporated in Equation (139).

| max(v ,0 )
W 500ft/min,v3 . | if [( D, =0) A (M, g :1)}
v i % 500ft/min | if | (D, =0) A (M o =-1) |
[VtO,A,RA,min ’VtO,A, RA,max:I = I:VAA'VAA,max] 'If [( Dt 1) A (rCPA A\t > a‘llm ):|
I:VAA,min’_VAA] ’if [ D =-1 /\(rCPA At < im )}
[0’ O] if [( D, = 1) A (rCPj A = —Qin )}
[( D, = _1) A (rCPA,A\t 2 A, )}
(139)
{4, 400ft/min , if v°, >1,500ft/min
AA, max = . ' . (140)
2,000ft/min , otherwise
{—4,400ft/min if v°, <—1,500ft/min
AAmMIn . (141)
—2,000ft/min , otherwise

is the lower bound and V° is the upper bound of the in the RA advised altitude

VIO,A,RA,min t, A, RA, max
velocity range for the own aircraft. Note, when a climb or descend command is supposed to be
issued, TCAS may choose from two options (FAA, 2011, pp.29-32): if the own aircraft is not climbing
or descending, then it may issue an RA to climb or descend with an altitude velocity between 1,500
to 2,000ft/min, or if the own aircraft is already climbing or descending, then it may issue an RA to

climb or descend with an altitude velocity between +1,500ft/min to +4,400ft/min. Which maximum
altitude velocity upper bound, V, ., OF minimum altitude velocity lower bound, Vju o, is
applicable, is determined by Equations (140)-(141).

Furthermore, initial preventive RAs of TCAS Il Ver.7.1 are limited to eight RA solutions (see Table
9-1). TCAS Il Ver.7.1 may issue the pilot to not climb with an altitude velocity greater than 0, 500,

1,000, or 2,000ft/min, or to not descend with an altitude velocity smaller than 0, -500, -1,000, or -
2,000ft/min. A difference may be observed in this model. As now action from the pilot is required for
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these RAs, the strength selection for preventive RAs in this model has been designed to allow
altitude velocity limitation advisories in multiples of 500ft/min. Hence, the RA in this model may be
in form of: “Do Not Climb with more than 0, 500, 1,000, 1,500, 2,000, 2,500, etc. ft/min”; or “Do Not
Descend with less than 0, -500, -1,000, -1,500, -2,000, -2,500, etc. ft/min”.

*

0

f rCPA,A\t + (Z—CPA\t - Areac )Vt,A (142)

CPA AL —

*

Equation (142) establishes the predicted relative altitude at CPA, CPAAL? between own aircraft and

intruder, if the own aircraft levels off after the reaction has passed. Moreover, the sign of the miss
distance indicates the predicted relative vertical location of both aircraft. This is used to determine
whether a level off command would conflict with the selected sense. So if a positive upwards sense
has been selected, level-off is only chosen if the own aircraft is currently descending and a level-off
would result in sufficient separation.
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10 Threat evolution monitoring

In the threat evolution monitoring module it is assessed whether the given RA needs to be adjusted
or may be removed in form of a clear of conflict message.

To support the computations, once an initial RA is issued the values of the sent coordination
message, M, .., and the initial selected sense, D, , are copied to variables mtA and DtA,
respectively. Furthermore, a timer, tthA, is set to 8s, as the pilot needs to be given sufficient time

before adjusting the RA. The assumption is made that there must be 8 seconds between two
consecutive RAs.

m'=m ., (143)
D/ =D, (144)
t o =88 (145)
For a time step A>0, t, ., evolves as:
Lra =l ara—A (146)

10.1 RA adjustment
TCAS checks whether the other aircraft is not a threat anymore. In (FAA, 2011, pp. 33-34) it is stated:

“During an RA, if the CAS logic determines that the response to a Positive RA has provided ALIM feet
of vertical separation prior to CPA (i.e. the aircraft have become safely separated in altitude while not
yet safely separated in range) before CPA, the initial RA will be weakened to either a Do Not Descend
RA (after an initial Climb RA) or a Do Not Climb RA (after an initial Descend RA). This is done to
minimize the displacement from the TCAS aircraft’s original altitude.

In Version 7.0 and later, after ALIM feet of separation has been achieved, the resulting Do Not
Descend or Do Not Climb RA is designated as corrective. In Version 7.0, the RA is annunciated as
“Adjust Vertical Speed, Adjust.” In Version 7.1, the RA is annunciated as “Level Off, Level Off.”
(Version 6.04a keeps the original preventive designation, meaning that the RA is annunciated as
“Monitor Vertical Speed.”)

In Version 7.0 and later, negative RAs will not be weakened and the initial RA will be retained until
CPA unless it is necessary to strengthen the RA or reverse the RA sense.

After CPA is passed and the range between the TCAS aircraft and threat aircraft begins to increase, or
if the horizontal miss distance filter is able to determine prior to CPA that there will be sufficient
horizontal miss distance, all RAs are cancelled” (FAA, 2011, pp. 33-34).

This means that a positive RA may be weakened to a “Do Not Climb” or “Do Not Descend” RA if
vertical separation has been achieved. This is modelled as the following algorithm, which will be
carried out after each measurement cycle:
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if [( DtA = 1) A (rc*PA,A,F\t S =& ) A (rth < )}

0 0
|:Vt,A,RA,min ’Vt,A,RA,max} = [O’ VAA,max]
D*=0
then?
mt =1
tt‘RA =8s
(147)
- A *
else if [( D/ =-1) /\(rCF,A'AYF‘t > a"m)/\ (raz a”m)J
0 0
|:Vt,A,RA,min ’Vt,A, RA,maX] = [VAA,min ’ 0]
DtA =0
then .
m"=-1
Lja = 8s
* 0
rCPA,A,F\t = rCPA,A\t + TCPA\tVt,A (148)

The current relative altitude, I, 5, and the prediction of the relative altitude at CPA, Iep 4 ¢y, if the

own aircraft would be in levelled-off flight, are compared to the required altitude miss distance,

Qi - Both comparisons are necessary as a level-off manoeuvre may result in both aircraft
approaching each other. If the conditions are satisfied, then a new sense, DtA, and a virtual

message, mtA , are set. Last but not least, an RA weakening is a secondary RA. Hence, the timer, t .,

, is reset to eight seconds.

Moreover, after an RA has been issued, TCAS also monitors whether the threat remains or the
situation even worsens, i.e. if the intruder is not following its intended sense. The process is
explained in words in (FAA, 2011, pp. 31-32) and (EUROCAE, 2008, pp.132-133):

“In some events, the intruder aircraft will maneuver vertically in a manner that thwarts the
effectiveness of the issued RA. In these cases, the initial RA will be modified to either increase the
strength or reverse the sense of the initial RA. Reversed sense RAs will be discussed separately. A VSL
is strengthened by changing to a more restrictive VSL or to a positive Climb or Descend RA. A Climb or
Descend RA is strengthened to an Increase Climb/Descent RA. An Increase Climb/Descent RA can only
be issued after a Climb/Descend RA has been displayed either as an initial RA, a strengthening of a
negative RA, or a sense reversal RA” (FAA, 2011, pp. 31-32).

This is modelled by another assessment of the geometrical situation. As the pilot needs to be given
the sufficient time to react upon an RA, that this test is carried out after each new range and rate

estimate, but when the timer tt‘RA has elapsed to zero:
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mt CPA Alt > 0) ( tjRA = 0) (0 PA\t < ARA)} v
m’ = CPA,A\t < O) A (tl\RA < O) ( Tepap < ARA):| v

I
[
[(rmwanm) (Fermae > 0) A (tyen <0) 4 (0 7 < A5y |
(-

B; raevo = TRUE , iff
rCPA Alt < a'Ilm) ( CPA, A‘t ) (tt‘RA - ) ( CPA‘t < ARA):|
(149)
Boolean B, ;4 gyo IS true if the intruder is not following its coordinated sense or if the current

predicted vertical miss distance is not sufficient and if the pilot has been given sufficient time to
react upon an RA. The former is checked by comparing the sent coordination message, My ent, and

the predicted relative altitude at CPA, fep, ;- The latter is checked by comparing the adjusted

predicted relative altitude at CPA, l’gpA'A‘t, l’gPA'A‘t, versus the required altitude miss distance, ajm. If
one of these cases is satisfied, then a strength and/or sense adjustment is performed.

From (FAA, 2011, pp. 31-32) it is concluded that TCAS may change a “Climb/Descend” RA into a
“Descend/Climb” RA or into a strengthened “climb/descend” RA, or change a “Level-Off” RA or “Do

Not Climb/Descend” RA into a “Climb/Descend” RA. The new strengthened altitude speed limit,

Y is 2500ft/min (Kochenderfer et al, 2012).

AA, strengthened /

From the text, TCAS should determine when to issue a secondary RA by comparing the virtual

message, mt , with the predicted relative altitude at CPA, I, ,, to identify whether the intruder is

following its intended sense. Next the own selected sense, D/, needs to be compared against the

conditionally predicted relative altitudes at CPA, I’r:icz Flts I’Cr;icA Fi in order to decide whether a

climb/descend or strengthened climb/descend RA is required.

This is captured in Equations (150)-(153), which determine the adjusted lower and upper bounds of
the secondary RA.
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then

then

A A reac-+ reac— reac—
B, ra.evo /\(mt _1)/\(rCPA = O)A(Dt = O)/\( Feraarit| | Tcraa it )/\( Tepanri| 2 Bim )}V
A _ A _ reac+ reac—
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(

A A _ reac+ reac— reac+

B racvo AM = 1) A (rCPA,A\t < 0) A ( D = O) /\( Fepnnr| = |TcraaFi ) A ( Tepan i Z Qi ):| v
A A _ reac+ reac—

B raevo A M = 1) A (rCPA,A\t < 0) A ( D" = O) /\( Fepnn | > [Tcpaa Fi )} v

A
tRAEVOA m;=-1)A

0 0 _
|:Vt,A,RA,min 7Vt,A, RA, max :| - I:VAA’VAA,max ]

D/ =1
mt =1
tt‘RA =8s

(151)
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if |:Bt,RA,EVO A (mtA = 1) A (rCPA,A\t < 0) A ( D/ = l) A (VtO—At,A,RA,min < VtO—At A, RA, max )}

I:Vto, A,RA, min ’Vto, A, RA,max] = [VAA,strengthened ’4400ﬂ/m|n}

D/ =1 (152)
then

mt =1

tt‘RA =8s

if |:Bt,RA, evo (mtA = _l) A (rCPA,A\t 2 0) A ( D = _1) A (Vto—At ARA MmN < VtO—A[ ,A,RA, max )}

0 0 H
I:Vt,A,RA,min 'Vt,A,RA,max] = [_4400ﬁ/mm ) _VAA,strengthened }
DtA — —l (153)
then
mt=-1
tt‘RA =8s
Fonn el opnappare defined in Equations (154)-(155) and are similar to the previously defined

reac+
r

rreac—
CPA At/

CF,AVA‘[in Equations (135)-(136). However, the previously assumed reaction time, A, , of 5s

is replaced by the faster assumed reaction time, A .. ¢, of 2.5s (ICAQ, 2006, p. 4-2).

reac+ _ 0

rCPA,A,F\t - rCPA,A\t + (TCPA\t ~Areac ) (Vt,A _VAA) (154)
reac— _ 0

rCPA,A,F\t - rCPA,A\t + (TCPA\t AT ) (Vt,A + VAA) (155)

10.2 Clear of conflict message

In the threat evolution monitoring module it is also tested each step whether the threat situation
has been solved. This is announced with a clear of conflict message. When the clear of conflict
message is supposed to be issued is modelled by checking whether the time to CPA, t;1mer, at initial

RA has been elapsed to zero and whether the Range Test, B, o, or Altitude Test, B, ,; , have failed,

or if the horizontal miss distance filter has been activated:

[(_'Bt,RT VB ar ) A (ttv“mer = 0)} v
B

t,HMDF

if

clear of conflict message
(156)

reset system
else repeat the monitoring cycle

Furthermore, together with the clear of conflict message all variables and parameters are set to
initial values.
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11 Model verification

In order to verify whether all possible combinations in Equations (127) and (131) have been covered,
these equations are now analysed as follows. First the possible values of the key time-dependent

variables are identified:

m

t, received €

Fepn, Alt

~lepa, Alt
+

Fepa. Al

r reac+ reac—
CPA, Alt

r reac+
CPAAlt

reac—
Fepa, Al

CPA, Alt |

r

reac—
CPA, Alt

}

This comprises 7 binary values and 1 variable with 3 possible values. From this there are 384

combinations possible (2’*3=384). For Equation (127) M, eceived e{—Ll},

hence, 256 (=2°)

combinations should be covered by Equation (127). The verification of this is done by evaluating for
each row in Equation (127) how many combinations are merged. Next it is verified that these

numbers add up to 256 combinations.

. (mt received 1) A (rCPA,A\t 20 :| v
1,if
(mt received 1) A (rCPA,A\t < 0) A r-CPA Alt
|: mt received 1 A (rCPA,A\t < O) v
D, =4-1,if
_ +
|: M received _1 A (rCPA,A\t 2 )/\ Tepa At
|:( mt,received = _1) A ( CPA, Alt < O) A ( rCPA Alt
+
|:( mt,received - 1) ( CPA Alt 2 O) A (rCPA,A\t 2 Qi )j'

Hence, in total 2*2°+4*2°=2%=256 combinations are covered in Equation (127).

<2u)]

)
s o) |-

Number of combinations:

"
5
"
5
5

25

For Equation (131) M, . iveq € {0}, hence, 128 (=2’) combinations should be covered by Equation

(131). Similar as above, the verification of this is done by evaluating for each row in Equation (131)
how many combinations are merged. Next it is verified that these numbers add up to 128

combinations.
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Number of combinations:

(M, s =0) A (65> 0) A (g 2 0) A (1com e < ) A (|| > [ ) A (| < 0 ) |
(mt,received = O) A (Ct* > O) A (rcpA,A\t 0) N ( CPA, A\t Qi ) A ( rcfic;\‘ crgicA\t‘)] v

(M, e =0) A (65> 0) A (T < 0) A (o < i ) A (| iiene] < i) A (| = i) | v
(ml,received = O) A (Ct* = 0) A (rcpA,A\t 2 O) A (rCJrPA Alt 2 Qi ) A ( rcr;ZC;\t Aim )] v

(mt,received = O) A (C: < 0) A (rCPA,A\t 2 O) A (r CPA,Alt alm) A ( crgic:\\t crs{j\c/;\t ‘):| v

(M, s = 0) A (6 < 0) A (g 2 0) A (1o < i) A ([ icne] <[] ) A (e = ) | v
(M, s =0) A (6 < 0) A (g < 0) A (“Mapune < @i ) A (e > i) A (| < @) |
(ml,received = O) A (Ct* > O) A (rcpA,A\t 2 O) A (rCJrPA A\t Aim ) A ( crgiC;\t cr:ZCA\t‘) A ( rcr;ic,;\t‘ 2 Qi )j| v
(mt,received = O) A (C: > 0) A (rcpA,A\t 2 0) A (r CPA, A\t A ) A ( rctic;\t CrSZC;\t ‘):| v

(M, e = 0) A (65> 0) A (T < 0) A (“Topmn < i ) A (| iene] < i) A (| < ) | v
(M, s = 0) A (6 < 0) A (g 2 0) A (T < i) A (] < sl ) A (] < ) | v
(mt,received = O) A (C: < 0) A (rCPA,A\t 0) A ( rCPA Alt . &y ) A ( rche’iC;\\t‘ = &y ):| v

(M, s = 0) A (6 < 0) A (g < O) A (M < @i ) A (i > i) A (s = @) [ v
_( mt,received = O) A (Ct* < 0) A (rCPA,A\t O) A ( rCPA Alt <& ) A ( rcrliicj\\t Cr;aAc/;\t ‘)j|

[(mt,received = O)/\(C: > 0) A (rCPA,A\t 2 O) N (I’ CPA At = Aim )J v

[( mt,received = O)A(Ct* > O) A (rcpA,A\t 0) N ( CPA At = ||m )] v

[( mt,received = O) A (CI* = 0) A (rcpA,A\t 2 O) A (I’ CPA, A\t Qi ) A ( rCrI:ZL:;\t <8y, )] v

|:( M, received = O) A (Ct* < 0) A (rCPA,A\t ) A ( rCPA At = anm ) A ( rcr;ic,;«\t &y j|

Hence, in total 8*22+8*23+2*2%=32+64+32=128 combinations are covered in Equation (131).
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12 Additional Agents
Next to TCAS, three additional agents are modelled:

e Aijrcraft 7,
e  Cockpit ‘i, and
e Communication ‘7.

It should be noted that the agents are developed in a generic manner to allow interchangeability
with other systems, i.e. an UAV with a different collision avoidance system.

12.1 Agent Aircraft i

The evolution of the position coordinates of aircraft ‘i’, St xs Stiyy ,

i
t,z’

S are based on the ground and

altitude velocities, Vi]H 'Vti,A' the heading, Hti , and the time step, A, as given in Equations (157)-

(159), where 49: is the magnetic heading of aircraft ‘i’ at time ‘t’ and defined to be zero in direction
of North (positive y-axis) and increasing in a clockwise direction. Function f, (@') converts the

magnetic heading,@ti 6{0,...,360}, into the equivalent angle of the standard mathematical

reference system (zero in direction of the positive x-axis and increasing counter clockwise). In this

model the discrete time step, A, is set to 0.1s and differs to the operating cycle of TCAS.

St =St Vi anfcos( fi (64))A (157)
Sy =Sty *|Viiam Hsin( f,, (ej_A))A (158)
S, =Sl s, tVaA (159)

In order to deviate from the current trajectory, the evolution model of aircraft ‘i’ may process the
following input parameters of aircraft ‘i’ at time ‘t’, which resemble actions by the pilot or autopilot
of aircraft ‘i’ (see Section 12.2):

Vv

e Target altitude velocity set point limits, V| b A max ?

,A,min ’

e altitude acceleration set point, ati'A, and

e turn rate set point, éti .

Note, as described in Section 12.2, the target altitude velocity set point limits, V! V:'Aymax , inthe

,A,min ’
agent “Aircraft i” are set through input from agent “Cockpit i” according to the issued velocity
boundaries in an RA, see Equations (139), (147)-(148), and (150)-(153). The altitude acceleration set

point, atiyA, in the agent “Aircraft i” is set through input from agent “Cockpit i” equal to 0.25g for

initial RAs and equal to 0.35g for RA adjustments. The turn rate set point is set through input from
agent “Cockpit i” to zero, if the pilot receives an RA. The latter is not a set point directly issued by
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TCAS but comes from the assumption that the pilot will stop the aircraft from turning, if he or she
reacts upon an RA.

i
Vt,H

Furthermore, it is assumed that the magnitude of the ground velocity, , remains constant.

Now, based on the turn rate of aircraft ‘i’, Qi € IR, the new heading is given in Equation (160).
‘9tI = ‘9tI—A + ‘gtl—AA (160)

In case the heading, Hti , exceeds the limits of [0°,360°) degrees, it is corrected in quantisation of

360° until it is within the limits.

VA and the altitude acceleration

Based on the target altitude velocity set point limits, Vti 1 A max ?

,A,min

set point,atiyA, the new altitude velocity is given in Equation (161), where the altitude velocity is

adjusted if it is not bounded by the altitude velocities bounds, Vti,A,min Vi A max -
i : i i i i
min ((Vt*AvA + aT*A'AA)’Vt*AYA,maX) if Vieaa <Vioa, amin
i i i i - i i
Vi = max( Viean ™ a‘*A»AA)’VPA,A,min) , if Vicaa = Vica, A max (161)
i i .
Vt—A,A = Vt—A,A , otherwise

Implicitly two assumptions are adopted. First, there is no wind, such that the heading is also the
course. Second, the aircraft body direction equals the heading.

12.2 Agent Cockpit i

In this model, the pilot may be human or an autopilot and reacts only upon RAs.

In TCAS equipped aircraft, RAs are communicated acoustically trough an aural annunciation and
visually through target vertical velocity indications on the cockpit display. Also, only the human pilot
may adjust velocities based on RAs. As human pilots cannot react instantly, reaction time is
considered. According to ICAO, the nominal reaction time for initial RAs is 5 seconds and for
secondary RAs it is 2.5 seconds (ICAO, 2006, p. 4-2).

Also according to (ICAO, 2006, p. 4-2) the pilot climbs or descends with an altitude acceleration of
0.25g for initial RAs, and with 0.35g for adjusted RAs. In this model, this leads to the setting of the
set points of the agent “Aircraft i”, as described in Section 12.1.

In order to use a non-constant reaction time, it is assumed that the human pilot reaction time is
Gaussian with mean equal to the nominal reaction time assumed by ICAO and a standard deviation
of 0.5s.

Furthermore, it is assumed that the human pilot only picks up an RA, if he/she was given both an
aural and a visual signal. The failure rate of the cockpit display the aural annunciation system is
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assumed to be 107 per flight hour, which is in line with system requirements for critical aircraft
systems where a system failure would be categorized as hazardous (JARUS, 2014, p. 30). In rare
cases where the pilot has not reacted upon an RA and a new RA is issued, then the pilot will only
react upon the latest RA.

Regarding the behaviour of the pilot upon preventive RAs and clear of conflict messages, two
assumptions are made. First, if the pilot receives a do not climb/descend RA then he/she continues
flying with an altitude velocity equal to 10% of the allowable altitude velocity range. E.g. the pilot
continues flying with 250ft/min if the indicated velocity range of the RA is [0,2500] ft/min.

Second, the pilot levels off when he/she receives a clear of conflict message. This is achieved
through issuing a level off adjusted RA.

Vi

The target altitude velocity set point Iimits,vti A max ?

Amin ? in the agent “Aircraft i” are set

according to the issued velocity boundaries in an RA, see Equations (139), (147)-(148), and (150)-

(153). The altitude acceleration set point, a:'A, in the agent “Aircraft i” is set equal to 0.25g for initial

RAs and equal to 0.35g for RA adjustments.

Finally, in case the human pilot is performing a manoeuver and TCAS issues an RA, then the pilot
stops the aircraft from turning and only climbs, descends, or levels off. In such cases, the turn rate

set point, 6 , in the agent “Aircraft i” is set equal to zero at any RA.

In regard to model flexibility, there is also an autopilot which may react immediately upon RAs.
However, in the current model the autopilot is not activated for TCAS operations.

12.3 Agent Communication ‘i’

In TCAS the exact position and speed vectors of an intruder aircraft are not known to own aircraft
but are estimated by TCAS with alpha-beta filters (ICAO, 2006) from physical range and bearing tests
using the Mode S signal and received altitude reports.

The Mode S connection is established by aircraft ‘i’ using its transponder. Every 8 to 10 seconds the
transponder of a TCAS equipped aircraft ‘i’ sends out a Mode S message including its aircraft ID
(EUROCAE, 2008, p. B1). This message is being picked up by the transponders of other aircraft in the
vicinity. Then when an aircraft ‘i’ knows the aircraft ID of aircraft ‘k’ in the vicinity, it sends out an
interrogation message to aircraft ‘k’. Interrogations are nominally carried out once per second
(EUROCAE, 2008, p. B3). The interrogated aircraft ‘k’ should respond to this interrogation by sending
a message to aircraft ‘i’ including its aircraft ID, altitude and maybe a coordination message. From
the response delay and the direction of the message from aircraft ‘k’ to ‘i’, aircraft ‘i’ is able to
calculate the slant range and relative bearing between aircraft ‘k’ and ‘i’.

Besides, according to (RTCA, 2017, p. Q-6), the probability of reception of a response is 0.95.
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13 Assumptions adopted

Throughout the model specification of TCAS and the agents Aircraft ‘i’, Cockpit ‘i’ and

Communication

“

i’ several assumptions have been made. First, the assumption affecting TCAS

operations are summarized:

e TCAS ‘"

Only single encounters are considered.

The jitter of the slant range measurement error may be modelled as white Gaussian
noise of 30ft root mean square.

The jitter of altitude measurements may be modelled as a first order regression
model with alpha equal to 0.8, mean equal to zero, and standard deviation of 3ft.

The reported altitude of aircraft ‘i’ is in 25ft quantisation.

The jitter of the own altitude velocity measurements may be modelled as white
Gaussian noise of 0.8535m/s root mean square (1.707m/s 95% confidence).

Only the third inconsistency test of the bearing based tracker of the horizontal miss
distance filter is applied in the current model.

The smoothing parameters of the Cartesian tracker are equal to the smoothing
parameters of the parabolic range tracker.

“Do Not Climb/Descend” RAs may be issued in all possible 500ft steps. E.g. do not
climb with more than 0, 500, 1000, 1500, etc. feet per minute.

An RA adjustment may only be issued at least 8 seconds after the previous RA. The
exception is an RA weakening, which may be issued at any time.

e Aircraft ‘i’

1. The human pilot or autopilot inputs are altitude velocity bound set points, altitude
acceleration set point, and turn rate set point.

2. The aircraft evolutions are discretized in time step A.

3. Thereis no wind, such that the heading is also the course.

4. The aircraft body axis direction equals the heading.

e  Cockpit ‘i":

1. The reaction time of the human pilot is Gaussian with mean equal to the nominal
reaction time assumed by ICAO (5s for initial RA and 2.5s for an adjusted RA) and a
standard deviation of 0.5s.

2. The climb or descend of a pilot upon an RA has an altitude acceleration of 0.25g for

initial RAs and 0.35g for adjusted RAs.
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3. The pilot does only react upon an RA if he was informed both visually and aurally.

4. If the pilot has not reacted yet upon a previous RA, then the pilot will only react
upon the latest RA.

5. The pilot should stop the aircraft from turning if he reacts upon an RA.

6. If the pilot receives a do not climb/descend RA then he/she continues flying with an
altitude velocity equal to 10% of the allowable altitude velocity range. E.g. the pilot
continues flying with 250ft/min if the velocity range of the RA is [0,2500] ft/min.

7. The pilot levels off when he/she receives a clear of conflict message. This is achieved
through a level off adjusted RA.

8. In case aural and visual RAs are different, then the pilot follows the visual RA.
e Communication ‘i’:

1. Aircraft ‘i’ knows that aircraft ‘k’ is in the vicinity.

2. Aircraft ‘i’ knows the aircraft ID of aircraft ‘k’.

3. Interrogations are carried out at a frequency of 1Hz.

4. Probability of reception of a response message is 0.95.
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14 Petri Net Model of TCAS

A Petri Net model according to (Everdij et al., 2003) has been created from the previously presented
TCAS model. A graphical representation of the Petri Net model is given in Figure Figure 14-1. In total
there are the following 4 agents:

TCAS |,

Aircraft i,

Cockpit i, and
Communication i.

The agents have the following local Petri Nets (LPN) and interconnecting Petri Nets (IPN):

e Agent “TCAS i” consists of 7 LPNs and 6 IPN.
o LPNs:
= State Estimation,
= Received Coordination Message,
=  TA Module,
Threat Detection,

Sense Selection,

Strength Selection, and

Evolution Monitoring.

o IPNs:
= TA,
= Timer,

= Sense Coordination,

= RA,
=  Adjusted RA, and
= COC.
e Agent “Aircraft i” consists of 1 LPN and no IPN.
o LPN:
= State.
e Agent “Cockpit i” consists of 3 LPN and 2 IPN.
o LPNs:
=  Pilot Flying,
= CDTI, and
= Aural Annunciation.
o IPNs:
= Pilot Input
= Auto Pilot
e Agent “Communication i” consists of 4 LPNs and 1 IPN.
o LPNs:

=  Transponder,

= Mode S Reply,

= Measurements, and
= |nterrogation.
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o IPN:
= |nt. mes. from aircraft i to k.

Next, each agent is described. The Petri Net model specifications are given in Appendix A.
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14.1 Agent “TCAS i”
Agent “TCAS i” consists of 7 LPNs and 6 IPN. The LPNs are the following:

e State Estimation,

e Received Coordination Message,

e TA Module,

e Threat Detection,

e Sense Selection,

e Strength Selection, and

e Evolution Monitoring.
The IPNs are the following:

o TA,

e Timer,

e Sense Coordination,

o RA,
e Adjusted RA, and
e COC.

The above mentioned LPNs and IPNs are addressed shortly below.

LPN “State Estimation”

This LPN has one place, “P” and two transitions, G1 and G2. There is always a token present. The LPN
resembles the slant range and vertical range filters, as described in Section 5, and the horizontal miss
distance filter, as described in Section 7. As such the token in place “P” has saved as colours the slant
range, slant rate, vertical range and vertical rate, status of the horizontal miss distance filter, own
altitude, own vertical velocity, and additional information necessary to update the just listed
variables.

The update of the token is carried out through transitions G1 and G2 at a frequency of 1Hz. In case a
message from aircraft ‘k’ has been sent, then a token is present in place “State message from
Aircraft k to i”. The enabling arc from that place in addition to the enabling arc from place “P” of
agent “Aircraft i” will enable transition G1 and the state estimation and horizontal miss distance
filter status are updated using the measurement data and information about the own aircraft from
agent “Aircraft i”. Else transition G2, which has also one enabling arc from agent “Aircraft i”, is used
and the update is carried out without measurements about aircraft ‘k’.

In order to prevent transitions G1 and G2 from becoming active at the same time, an inhibitor arc
from place “State message from Aircraft k to i” to transition G2 ensures that G2 only becomes active
when no message has been sent by aircraft ‘k’.

LPN “Received Coordination Message”

This LPN has one place, “P”, and one transition |. There is always one token at the place (except
when the “Threat Detection” LPN is removing and returning it) and its colour represents the
coordination message received from the other aircraft. The colour is updated through transition |
which also has an incoming arc from place “Coordination message Aircraft k to i”.
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Additionally, place “P” has outgoing and incoming arcs to and from transitions G1 and G2 of LPN
“Threat Detection”, where transition G1 keeps the token’s colour unchanged and transition G2
changes the token’s colour to zero, meaning no message has been received, which is part of a TCAS
reset.

LPN “TA Module” and IPN “TA”

The LPN has two places, “TA” and “No TA”, and two transitions, G1 and G2. The IPN has only one
place “P”. Both resemble the module to issue a TA, as described in Section 6, where the IPN receives
a token if a TA is issued.

In the LPN, there is initially a token at place “No TA” which is being transferred to place “TA” via
transition G1. Transition G1 uses the information about the slant range, slant rate, vertical range,
vertical rate, own aircraft’s altitude and own aircraft’s vertical rate from the token in place “P” of
LPN “State Estimation” through an enabling arc, and it has an enabling arc from place “P” of IPN
“Timer”, which has no effect on the time of enabling of the transition as there is always a token
present. Additionally, transition G1 moves one token without colour to place “P” of IPN “TA” to
signal that a TA is issued.

When the dangerous situation has passed, TCAS needs to be reset, as described in Equation (156) in
Section 10. In the “TA Module” LPN this is done by transition G2 which transfers the token from
place “TA” to “No TA”. To check whether the transition should take place, input is taken through an
enabling arc from place “P” of LPN “State Estimation” and an enabling arc from place “P” of IPN
“Timer”.

LPN “Threat Detection”

This LPN has two places, “Threat” and “No threat”, and two transitions, G1 and G2. This LPN
resembles the threat detection module which declares the other aircraft as a threat, as described in
Section 8.

Initially there is a token at place “No threat” which is being transferred to place “Threat” via
transition G1. Transition G1 uses the information about the slant range, slant rate, vertical range,
vertical rate, own aircraft’s altitude and own aircraft’s vertical rate from the token in place “P” of
LPN “State Estimation” through an enabling arc, and the information about a received coordination
message from the other aircraft through an incoming arc from place “P” of LPN “Received
Coordination Message” to determine whether the other aircraft is supposed to be declared a threat.
There is also an enabling arc from place “P” of IPN “Timer” to transition G1, which has no effect on
the time of enabling the transition as there is always a token present. Additionally, transition G1 also
returns the token coming from place “P” of LPN “Received Coordination Message” back to its initial
place with unchanged colour.

From place “Threat” there is also an enabling arc to transition | of LPN “Sense Selection” which is
meant to enable the sense selection process after the other aircraft has been declared a threat.

When the dangerous situation has passed, TCAS needs to be reset, as described in Equation (156) in
Section 10. In the “Threat Detection” LPN this is done by transition G2 which transfers the token
from place “Threat” to “No threat”. To check whether the transition should take place, input is taken
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through an enabling arc from place “P” of LPN “State Estimation” and an enabling arc from place “P”
of IPN “Timer”. Additionally, there is an incoming and outgoing arc from and to place “P” of LPN
“Received Coordination Message”, which returns that token with a colour value meaning “no
message received”. This is necessary, as else the previously received coordination message may
trigger transition G1 again and the other aircraft would be declared faulty a new threat.

LPN “Sense Selection” and IPNs “Timer” and “Sense Coordination”

The LPN “Sense Selection” has two places, “Sense” and “No sense”, and two transitions, | and G.
IPNs “Timer” and “Sense Coordination” have both one place “P”. Together, the LPN and IPNs
resemble the sense selection process, as described in Section 9.

Initially, there is a token in place ”"No sense” of LPN “Sense Selection” and a token in place “P” of IPN
“Timer”

IPN “Sense Coordination” has one incoming arc from Transition | of LPN “Sense Selection” and one
outgoing arc to transition 11 of LPN “Mode S Reply” of agent “Communication i”. It transfers the in
the sense selection selected intent, see Equation (137), to the agent “Communication i” from where
the intent is sent to aircraft ‘k’.

IPN “Timer” has outgoing enabling arcs to LPNs “TA Module”, “Threat Detection”, “Strength
Selection” and “Evolution Monitoring”. Furthermore, there are outgoing and incoming arcs between
the IPN “Timer” and LPN “Sense Selection”. Transition | of LPN “Sense Selection” removes the token
at place “P” and returns a token with a colour value equalling the time until CPA, see Equation (124).
The saved time is discounted and indicates whether the initial CPA should have passed.

In LPN “Sense Selection” all the calculations as described in Section 9 are carried out. The necessary
information about the aircraft states and the intruder intent comes from enabling arcs from LPN
“State Estimation” and “Received Coordination Message” and goes to all transitions in LPN “Sense
Selection”. Whether the intruder has been declared a threat is determined through an enabling arc
from place “Threat” of LPN” Threat Detection to transition . When there is a token in place “No
sense”, meaning no sense is selected and a token in place “Threat” of LPN” Threat Detection”,
meaning the intruder has been declared a threat, then transition | selects the sense and fires three
tokens. One token is removed from place “No sense” and fired to place “Sense” with a colour value
equalling the selected sense. The second token is removed from place “P” of IPN “Timer” and
returned with a colour value equalling the time until CPA, as described above. The third token is
additionally produced by transition | and fired to place “P” of IPN “Sense Coordination”, as described
above.

Transition G has the same incoming and enabling arcs from outside the LPN. Within the LPN it
transfers a token from place “Sense” to place “No sense”. It is used to reset the sense selection
process. Opposed to the “TA Module” and “Threat Detection” LPNs, the sense selection process may
be reset in two cases. First, when the dangerous situation has passed, as described in Equation (156)
in Section 10. Second, when both aircraft have selected the same sense, then the aircraft with the
higher aircraft ID selects the sense again using the new information, as described in Equation (138).
Besides, opposed to transition |, the outgoing arc to IPN “Timer” just returns the incoming token
from that IPN with unchanged colours.
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From place “Sense” there is also an enabling arc to transition 11 of LPN “Strength Selection” which is
meant to enable the strength selection process after the sense has been selected.

From place “No sense” there is also an enabling arc to transition 12 of LPN “Strength Selection”
which is meant to reset that LPN, i.e. a new strength may be selected when a new sense has been
selected.

LPN “Strength Selection” and IPN “RA”

The LPN has two places, “No strength” and “Strength”, and two transitions, 11 and 12. The IPN has
one place “P”. Together they resemble the module which selects the strength and as such the RA, as
described in Section 9.5.

Initially there is only a token at place “No strength” of LPN “Strength Selection”, which is being
transferred to place “Strength” via transition 11 after TCAS has selected its sense. As such, transition
I1 has three enabling arcs and two incoming arcs.

Two enabling arcs are from place “P” of LPN “State Estimation” and place “P” of IPN “Timer” which
always have a token present. The third enabling arc comes from place “Sense” of LPN “Sense
Selection” which only has a token present if a sense has been selected. The incoming arcs come
from place “No Strength” and from place “P” of LPN “Evolution Monitoring”.

In transition 11 the RA is created by selecting the strength. To do so, information about the aircraft
states are taken from the colours of the token in place “P” of LPN “State Estimation”, about the
selected sense and to be sent coordination message from the colours of the token in place “Sense”
of LPN “Sense Selection”, and about the estimated time until CPA from the colour of the token in
place “P” of IPN “Timer”.

Transition 11 has also three outgoing arcs. One outgoing arc goes to place “Strength”, which fires a
token without colour. One outgoing arc goes to place “P” of LPN “Evolution Monitoring”, which fires
a token with colours containing the target minimum and maximum vertical velocity, the to be sent
coordination message, and parameters needed for the monitoring cycle to be enabled and its initial
cycle delay times. And one outgoing arc to place “RA” of IPN, which fires a token with colours
containing the target minimum and maximum vertical velocity, target turn rate, which is set to zero
as no horizontal manoeuvre is desired during a TCAS RA, and a delay time to model the time until
the pilot reacts upon the RA.

Transition 12 has also three enabling arcs, one incoming arc, but only one outgoing arc. The enabling
arcs are coming from LPNs “State Estimation”, “Timer” and place “No sense” of LPN “Sense
Selection”. The incoming arc comes from place “Strength” and the outgoing arc goes to place “No
Strength”.

In case the “Sense Selection” LPN is reset by having a token in place “No sense” and a token is
available in place “Strength”, then transition 12 causes an immediate transition of the token from
place “Strength” to “No strength”. The additional enabling arcs from place “P” of LPN “State
Estimation” and place “P” of IPN “Timer” to transition 12 have no effect on the time of enabling, as at
each place always a token is present.
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LPN “Evolution Monitoring” and IPNs “Adjusted RA” and “COC”

The LPN has only one place, “Evolution monitoring” and two transitions, G1 and G2. Both IPNs also
have one place each called “P”. Together they resemble the module to monitor the encounter, as
described in Section 10, where the IPNs resemble the outputs as an adjusted RA or a clear of conflict
message.

Once an RA has been issued, which is captured in the colour of the token in place “P” of LPN
“Evolution Monitoring” through the colours being altered by transition 11 of LPN “Strength
Selection”, the guards G1 and G2 become active.

Transition G1 includes two checks: first, whether the current RA may be weakened; second whether
the current RA needs to be strengthened or reversed.

For these checks transition G1 has two enabling arcs and one incoming arc. One enabling arc comes
from place “P” of LPN “State Estimation” to gather information about the aircraft states. The second
enabling arc comes from place “P” of IPN “Timer” and has no effect on the transition, as there is
always a token present. The remaining information about the current RA comes from the incoming
token from place “P”. Additionally, there is a time delay of 8 seconds after an initial RA and 5
seconds after a secondary RA to give the pilot sufficient reaction time to react upon the current RA.

In case a secondary RA is deemed necessary, guard G1 is activated and fires two tokens. One token
back to place “P” with updated colours, i.e. target minimum and maximum vertical velocities, virtual
sense, virtual coordination message, and the time delay until another RA change may be allowed is
set to 5s. The second token is fired to place “P” of IPN “Adjusted RA” with colours containing the
new RA information being target minimum and maximum vertical velocity, target turn rate, a delay
time to model the time until the pilot reacts upon the RA, and a time stamp of the RA. The target
turn rate is always zero as no horizontal manoeuvre is desired during a TCAS RA.

Transition G2 has no additional time delay and checks whether a clear of conflict message may be
issued or the current RA may be weakened in a secondary RA. However, transition G2 has an implicit
cycle rate of 1Hz due to the update rate of the incoming information from place “P” of LPN “State
Estimation. Similar to transition G1, it has two enabling arcs and one incoming arc. One enabling arc
comes from place “P” of LPN “State Estimation” to gather information about the aircraft states. The
second enabling arc comes from place “P” of IPN “Timer” and its colour is used to determine
whether the initial time until CPA has been elapsed. The information about the current RA the own
aircraft’s intention comes from colour of the incoming token in place “P”.

In case transition G2 determines that a clear of conflict message may be issued, three tokens are
fired. One token without colour is fired to place “COC”. A second token is fired to place “P” of IPN
“Adjusted RA” which is equivalent to a level off secondary RA. This is based on the assumption that
the pilot would level off after the aircraft is clear of conflict and would consult ATC for further
instructions. The third token is fired back to place “P” and resets its colours to initial values, such
that evolution monitoring is deactivated.
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14.2 Agent “Aircrafti”
Agent “Aircraft i” consists of 1 LPN and no IPN. The LPN is the following:

e State.
The above mentioned LPNs are addressed shortly below.

LPN “State”

LPN has one place, “P”, and two transitions, | and G. Place “P” contains one coloured token, where
the colours of the token resemble the physical properties of one aircraft ‘i’, i.e. location, velocities,
accelerations, heading, and target velocities and target accelerations.

At each time step of the simulation the location and velocity parameters change. This is done
through transition G.

Additionally, at any point in time the pilot may change the settings of the aircraft, such as target
horizontal velocity and acceleration, target vertical velocity and acceleration, and target heading and
turn rate. These parameters are updated trough transition | using input from place “P” in IPN “Pilot
Input” which resembles the behaviour of the pilot (or autopilot in case the aircraft is an UAV).
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14.3 Agent “Cockpit i”
Agent “Cockpit i” consists of 3 LPN and 2 IPN. The LPNs are the following:

e Pilot Flying,

e CDTI, and

e Aural Annunciation.
The IPN is the following one:

e Pilot Input

e Auto Pilot

The above mentioned LPNs and the IPNs are addressed shortly below.

LPN “Pilot Flying” and IPN “Pilot Input” and “Auto Pilot”

The LPN “Pilot Flying” and IPN “Pilot Input” and “Auto Pilot” resemble the pilot of aircraft ‘i’. LPN
“Pilot Flying” has one place “P” and four transitions, 11, 12, G1 and G2. Initially there is one token in
place “P”.

Transition I1 has two incoming arcs, one from LPN “RA” of agent “TCAS i” or “ACAS UAV i” and one
from place “P”. If an RA is present, then the tokens from the incoming places are eaten and a token
with the colours of the token from place “P” of LPN “RA” of agent “TCAS i” or “ACAS UAV i” is fired
to place “P” through an outgoing arc.

Transition 12 has also two incoming arcs, one from LPN “Adjusted RA” of agent “TCAS i” or “ACAS
UAV i” and one from place “P”. If a secondary RA is present, then the tokens from the incoming
places are eaten and a token with the colours of the token from place “P” of LPN “Adjusted RA” of
agent “TCAS i” or “ACAS UAV i” is fired to place “P” through an outgoing arc.

Transition G1 has one incoming, two outgoing and two incoming enabling arcs. The incoming arc
comes from place “P”. The enabling arcs are coming from place “Working” of LPN “CDTI” and place
“Working” of LPN “Aural Annunciation”. A token in each of the places mean that the cockpit display
instruments and the aural annunciation system are working fine. If those systems are working and
the colour of the token in place “P” indicates that an RA is present and the pilot reaction time has
elapsed, then a token is fired back to place “P” with colours indicating that no RA is present and a
token to place “P” of IPN “Pilot Input” with colours describing the pilot input to the aircraft.

Transition G2 has one incoming, two outgoing, and one enabling arc. The incoming arc comes from
place “P”. The enabling arc is coming from place “P” of IPN “Auto Pilot”. If the aircraft is flying with
the autopilot, then there is a token in place “P” of IPN “Auto Pilot”, which has then no effect on the
time of enabling transition G2. In this case, immediately when the colour of the token in place “P”
indicates that an RA is present, then a token is fired back to place “P” with colours indicating that no
RA is present and a token to place “P” of IPN “Pilot Input” with colours describing the pilot input to
the aircraft.

IPN “Auto Pilot” has one place “P” which has initially a token if an autopilot is reacting upon RAs, e.g.
in an UAV, else there is no token. In this Petri net model it is assumed that the pilot, including the
autopilot, does only react upon RAs. The colour of the token in place “P” determines whether an RA
is present or not.
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Place “P” of IPN “Pilot Input” is the only place in the IPN and a present token would mean that the
pilot or autopilot is changing the current aircraft settings, i.e. velocity or heading. Initially there is no
token in place “P”.

LPN “CDTI”

The LPN “CDTI” consists of one LPN with two places and two transitions. The places are “Working”
and “Not working” and there is always one token in one of the two. A token in place “Working”
means that the cockpit display system is working properly and a token in place “Not working” means
that the system is not working properly. Therefore, one enabling arc is going from place “Working”
to transition G in LPN “Pilot Flying” to let the pilot react upon an RA.

Tokens in places “Working” and “Not working” have one colour, a delay time, and may move places
through transitions G1 and G2. Transition G1 transfers a token from place “Not working” to
“Working” and transition G2 transfers a token from place “Working” to “Not working”. Both
transitions require the delay time to have elapsed and set a new delay time for the new place.

The delay time to prevent a transition from “Working” to “Not working” through transition G2 will
be based on technical requirements for aircraft systems, which typically require system failures to be
less than 1*10°” per flight hour.

Additionally, it is assumed that a system failure may only be repaired on the ground. Therefore the
time delay for a transition from “Not working” to “Working” is set equal to the length of one
simulation run.

LPN “Aural Annunciation”

The LPN “Aural Annunciation” consists of one LPN with two places and two transitions. The places
are “Working” and “Not working” and there is always one token in one of the two. A token in place
“Working” means that the aural annunciation system is working properly and a token in place “Not
working” means that the system is not working properly. Therefore, one enabling arc is going from
place “Working” to transition G in LPN “Pilot Flying” to let the pilot react upon an RA.

Tokens in places “Working” and “Not working” have one colour, a delay time, and may move places
through transitions G1 and G2. Transition G1 transfers a token from place “Not working” to
“Working” and transition G2 transfers a token from place “Working” to “Not working”. Both
transitions require the delay time to have elapsed and set a new delay time for the new place.

The delay time to prevent a transition from “Working” to “Not working” through transition G2 will
be based on technical requirements for aircraft systems, which typically require system failures to be
less than 1*10° per flight hour.

Additionally, it is assumed that a system failure may only be repaired on the ground. Therefore the
time delay for a transition from “Not working” to “Working” is set equal to the length of one
simulation run.
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14.4 Agent “Communication i”

Agent “Communication i” consists of 3 LPNs and 2 IPNs. The LPNs are the following:

e Transponder,
e Mode S Reply, and
e Interrogation.

The IPN is the following:

e Measurements, and
e |nt. mes. from aircraftito k.

The above mentioned LPNs and IPNs are addressed shortly below. However it should be already
noted that in this model two assumptions are made. First, aircraft ‘i’ knows that aircraft ‘k’ is in the
vicinity and no identification message is being sent every 8-10 seconds. Second, the measurements
about slant range and relative bearing and the estimate about vertical range are included in the
interrogation response of any aircraft ‘i’, see Equations (21)-(23).

LPN “Transponder”

This LPN has two places, “Working” and “Not working”, and two transitions, G1 and G2. It is similar
to the LPNs “CDTI” and “Aural Annunciation” of agent “Cockpit i”.

Initially there is only one token in place “Working” with a colour describing a time delay determining
when the next transition takes place. Transition G2 moves the token from place “Working” to “Not
working” and sets a new time delay. Transition G1 moves the token from place “Not working” to
“Working” and sets a new time delay.

Additionally there is one enabling arc from place “Working” to transition 13 of LPN “Mode S Reply”
and one enabling arc from place “Working” to transition G of LPN “Interrogation”. As such this agent
models whether the transponder of aircraft ‘i’ is working.

LPN “Mode S Reply”

The LPN has two places, “Not sending” and “Sending”, and four transitions, 11, 12, 13 and 14. This LPN
creates the reply message to be sent to aircraft “k” for an interrogation message from aircraft “k”.

Initially there is a token in place “Not sending” meaning that no message is being sent. This token
also has a colour containing information about the sense coordination.

From place “Not sending” there are in total three outgoing arcs, to transitions I1, 12 and 13, and three
incoming arcs, from transitions 11, 12 and 4.

Transition |1 is activated when there is a token both in place “Not sending” and in place “P” of LPN
“Sense coordination” of agent “TCAS i”. In this case the tokens from the input places are eaten and
one token is fired back to place “Not sending” with colour values describing the coordination intent
and whether a coordination message should be sent

Transition 12 is similar to 11, but it is activated when there is a token both in place “Not sending” and
in place “P” of LPN “COC” of agent “TCAS i”. In this case the tokens from the input places are eaten
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and one token is fired back to place “Not sending” with colour values describing that no
coordination is available.

Transition I3 has two incoming arcs, two enabling arcs and one outgoing arc. The incoming arcs are
coming from place “Not sending” and from place “P” of LPN “Int. mes. from aircraft k to i” of agent
“Communication k”. The enabling arcs are coming from place “P” of LPN “State” of agent “Aircraft i”
and from place “Working” of LPN “Transponder”. The outgoing arc goes to place “Sending”. If an
interrogation message of aircraft ‘k’ is available, no message is being sent and the transponder is
working, then transition I3 is activated and a token is fired to place “Sending”. The colours of the
token contain the information about the sense coordination and own measured altitude. Transition
14 has only one incoming arc from place “Sending” and two outgoing arcs to place “Not sending” and
place “Sent message from Aircraft i to k” of LPN “Measurements”. Hence, if a token is available in
place “Sending”, then immediately one token is fired to place “Not sending” with colours containing
that no sense coordination needs to be carried out. Sense coordination is only done once as it is
assumed that the other aircraft receives the coordination message once it has been sent. The second
token is fired to place “Sent message from Aircraft i to k” of LPN “Measurements” with the colours
of the incoming token.

IPN “Measurements”

The IPN has three places and one transition. Place “Sent message from Aircraft i to k” has one
incoming arc from transition 14 of LPN “Mode S Reply” and one outgoing arc to transition I. A token
is present there if a message has been sent by aircraft ‘i’.

In that case, the token is immediately eaten by transition | and two tokens are fired. One token is
fired to place “Coordination message from Aircraft i to k” with the colours containing information
about the sense coordination from the colours of the incoming token.

The second token is fired to place “State message from Aircraft i to k” with colours containing the
state information from the colours of the incoming token and the measurements about the slant
range, vertical range, and relative bearing. The additional measurements, see Equations (21)-(23),
are computed using the state information coming from the enabling arcs from agents “Aircraft i” and
“Aircraft k”.

The tokens in places “State message from Aircraft i to k” and “Coordination message from Aircraft i
to k” may then be picked up by the agent “TCAS k” through outgoing arcs.

IPN “Interrogation” and IPN “Int. mes. from aircrafti to k”

The IPN has one place “P” and one transition G. Initially at place “P” a token is present with a colour
value equalling the delay until the next interrogation message should be sent.

Transition G has one incoming arc from place "P”, one enabling arc from place “Working” of LPN
“Transponder” and two outgoing arcs. If the time delay in place “P” has elapsed and the transponder
is working then and one token is fired back to place “P” and its colour value is set to 1s delay, and
one token without colour is fired to place “P” of IPN “Int. mes. from aircrafti to k”.

The token in place “P” of IPN “Int. mes. from aircraft i to k” may then be picked up by the intruder
through an outgoing arc to the LPN “Mode S Reply” of agent “Communication k”.
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15 Petri Net Model MATLAB

The Petri Net model for TCAS operations is simulated in MATLAB. First, the implementation strategy
is presented. Second, the verification process of the Petri Net model of TCAS in MATLAB is given.

15.1 Implementation Strategy
The specified Petri Net model has been implemented in MATLAB using the following strategy:

e Inside out method has been applied. l.e. first the places and transitions have been
programmed, followed by the petri net process of agents with multiple LPNs, followed by
the main Petri Net process running the complete simulation.

e Places are captured variables and transitions are captured as functions.
e Variables are in Matrix shape (n x m).

e Each column of any variable contains the state of a place of aircraft ‘i’, whether a token is
present, and its colours, if colours available. Since only single threat encounters are
assumed, each variable has two columns. The first for aircraft ‘i’ and the second for aircraft
‘K.

e |PNs which have two places and there is always a token present in one of both, are
combined as one variable, where the first row of a variable determines at which location the
token is. E.g. for LPN “CDTI"”: if the first entry is 1, then the token is in place “Working”, else
the first entry is 0 and the token is in place “Not working”.

e For places where always a token is present, the first entry is skipped as the value would
never change.

e The Petri Net process of all agents is programmed as the script file called main.m.

e The Petri Net processes of agents with multiple LPNs are programmed as separate script
files. E.g. script main.m is calling agent “TCAS Aircraft i” by calling script TCAS_cycle.m which
then calls the functions of the LPNs.

e Guards, which check for the same condition, are programmed as a single function with
multiple inputs and outputs for the different places. E.g. guards checking for Equation (156)
are modelled in the function Reset_TCAS_States.m.

e Transitions, which may change the colours of the same token, may be programmed in a
single function to save computation power. E.g. transitions | and G of agent “State Aircraft i”
are captured in function Update_AC States.m where the functions first checks for transition
| and afterwards for transition G.

e Random variables, i.e. to model measurement errors, are created using inbuilt MATLAB
functions, e.g. normrnd(X,Y) to draw a sample from a normal distribution with mean ‘X’ and
standard deviation ‘Y’, using the setting rng('shuffle') for different samples in different
simulations.
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Furthermore, there are two special cases in the program:

e In order to simplify the program and save computation time, transition G of LPN “Sense
Selection” of agent “TCAS Aircraft i” is split into two MATLAB functions.

o One function checks for the condition of Equation (156) such that a TCAS reset with
a clear of conflict message is performed globally to save computation power.

o Equation (138) is accounted for in the script of agent “TCAS Aircraft i”, as it only
consists of one if statement.

e |n order to simplify the program and save computation time, the Petri Net process from
places “Sense coordination” and “COC” of IPN until places “Messages to aircraft k with slant
range measurement” and “Message to Aircraft k (2)” of IPN through LPN “Mode S Reply” is
programmed in a separate script, Mode_S Link.m, calling the function Send_Message.m.
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15.2 Verification of Petri Net Model of TCAS

The Petri Net model implementation in MATLAB has been successfully verified in two phases. This

section presents the verification strategy, the results of phase 1, and the results of phase 2.

Verification Strategy

The MATLAB model has been verified successfully in two phases:

e Phase 1: Without measurement errors and pilot delay.

e Phase 2: With measurement errors and pilot delay.

Both phases were carried out using the following strategy:

0. If an error is found and corrected, the verification process will have to start from point 1

again.

1. Verification of variables:

a.
b.

Are all places captured in variables?
Have the variables the correct dimensions?

2. Verification of functions:

Assessing the performance of a function by inputting different input parameters and
checking whether the output is as expected.

Checking each step of a function by using Debug Mode of MATLAB and assessing
each calculation step separately.

3. Verification of agent processes (scripts TCAS cycle.m and Mode_S_Link.m)

Assessing the overall performance by inputting different input parameters and
checking whether the output is as expected.

Checking each step of the script by using Debug Mode of MATLAB and assessing
each calculation step separately. In cases a called function does not give the
expected output, each calculation step within the function is assessed using the
“Step In” debug option.

4. Verification of complete Petri Net process, script main.m,

a.

Assessing the overall performance by inputting different input parameters and
checking whether the output is as expected. The output is assessed in two ways:

i. Assessing the values of places whether they are as expected.
ii. Visually assessing the plots of aircraft positions and altitudes.

Checking each step of the script by using Debug Mode of MATLAB and assessing
each calculation step separately. In cases a called function does not give the
expected output, each calculation step within the function is assessed using the
“Step In” debug option.
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Verification Results of Phase 1

Verification of Phase 1 was carried out successfully for almost two weeks. During the verification
process the following corrections and model improvements have been made:

e Several small programming errors, i.e. typos, wrong or missing unit conversion, have been
corrected.

e The complete sequence of calling transitions has been optimized. l.e. first agent “TCAS i” is
carried and afterwards agents “Communication i” and “Cockpit i” are carried out. Also within
agent “TCAS i” first the transitions are carried out which check whether the system should
be reset, e.g. transition G2 of LPN “TA Module” or transition G2 of LPN “Evolution
monitoring”. Only afterwards the remaining transitions are carried out in the order how
TCAS operates, e.g. first LPNs “State Estimation” and “Received Coordination Message”,
then LPN “TA Module” and so on.

e Functioning of the Cartesian Tracker of the horizontal miss distance filter has been identified
to be erroneous when the prediction error is large. It was identified that this behaviour is
according to the horizontal miss distance specification. Further research resulted that when
the horizontal miss distance filter declares a manoeuvre, then the horizontal miss distance
filter should be paused for 10 seconds (Hammer, 1996a, p.30).

e Erroneous determination of smoothing parameters of vertical range filter. It was identified
that the specification (ICAO, 2006, pp.3-58 - 3-59) assumes only positive altitude
measurements. Equations (40) and (41) have been updated accordingly.

e Erroneous sense coordination between aircraft. This problem could be traced back to a
programming error which updated the places of the wrong aircraft.

Verification Results of Phase 2

After the successful completion of phase 1 verification, the verification of phase 2 was carried out in
less than a week. Equations unaffected by measurement errors and pilot delay have not been
verified, as these have been verified in Phase 1 already.

In Phase 2 no errors could be found, however unexpected behaviour was identified. In some cases
RAs resulting in an altitude crossing of both aircraft were issued although both aircraft were in
levelled flight. I.e. Aircraft 1 is located higher in altitude than Aircraft 2 and both aircraft are neither
climbing nor descending, but Aircraft 1 decides to pass below Aircraft 2, although a “Climb” RA
would lead the greater vertical miss distance and avoids an altitude crossing.

This behaviour could be traced back to the measurement errors and the vertical range filter. In some
cases the vertical range filter indicates that both aircraft are approaching in altitude in such way,
that only an altitude crossing would lead to sufficient vertical separation, although the real altitude
difference was constant.

Therefore, it is concluded that the MATLAB implementation has been verified successfully.
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16 Validation of New Model of TCAS

In the study (Netjasov, 2010), nine cases were simulated in InCAS using TCAS Version 7.0. Using the
initial conditions stated in the study (Netjasov, 2010), the nine cases have been simulated in the
Petri Net model and in InCAS 3.3 using TCAS Version 7.1. As InCAS requires radar plots as input,
radar plots have been created by extrapolating the initial conditions for 300s. It should be noted that
in the format used, swisscontrol, the x and y coordinates are quantised with unit 1/64NM and the
altitude is quantised with unit 1/100ft (Flight Level).

The simulation results have then been used to validate the new TCAS model versus InCAS. The
results are given in Table 16-1 and discussed in this section.

First in Section 16.1 the InCAS results are checked for their credibility.

Next, in Section 16.2 similarities between InCAS and the new TCAS model are identified in cases 1, 7,
8 and 9.

Then in Section 16.3 differences between InCAS and the new TCAS model identified in cases 2, 3, 4, 5
and 6.

Last, a conclusion is drawn on the validity of the new TCAS model.
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Table 16-1: Validation Results of new TCAS model and InCAS.

Initial condition TA Initial RA Secondary RA coc Min. separation
Model X Y X vertical | Ground [Magnetic| . vert. | hor. i strength vert. | hor.| . strength vert. | hor.| . vert. | hor. | . vert. | hor.
Case A/C Altitude 4 ) time time ) time ) time time
type coord.|coord. [ velocity| speed | heading (5] sep. | sep. [s] sense| (min,max) |[ sep. | sep. (5] sense| (min,max) | sep. | sep. (s] sep. | sep. (s] sep. | sep.
[INM] | [NM] [ft/min] | [knots] | [] Sl vy | B tf/min] | f Jinmg| tf/min] | o [nvn] S| g fiemp] B L g | inmg
Own | 1 0 5 26000 0 540 360 N/A N/A N/A N/A
156.7 2410 1.28
1 model | 2 | -10.6 | 23.5 | 16800 | 2600 240 65 N/A N/A N/A N/A
InCAS | 1 | 300 measurement points in swiss radar plot format gained N/A N/A N/A N/A 157 |2300| 13
V3.3 2 through extraloplation of above condition for t=0,...,299s N/A N/A N/A N/A )
Own | 1 0 4.3 | 40500 | -3600 480 360 144.1 (2854 1.08] 168.1| LO 0,0(1414| 0.23] N/A 192.1 | 995 0.95 170.9 |1246| 0.23
2 model [ 2 | 65 7 29000 0 440 18 167.1 1474 0.25]168.1| DE -2000,-1500( 1414| 0.23] 174.1 | DCL -2000,011059| 0.29] 192.1 | 995| 0.95 ' ’
InCAS | 1 | 300 measurement points in swiss radar plot format gained 144 12860 1.1] 169 LO 0,0{1360| 0.2] N/A 177 976| 0.4 171 |1240] 02
V3.3 | 2 | throughextraloplationofabove conditionfort=0,..,299s | 144 |2860| 1.1 169 | DcCL -4400,0[1360| 0.2] 170 | DES | -2000,-1500{1300| 0.2| 177 | 976] 0.4 ]
Own | 1 0 4 36700 | -1600 430 360 166.1 (1271 0.95| N/A N/A N/A
175.7 (1015 0.01
3 model | 2 | 157 | 11.8 | 31000 0 420 310 N/A N/A N/A N/A
InCAS | 1 | 300 measurement points in swiss radar plot format gained | 165 | 1300 1.1] N/A N/A N/A 176 |1009l o
V3.3 2 through extraloplation of above condition for t=0,...,299s 158 |1487 1.8] N/A N/A N/A
Own | 1 0 13.8 | 39900 | -2500 410 360 46.1 |1979| 10.19] 59.1 LO 0,0(1438| 7.12] N/A 94.1 |1111] 1.19 393 1111|036
A model | 2 | 15 | 34.8 [ 36000 | O 440 186 N/A N/A N/A N/A ’ ’
InCAS | 1 | 300 measurement points in swiss radar plot format gained 46 1987 10.2] 59 LO 0,0)11445[ 7.1] N/A 95 1153 14 89 [1153] 0.4
V3.3 2 through extraloplation of above condition for t=0,...,299s 45 2029 10.4] N/A 1196 4.8] N/A N/A :
Own | 1 0 4.2 | 18200 | -500 460 360 129.1 | 848 5.85|144.1| CL 1500, 2000| 598| 3.89] 154.1 | DDE 0,4400| 611| 2.59| 174.1 [ 1029| 0.07 174 |1026| 0.07
model | 2 -18 18 15200 500 410 65 129.1 | 848 5.85|144.1| DE | -2000,-1500| 598| 3.89| 154.1 | DCL -4400,0| 611| 2.59] 174.1 |1029]| 0.07 ’
5 o ) ) 146 CL 1500, 2000 573| 3.6
InCAS 1 300 measurement pc?lnt5|n swiss radalr'plotformatgamed 128 860 6l 125 L0 00| s87| 38| 157 Lo 0,0 794 22| 180 [1075| 08| 174 |1075| 01
V3.3 ] through extraloplation of above condition for t=0,...,299s
2 128 860 6] 144 DE | -2000,-1500| 600| 3.9] 158 LO 0,0 972 2.1] 180 [1075| 0.8
Own | 1 0 3.3 | 26100 | -2800 360 360 125.1 (4790 1.26]144.1| LO 0,0]2890| 1.02] N/A 174.1 (2053 0.64 224.2 12083 0.05
6 model | 2 2.8 2.8 8800 3200 370 353 125.1 (4490 1.22]1441| LO 0,0[2890| 1.02] N/A 174.1 (2053 0.64 ] )
InCAS | 1 | 300 measurement points in swiss radar plot format gained | 125 | 4800 1.3] 138 LO 0,0/3500{ 1.1] N/A 251 |2684| 0.3 192 |2684| 04
V3.3 2 through extraloplation of above condition for t=0,...,299s 126 | 4700 1.2l 139 Lo 0,0/ 3400 1.1] N/A 251 |2684| 0.3 :
Own | 1 0 13 4200 -750 150 360 135.1| 850 0.65] N/A N/A N/A
177.8 | 707 | 0.2
- model | 2 | -23 2.5 5500 -950 130 20 135.1| 850/ 0.65] N/A N/A N/A
InCAS | 1 | 300 measurement points in swiss radar plot format gained | 133 849 0.7] N/A N/A N/A 177 | 706 | 022
V3.3 2 through extraloplation of above condition for t=0,...,299s 132 852 0.7 Nn/A N/A N/A ’
Own | 1 0 4.3 | 29000 | -2300 460 360 131.1 ({2997 6.71]1441| LO 0,0[2174| 452] N/A 179.1 (1711 1.61 170.5 |1711 0.68
8 model | 2 | 21.6 | 23.5 | 17700 | 1500 470 278 131.1 ({2997 6.71]1441| LO 0,0[2174| 452] N/A 179.1 (1711 1.61 ’ )
InCAS | 1 | 300 measurement points in swiss radar plot format gained | 130 | 3054 6.7] 143 LO 0,0]2231] 4.4] N/A 175 11798| 1.1 169 |1798| 0.4
V3.3 2 through extraloplation of above condition for t=0,...,299s 131 |2990 6.5] 144 LO 0,0/2169| 43| N/A 175 | 1798 1.1 :
Own | 1 0 -33.2 | 38900 | -2300 520 360 192.1| 464| 11.67| N/A N/A N/A
233 |2032]4.63
9 model | 2 | -11.8 | 26.8 | 32000 0 430 165 192.1| 464| 11.67| N/A N/A N/A
InCAS | 1 | 300 measurement points in swiss radar plot format gained | 192 461 11.7] N/A N/A N/A 233 |2031] a6
V3.3 2 through extraloplation of above condition for t=0,...,299s 192 461 11.7] N/A N/A N/A :

Legend of RAs: LO - Level Off; CL- Climb; DE - Descend; DCL - Do not climb; DDE - Do not descend
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16.1 Notable issues with InCAS V3.3 results

From the results given in given in Table 16-1, two issues regarding TA generation and one issue
regarding RA generation could be identified.

In cases 2, 3 and 4 InCAS generates TAs for both aircraft at approximately the same time. However,

IM

the “co-altitude is small” test, as described in Section 6, dictates different TA threshold values for
aircraft climbing or descending with less than 600ft/min. The different threshold values are given in
Table 6-2 and vary between 10s and 23s. In cases 2, 3 and 4 the first aircraft is descending with more
than 600ft/min and the second aircraft are in levelled flight. Hence, one would expect that issuing of

a TA for the second aircraft to be at least 10s later.

In cases 2 and 5 it can be observed that InCAS issues an RA for an aircraft and one second later it
issues a secondary RA for that aircraft.

In case 5 the initial RA for aircraft 1 is a corrective “Level Off” RA and one second later a corrective
“Climb” RA is issued. It is not clear why InCAS does not give the pilot sufficient reaction time before
strengthening the RA. In case 2 the initial RA for aircraft 2 is a preventive “Do Not Climb” RA and one
second later a corrective “Descend” RA is issued. Opposed to case 5 this looks okay in case 2 as the
pilot does not need to take actions upon the initial RA.

However, in both cases the pilots have not reacted upon the initial RAs. If the velocities are constant
between two points in time, then the projected vertical miss distance should be constant as well.
Therefore, it does not make sense why equal projected vertical miss distance estimates result in
different RAs.
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16.2 Similarities of InCAS vs. New TCAS Model Results

For cases 1, 7, 8 and 9 the results are the same. Only very small differences can be spotted which
result from the quantization of the InCAS input. Next the results for cases 1, 7, 8 and 9 are

presented.

Case 1:

As can be seen in Figure 16-1, both models do not issue TAs or RAs. Therefore the results are exactly

the same.
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a) Simulation results of InCAS V3.3.

Horizontal flight paths in x and y coordinates

50T
45
a0 r
36T

— 30

[NM

25|
20
15|

1071

5t

30 25 20 15 -10 -5 0 5 10 15 20 25
[NM]

25 Nm

/////
////
| et 21
/// :
/// /
Vertical flight paths
300 y
yd
280 | e
260 /
T
© 5o} //
=3 s
L 2o V4
200 + /
S
180
0 50 100 150 200 250 300
t[s]

b) Simulation results of new TCAS model. Blue line: aircraft 1; magenta line: aircraft 2.

Figure 16-1: Graphical simulation results of case 1. a) Simulation results of InCAS V3.3; b) simulation results
of new TCAS model.

98



Case 7:

In Figure -16-2 it can be seen that both models issue TAs for both aircraft. Also, in Table 16-1 it can
be seen that the new TCAS model issues the TAs after 135.1s when the separation is 850ft vertically
and 0.65NM horizontally. InCAS on the other hand issues a TA for aircraft 1 after 133s when the
separation is 549ft vertically and 0.7NM horizontally, and for aircraft 2 after 132s when the
separation is 852ft vertically and 0.7NM horizontally. Hence, the vertical separation distance is
almost the same in both models when TAs are issued. So the small timing difference in issue of TAs
between both models can be explained through the quantization of the input data of InCAS.
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a) Simulation results of InCAS V3.3.
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b) Simulation results of new TCAS model. Blue line: aircraft 1, magenta line: aircraft 2; yellow box: TA.

Figure -16-2: Graphical simulation results of case 7. a) Simulation results of InCAS V3.3; b) simulation results
of new TCAS model.
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Case 8:
In Figure 16-3 it can be seen that both models respond the same. In Table 16-1 small differences can
be seen in the vertical separation achieved through the RAs which is 1711ft in the new TCAS model
and 1798ft in InCAS. The difference can be traced back that InCAS issues the “Level-Off” RA of
aircraft 1 one second before the RA of aircraft 2. This is likely due to the quantization of the input of
InCAS.
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a) Simulation results of InCAS V3.3.
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b) Simulation results of new TCAS model. Blue line: aircraft 1, magenta line: aircraft 2; yellow box: TA; black
box: RA; white box: COC message.

Figure 16-3: Graphical simulation results of case 8. a) Simulation results of InCAS V3.3; b) simulation results
of new TCAS model.

Also in Table 16-1 it can be seen that the clear of conflict message in InCAS is issued after 175s and in
the new TCAS model after 179.1s. The difference is small and it is likely that InCAS estimated a
slightly shorter time until CPA due to the quantization of the input.
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Case 9:

In Figure 16-4 it can be seen that the results of the new TCAS model and InCAS are exactly the same

Also, in Table 16-1 it can be seen that the issue of TAs in both models happens at the same time and
separation, and the minimum separation is also exactly the same.
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b) Simulation results of new TCAS model. Blue line: aircraft 1, magenta line: aircraft 2; yellow box: TA.

Figure 16-4: Graphical simulation results of case 9. a) Simulation results of InCAS V3.3; b) simulation results
of new TCAS model.
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16.3 Differences of InCAS vs. New TCAS Model Results

Differences in results can be found in cases 2, 3, 4, 5 and 6. Next the differences per case are
discussed.

Case 2:

The graphical results of case 2 are given in the figure below. The numerical results are given in Table
16-1.

a) Simulation results of InCAS V3.3.
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b) Simulation results of new TCAS model. Blue line: aircraft 1, magenta line: aircraft 2; yellow box: TA; black
box: RA; magenta box: RA adjustment; white box: COC message.

Figure 16-5: Graphical simulation results of case 2. a) Simulation results of InCAS V3.3; b) simulation results
of new TCAS model.

In Figure 16-5 it can be seen that InCAS issues TAs for both aircraft at the same time, while the new
TCAS model issues the TA for the second aircraft 23s later. As already discussed previously, this
behaviour of TCAS does not make sense while the new TCAS model shows the expected behaviour,
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as the TA threshold difference is exactly 23s, see Table 6-1, for aircraft between flight level 100 and
200 and for aircraft above flight level 200.

Further differences can be identified in the issue of RAs. The new TCAS model issues a “Level-Off” RA
for aircraft 1 and a “Descend” RA for aircraft 2. Then 6s later the “Descend” RA of aircraft 2 is
weakened by a “Do Not Climb” RA. InCAS also issues a “Level-Off” RA for aircraft 1 but a “Do Not
Climb” RA for aircraft 2. Then 1s later InCAS updates the RA of aircraft 2 with a “Descend” RA.

As already discussed before, it does not make sense that InCAS corrects an RA only 1s after it has
been issued. First, INCAS does not consider measurement errors. Second, the pilot reacts 5s after an
initial RA. From this it can be deducted that the velocities of both aircraft are constant until t=174s,
which also leads to the fact that predicted vertical miss distance is constant until t=174s. Hence, if a
“Do Not Climb” RA is valid at t=169s it should also be valid at any point in time until the velocity of
one aircraft changes, which is t=174s.

Nevertheless, it should be noted that INCAS corrects the RA to the same RA issued by the new TCAS
model from the beginning. Therefore the trajectories flown by both aircraft in both models are very
similar.

Another difference can be identified at the time the clear of conflict messages are issued. InCAS
issues the clear of conflict messages at t=177s. The new TCAS model issues the clear of conflict
messages significantly later at t=192.1s.

As described in Section 10, a conflict message may only be issued if the range and altitude test are
negative and the time until initially estimated CPA has been elapsed or the horizontal miss distance
filter is activated.

In the new TCAS model the vertical separation at the initial RAs was 1414ft at time t=168.1s. Given
the relative vertical velocity of 3600ft/min of both aircraft, the estimated time to co-altitude at initial
RAs is 23.57s. Hence, one would expect the clear of conflict messages to be issued earliest at
t=191.67s, which is what happened in the Petri Net simulation.

However, for InCAS, the RA was issued at t=169s where the time to co-altitude was 22.67s. Hence,
one would expect the clear of conflict messages earliest at t=192s like it is in the new TCAS model.
Therefore, it cannot be explained why InCAS issued the clear of conflict messages significantly earlier
at t-177s.
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Case 3:
The graphical results of case 3 are given in the figure below. The numerical results are given in Table
16-1.
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b) Simulation results of new TCAS model. Blue line: aircraft 1; magenta line: aircraft 2; yellow box: TA.

Figure 16-6: Graphical simulation results of case 3. a) Simulation results of InCAS V3.3; b) simulation results
of new TCAS model.

As can be seen in Figure 16-6 both models issue a TA for aircraft 1 at the same time. However, for
aircraft 2, the new TCAS model does not issue a TA at all, while InCAS issues a TA significantly earlier.

According to the “time to co-altitude is small” test, as described in Section 6, and the TA threshold
values given in Table 6-2, one would expect a TA for aircraft 1, which is descending with 1,600ft/min,
to be issued at 48s before CPA, and for aircraft 2, which is in levelled flight, to be issued at 25s
before CPA.
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Additionally, from the vertical separation at CPA and the vertical velocities given in Table 16-1 it can
be calculated by hand that at CPA the time to co-altitude is 37.8s which is above the threshold value
of aircraft 2 but below the threshold value of aircraft 1. Hence, it makes sense that the new TCAS
model does only issue a TA for aircraft 1 and it cannot be explained why this is not the case in InCAS.
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Case 4:

The graphical results of case 4 are given in the figure below. The numerical results are given in Table

16-1.
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b) Simulation results of new TCAS model. Blue line: aircraft 1, magenta line: aircraft 2; yellow box: TA; black
box: RA; white box: COC message.

Figure 16-7: Graphical simulation results of case 4. a) Simulation results of InCAS V3.3; b) simulation results
of new TCAS model.

As can be seen in Figure 16-7 the results of both models for case 4 are exactly the same with one
exception. InCAS issues a TA for aircraft 2 and the new TCAS model does not issue a TA for aircraft 2.

According to the “time to co-altitude is small” test, as described in Section 6, and the TA threshold
values given in Table 6-2, one would expect a TA for aircraft 1, which is descending with 2,500ft/min,
to be issued at 48s before CPA, and for aircraft 2, which is in levelled flight, to be issued at 25s

before CPA.
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Therefore, one would expect the TA for aircraft 2 to be issued 23s after the TA has been issued in for
aircraft 1, so at t=69s. However, in Figure 16-7 it can be seen that at t=69s (or 1:09min) the first
aircraft is already in levelled flight and the aircraft are not approaching each other vertically. Thus,
no TA is required after aircraft 1 has levelled off and it makes sense that the new TCAS model is not
issuing a TA for aircraft 2. Why this is not the case in InCAS cannot be explained.
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Case 5:

The graphical

16-1.

results of case 5 are given in the figure below. The numerical results are given in Table
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a) Simulation results of InCAS V3.3.
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b) Simulation results of new TCAS model. Blue line: aircraft 1, magenta line: aircraft 2; yellow box: TA; black

box: RA; blue/magenta box: RA adjustment; white box: COC message.

Figure 16-8: Graphical simulation results of case 5. a) Simulation results of InCAS V3.3; b) simulation results
of new TCAS model.

In Figure 16-8 differences in the issue of RAs can be identified. Both models issue the initial RAs at

almost the time. The new TCAS model issues a “Climb” RA for aircraft 1 and a “Descend” RA for

aircraft 2.

INCAS also issues a “Descend” RA for aircraft 2 but a “Level-Off” RA for aircraft 1. However, one

second later InCAS issues a new RA for aircraft 2, which is a “Climb” RA.
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It cannot be explained why InCAS issues first a “Level-Off” RA and then updates it one second later
for two reasons.

First, the velocities of both aircraft are constant until about t=150s. Therefore, the projected vertical
miss distance is constant until t=150s. So an RA update should only be necessary once the projected
vertical miss distance is changing.

Second, the first “Level-Off” RA is a corrective RA which requires action by the pilot. So the pilot
should be given sufficient time to react before updating the RA. As 5seconds is assumed as standard
reaction time, as described in Section 10, it does not make sense that the RA is updated only after
one second.

A second difference can be identified in the issue of secondary RA. The new TCAS model issues
preventive “Do Not Climb” and “Do Not Descend” RAs at t=154.1s, but InCAS issues corrective
“Level-Off” RAs at t=157s and t=158s. The latter is inconsistent with Section 10.1 in (FAA, 2011, pp.
33-34) where it is stated that TCAS issues a “Do Not Descend” or “Do Not Climb” RA adjustment if
sufficient altitude separation has been achieved:

“In Version 7.0 and later, after ALIM feet of separation has been achieved, the resulting Do Not
Descend or Do Not Climb RA is designated as corrective. In Version 7.0, the RA is annunciated as
“Adjust Vertical Speed, Adjust.” In Version 7.1, the RA is annunciated as “Level Off, Level Off.”
(Version 6.04a keeps the original preventive designation, meaning that the RA is annunciated as

” )II

“Monitor Vertical Speed.

The above means that in version 7.1 the visual RA is “Do Not Climb/Descend” and the aural RA is
“Level-Off, Level-Off”. Therefore, it is likely that INnCAS made the assumption that the pilot follows
the aural RA annunciation and not the visual.

Hence, there are the following two options available:
e Option 1: Pilot follows aurally announced level off command.
e Option 2: Pilot follows indicated altitude velocity limits on cockpit display.

At this moment it is not clear which of the two options is the better one. If option 1 or a mixture of
the two turns out to be the better one, then this needs to be modified in the new TCAS model.
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Case 6:

The graphical

results of case 6 are given in the figure below. The numerical results are given in Table
16-1.
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a) Simulation results of InCAS V3.3.
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b) Simulation results of new TCAS model. Blue line: aircraft 1, magenta line: aircraft 2; yellow box: TA; black
box: RA; white box: COC message.

Figure 16-9: Graphical simulation results of case 6. a) Simulation results of InCAS V3.3; b) simulation results
of new TCAS model.

As can be seen in Figure 16-9 the results of both models look similar. However, in the numerical
results in Table 16-1 three significant differences can be seen.

First, InCAS issues “Level-Off” RAs significantly earlier, 5-6s earlier, compared to the new TCAS
model. In Figure 16-9 it can be seen that both aircraft are between flight level 100 and 200 after

t=130s. According to Table 6-2, the RA threshold value in this altitude region is 30s. Given the
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relative altitude velocity of 6,000ft/min (=100ft/s), the altitude test described in Section 8 should
only be passed when the vertical separation is less than 3,000ft.

In INCAS the vertical separation at initial RA of aircraft 1 and 2 are 3,500ft and 3,400ft respectively.
There is no explanation for InCAS passing the altitude test at these vertical separations.

In the new TCAS model the vertical separation at initial RAs is 2,890ft which is clearly below the
3,000ft boundary. However, it should be noted that also the range test has to be passed in order to
issue an RA. So it is not surprising that the new TCAS model does not issue RAs exactly at 3,000ft
vertical separation.

Second, a difference in the issue of clear of conflict messages can be identified. In Table 16-1 it can
be seen that the new TCAS model issues clear of conflict messages 30s after the RAs. In InCAS the
clear of conflict messages are issued 112s and 113s after the RAs.

As described in Section 10, a conflict message may only be issued if the range and altitude test are
negative and the time until initially estimated CPA has been elapsed or the horizontal miss distance
filter is activated.

As noted above, the time to CPA threshold for RAs for the aircraft is 30s, see Table 6-2. Also in Figure
16-9 it can be seen that the aircraft are not approaching each other vertically after about t=148s in
INCAS and after t=155s in the new TCAS model. Hence, issuing the clear of conflict messages 30s
after the RA is the expected behaviour. Why this is not the case in INnCAS cannot be explained.

16.4 Conclusions

In general the results of both models are very similar or lead to similar avoidance manoeuvres. No
cases could be identified where InCAS chooses an upward sense and the Petri Net chooses a
downward sense or vice versa.

However, differences between the models were still found. As described in the previous subsection,
for all differences the behaviour of the new TCAS model was according to the expected behaviour
deducted from the specifications (FAA, 2011; ICAO, 2006; EUROCAE, 2008) while the behaviour of
INCAS had some minor deviations. Also an issue was identified regarding the use of aural or visual
RAs by the pilot in case of differences.

Therefore, it can be concluded that the new TCAS model resembles TCAS V7.1 and is therefore
validated successfully.
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17 Monte Carlo simulations of TCAS Operations

For each of the nine cases used in the validation of the new TCAS model Monte Carlo simulations of
NMc runs will be carried out. A Monte Carlo simulation may consider random measurement errors,
probability of reception of interrogation response, the possibility that both aircraft choose the same

sense at the same time, random pilot reaction time, and a shift in TCAS operating cycle time
between both aircraft. Note that the systems are assumed to working continuously.

In total there were Monte Carlo simulations carried out for three different set ups.

In the first set up for each case N, =10° simulation runs under uncertainty were carried out. The

information captured in each run is the following and the results are presented in Section 17.1:

e Time until issue of TA,

e Time until issue of initial RA and up to five adjusted RAs,

e Velocity boundaries of initial RA and adjusted RAs,

e The miss distance at CPA, and

e  Whether a mid-air collision (MAC) or near mid-air collision (NMAC) was encountered.

To determine whether a MAC has occurred, the aircraft size of a Boeing 737-800 is taken as
reference, which is about 40m in both length and wingspan, and about 12.3m in height'. Hence, a
collision is detected if at CPA the horizontal separation is less than 40m and the vertical separation is
less than 12.3m. To determine whether a NMAC has happened, the separation distance stated in
(EUROCAE, 2008, p. 15) is used, which is 500ft horizontally and 100ft vertically, and the sizes of the
aircraft are neglected.

6 . . . .
In the second set up, for each case N,,. =10 simulation runs under uncertainty were carried out.

However, this time the variation of the pilot delay was switched off to analyse the effect of pilot
behaviour. The information captured in each run is the same as the information captured in the first
simulation set up. In Section 17.2 the difference of the results of the first and second simulation set
up are presented.

Third, as the simulation results of the first and second set up have not shown large differences, for
the nine cases several Monte Carlo simulations were carried. This time the number of runs was set

to only N, =10%, but for each Monte Carlo simulation a different combination of enabled

uncertainties was selected and the results are presented in Section 17.3.

! Source Wikipedia: https://en.wikipedia.org/wiki/Boeing_737; last accessed at 09.08.2017
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17.1 Simulation Results I

From the results of the first simulation set up the following information were computed:

e mean, variance, minimum, maximum, median of time of issue of TA,

e mean, variance, minimum, maximum, median of time of issue of initial RA,

e mean, variance, minimum, maximum, median of time of issue of adjusted RAs,
e 50%, 95% and 99% confidence interval of time of issue of TA,

o  50%, 95% and 99% confidence interval of time of issue of RA,

e 50%, 95% and 99% confidence interval of time of issue of adjusted RAs,

e type of initial RA and adjusted RAs, and

e number of MAC and NMAC.

These results are also compared to the reference results obtained in Section 16 for the new TCAS
model, but without random effects.

Next, the results are discussed case by case. Please note that the following notations are used in this
section:

e CL: “Climb” RA,

e LO: “Level-Off” RA,

e DE: “Descend” RA,

e DCL: “Do Not Climb” RA, and
o DDE: “Do Not Descend” RA.
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Case 1:
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Figure 17-1: Graphical visualization of Monte Carlo simulation results for case 1. Red line: median; blue box:

range of 50% confidence interval; dashed black line with T shaped ends: minimum and maximum values;

percentages: what part of the Monte Carlo runs the results are based on.

Table 17-1: Monte Carlo simulation results of time of issue of TAs, RAs and adjusted RAs for case 1.

Time of Issue [s]

Confidence interval

Type A/C Referencecase Mean o Min  Max Median 50% 95% 99%

TA 1 ‘ - 158.2 0.0 158.2 158.2 158.2 | [158.2,158.2] [158.2,158.2] [158.2,158.2]
2 - 158 09 1524 161.7 158.1 [157.5,158.5] [155.9,159.5] [155.0,160.1]
1| - S . . .

RA 5 . . . . i . i . .

Table 17-2: Monte Carlo simulation results of number and type of TAs, RAs and adjusted RAs for case 1.

Number of Number of

RA/TA Number of CL Number LO Number of DE DCL/DDE
Type A/C # % # % # % # % # %
1 1 0.00 - - - - - - - -
A 2 8909 0.89 - - - - - - - -
1 - - - - - - - - - -
RA 5 ] ] - i - i i - - -

As described in Section 16, in the reference case neither TAs nor RAs were issued. Also no near mid-
air collision or mid-air collision was encountered.

The results of the Monte Carlo simulation are presented graphically in Figure 17-1 and numerically in
Table 17-1 and Table 17-2. In the Monte Carlo simulation TAs were issued for both aircraft. For
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aircraft 1 only in one simulation a TA was issued. For aircraft 2 in 0.89% of the cases a TA was issued.
The mean time of issue is 158s and the standard deviation is 0.9s, which is very small. In rare cases,
less than 1% of the simulation, a TA is issued between 2.1 and 3.7s later than the mean (between
160.1 and 161.7s) or between 3.0 and 5.6s earlier than the mean (between 155.0 and 152.4s). So for
rare cases a tendency for an earlier time of issue can be identified.

Also, no mid-air or near mid-air collisions were encountered in the Monte Carlo simulation.

The difference between the reference case and the Monte Carlo simulation can be traced back to
the bias of the altitude measurement error. In order to pass the altitude test for a TA aircraft 1 needs
to measure an altitude difference of less than 1,083ft if the relative altitude velocity is 2,600ft/min.
For aircraft 2 the measured altitude separation would need to be less than 2,080ft. In the reference
case the vertical separation at CPA was 2,4010ft. Given the 99.7% error bounds of the altitude
measurements, 174-195ft for aircraft 1 and 195-213ft for aircraft 2, it is reasonable that almost
never the altitude separation estimate just before CPA by aircraft 1 is 1,317ft smaller than actual
separation and in 0.89% of the simulation the altitude separation estimate just before CPA by
aircraft 2 is 330ft smaller than the actual separation.

116



Case 2:
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Figure 17-2: Graphical visualization of Monte Carlo simulation results for case 2. Red line: median; blue box:
range of 50% confidence interval; dashed black line with T shaped ends: minimum and maximum values;
percentages: what part of the Monte Carlo runs the results are based on; magenta dashed line: time of issue
in the reference case.

Table 17-3: Monte Carlo simulation results of time of issue of TAs, RAs and adjusted RAs for case 2.

Time of Issue [s]

Confidence interval
Type A/C Reference case Mean o Min  Max Median 50% 95% 99%
TA 1 \ 144.1 1441 1.7 1354 152.4 1441 @ [143,145.1] [140.6,147.3] [139.4,148.4]
2 167.1 167.1 1.6 1399 1744 167.2 [166.3,168] [164.6,169.6] [163.3,170.4]
RA 1 \ 168.1 1673 1 1511 1724 1674 @ [166.8,168] [165.1,169.1] [163.9,169.6]
2 168.1 167.7 1.1 160.8 1744 167.8 |[167.1,168.4] [165.5,169.8] [164.5,170.5]
1 RA adj. 1 \ - 181.1 1.8 163.7 196.1 181  [180.0,182.1] [178.0,185.4] [176.7,187.5]
2 174.1 1709 1.6 163.4 179.3 170.7 [169.9,171.8] [168.1,174.4] [167.1,175.4]

Table 17-4: Monte Carlo simulation results of number and type of TAs, RAs and adjusted RAs for case 2.
Note: Bold font indicates a TA and the type of RA in the reference case.

Number of
Number of RA/TA| Number of CL Number LO Number of DE DCL/DDE
Type A/C # % # % # % # % # %
TA 1 1000000 100 - - - - - - - -
2 998242 99.82 - - - - - - - -
RA 1 1000000 100 - - 762914 76.29 237086 23.71 - -
2 998187 | 99.82 @ 237097 | 23.71 - - 761090 @ 76.11 - -
st . 1 761661 76.17 - - - - - - 761661 | 76.17
1% RA adj.
2 761090 @ 76.11 - - - - - - 761090 | 76.11
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The results of the reference case, as described in Section 16, and of the Monte Carlo simulation are
presented graphically in Figure 17-2 and numerically in Table 17-3 and Table 17-4.

In the reference case a TA was issued by aircraft 1 at 144.1s and by aircraft 2 at 167.1s

In the Monte Carlo simulation a similar behaviour can be found. In 100% of the simulation a TA is
issued by aircraft 1 at a mean time of 144.1s and a standard deviation of 1.7s. Aircraft 2 issued in
99.82% of the simulation a TA at a mean time of 167.1s and a standard deviation of 1.6s. Although
the standard deviation is smaller compared to aircraft 1, the minimum time of issue deviated up to
27.2s. So in rare cases aircraft 2 issued significantly earlier a TA or no TA at all.

In the reference case a RA was issued by both aircraft at 168.1s. Aircraft 1 issued a “Level-Off” RA
and aircraft 2 issue a “Descend” RA.

In the Monte Carlo simulation the time of issue by both aircraft was similar with a low standard
deviation. Aircraft 1 always issued an RA at a mean time of 167.3s with a standard deviation of 1.0s.
In 99.82% of the simulation Aircraft 2 issued an RA at a mean time of 167.3s with a standard
deviation of 1.1s. However, differences can be observed in the type of RA issued. In 23.71% of the
simulation aircraft 1 issued a “Descend” RA instead of a “Level-Off” RA and aircraft 2 a “Climb” RA
instead of a “Descend” RA. Hence, in 23.71% TCAS chose an altitude crossing intent, although the
reference case has shown that the aircraft could safely pass each other without an altitude crossing.

Regarding adjusted RAs, a difference between the reference case and the Monte Carlo simulation
can be seen as well. In the reference case only aircraft 2 issued a “Do Not Climb” RA adjustment at
174.1s. In the Monte Carlo simulation both aircraft issue a do not climb/descend adjusted RA in
about 76% of the simulation. By looking at the exact number of adjusted RAs and initial RAs, it can
also be seen that aircraft 2 always issued a “Do Not Descend” RA, which is similar to the reference
case. But also aircraft 2 issued a “Do Not Climb” RA in almost all simulations where the aircraft chose
the same initial RA type as in the reference case. This is not the case in the reference case.

Also it can be seen that usually no adjusted RA is issued if the aircraft are crossing altitudes.

Neither the reference case, nor the Monte Carlo simulation show mid-air or near mid-air collisions.
Nevertheless, it should be noted that without any flight path adjustments, no mid-air collisions or
near mid-air collision would have occurred either.
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Figure 17-3: Empirical density of vertical miss distance at CPA of Monte Carlo simulation (blue line) and the
reference case (orange line) for case 2.

Finally, in order to better understand the effects of the uncertainties, we take a look at the empirical
density of the vertical miss distance at CPA in given in Figure 17-3.

From Figure 17-3 two observations can be made. First, almost all vertical miss distances are within a
range of 10ft to the reference case. Second, in rare cases the vertical miss distance reduces to
1,140ft or increases to 1910ft.

The positive outliers are due to the initial RAs of aircraft 1 presented in Figure 17-2. There it can be
seen that in rare cases aircraft 1 issued an initial RA 16.2s earlier than the mean. This resulted in an
earlier manoeuvring by the pilot, which is likely to have caused the greater miss distance. However,
for the negative outliers the cause is not clear.

To be certain about the exact causes, additional Monte Carlo simulations are needed.

119



Case 3:
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Figure 17-4: Graphical visualization of Monte Carlo simulation results for case 3. Red line: median; blue box:
range of 50% confidence interval; dashed black line with T shaped ends: minimum and maximum values;
percentages: what part of the Monte Carlo runs the results are based on; magenta dashed line: time of issue
in the reference case.

Table 17-5: Monte Carlo simulation results of time of issue of TAs, RAs and adjusted RAs for case 3.

Time of Issue [s]

Confidence interval
Type A/C Reference case Mean o Min  Max Median 50% 95% 99%
TA 1 ‘ 166.1 165.5 3.5 146.6 178.2 165.6 | [163.3,167.9] [158.0,172.0] [155.4,173.9]
2 - 177.1 1.8 1545 1819 177.5 |[176.8,178.0] [172.4,178.9] [165.3,179.3]
RA 1 ‘ - 177.5 0.3 162.3 180.8 177.5 [177.3,177.6] [177.0,177.8] [176.8,178.6]
2 - 1775 1.0 1745 181.7 177.5 [177.2,177.9] [175.4,179.7] [174.5,181.6]
1% RA adj. 1 ‘ - 190.1 4.3 175.3 209.7 190.4 [186.2,193.6] [185.2,198.5] [184.5,201.6]
2 - 183.7 5.0 177.6 194.1 1815 |[179.7,189.2] [177.6,193.2] [177.6,194.1]
2™ RA adj. 1 ‘ - 1939 1.9 189.4 205.7 193.7 [192.7,194.7] [190.6,197.8] [189.7,200.7]
2 - 191.2 3.8 186.6 200 190.8 | [189.8,191.0] [186.6,200.0] [186.6,200.0]
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Table 17-6: Monte Carlo simulation results of number and type of TAs, RAs and adjusted RAs for case 3.
Note: Bold font indicates a TA in the reference case.

Number of Number of
RA/TA Number of CL Number LO Number of DE DCL/DDE

Type A/C # % # % # % # % # %
A 1 999943  99.99 - - - - -

2 48682 4.87 - - - - - -
RA 1 209396 | 20.94 12588 | 1.26 | 196798 @ 19.68 10 0.00

2 108 | 0.01 32 - - 76 0.01 - -
1% RA ad. 1 208492 20.85 3593 | 0.36 - = 4235 | 0.42 | 200664 20.07

2 102 | 0.01 7 0.00 - - - - 95 0.01

nd | 1 3575 | 036 - - - - - - 3575 | 0.36

27 Raadj. | 8 | 0.00 ; - ; - 1 0.00 7 0.00

The results of the reference case, as described in Section 16, and of the Monte Carlo simulation are
presented graphically in Figure 17-4 and numerically in Table 17-5 and Table 17-6.

In the reference case only a TA was issued by aircraft 1 after 166.1s.

In the Monte Carlo Simulations TAs, RAs and up to 2 adjusted RAs could be observed for both
aircraft.

By aircraft 1 in 99.99% of the Monte Carlo simulation a TA was issued on average at 165.5s and with
a standard deviation of 3.5s. So on average the TA is issued slightly earlier due to the measurement
errors. Also it can be observed that in rare cases the TA is issued up to 18.9s earlier but only up to
12.7s later compared to the mean; and in 0.01% of the simulation no TA was issued.

By aircraft 2 in 4.87% of the Monte Carlo simulation a TA was issued, where the mean time of issue
is 177.1s and the standard deviation is 1.8s. Also from the confidence intervals it can be seen that
normally the time of issue spreads equally about the mean time but in rare cases a TA is issued up to
22.6s earlier but only 4.8s later than the mean time. It should be noted, that the time of issue of the
TA is coinciding with the time of CPA which is 175.7s and the aircraft 2 estimated relative altitude
separation needs to be below 667ft in order to trigger a TA. So the uncertainties lead in 4.87% of the
simulation to a slightly delayed CPA, by 1.4s, and a relative altitude estimate of less than 348ft
compared to the actual situation.

In regard to RA, aircraft 1 issued in 20.94% of the simulation an RA, in 20.85% an adjusted RA, and in
0.36% a second adjusted RA. In the type of the RAs it can be seen that the majority of initial RAs are
level-off, 19.68%, and the remaining initial RAs are “Climb” RAs, 1.26%. As aircraft 1 is descending
and aircraft 2 is flying levelled, all initial RAs are avoiding altitude crossings. The majority of the first
RA adjustments are “Do Not Climb/Descend” RAs, 20.07%, and only a very few percentage are climb
or “Descend” RAs, 0.36% and 0.42% respectively. All second RA adjustments are “Do Not
Climb/Descend” RAs, 0.36%.

The difference to the reference case can be explained through the altitude measurement errors.
First, it can be observed that the time of issue of initial RA, 177.5, is coinciding with the time of CPA,
175.7s. Second, the required estimated relative altitude needs to be less than 933ft just before CPA
in order to trigger an RA. Given the altitude measurement error bounds, it is reasonable that the
relative estimated altitude is 82ft lower than the actual relative altitude in about 21% of the time.
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Aircraft 2 issued only in 0.01% initial and an adjusted RA, and only in 8 simulations, 0.00%, a second

adjusted RA. As all initial RAs are “Descend” RAs it can be concluded that also aircraft 2 always tried
to avoid altitude crossings.

Neither the reference case, nor the Monte Carlo simulation show mid-air or near mid-air collisions.

Nevertheless, it should be noted that without any flight path adjustments, no mid-air collisions or
near mid-air collision would have occurred either.
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Figure 17-5: Empirical density of vertical miss distance at CPA of Monte Carlo simulation (blue line) and the

reference case (orange line) for case 3.

Finally, in order to better understand the effects of the uncertainties, we take a look at the empirical
density of the vertical miss distance at CPA in given in Figure 17-5.

From Figure 17-5 two observations can be made. First, almost all vertical miss distances are within
1,015 and 1,025ft and hence marginally higher than the reference miss distance of 1,015ft. The small
increase may be explained by the fact that in 80% of the simulations the vertical miss distance was
equal to the reference case, as no RAs were issued, and that in the remaining 20% of the simulation
the issued RA always lead to a higher vertical miss distance.

Second, in rare cases the vertical miss distance increases to 1,190ft. Similar to case 2, these positive
outliers in the vertical miss distance are likely correlated to the rare cases in which the initial RAs of

aircraft 1 were issued up to 15.2s earlier than the mean time of issue. However, to be sure additional
Monte Carlo simulations would be needed.
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Case 4:
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CL:0.27%; LO: 0%; DE: 0.09%; DCL/DES: 16.37%
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CL: 0.03%; LO: 0%; DE: 0.03%; DCL/DES: 14.42%
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In 10°® simulation runs there were 0 near mid air collisions, and 0 mid air collisions.

Figure 17-6: Graphical visualization of Monte Carlo simulation results for case 4. Red line: median; blue box:

range of 50% confidence interval; dashed black line with T shaped ends: minimum and maximum values;

percentages: what part of the Monte Carlo runs the results are based on; magenta dashed line: time of issue

in the reference case.

Table 17-7: Monte Carlo simulation results of time of issue of TAs, RAs and adjusted RAs for case 4.

Time of Issue [s]

Confidence interval
Type A/C Reference case Mean o Min  Max Median 50% 95% 99%
TA 1 \ 166.1 459 22 396 56.5 45.9 [44.4,47.4] [41.4,50.2] [40.8,51.7]
2 - 66.6 22 41 878 66.8 [66.0,67.7] [63.5,69.3] [50.4,70.3]
RA 1 \ 59.1 59 2 53 747 59 [57.6,60.3] [54.9,62.9] [54.1,64.2]
2 - 66.8 14 552 741 66.9 [66.0,67.7] [64.1,69.3] [62.5,70.2]
1 RA adj. 1 \ - 719 33 62 93 72.1 [69.6,74.3] [65.7,78.0] [64.2,80.3]
2 - 763 12 651 856 76.4 [75.7,77.1] [73.7,78.5] [72.0,79.2]
2" RA adj. 1 \ - 74 25 657 965 74 [72.3,75.6] [69.3,78.8] [68.0,82.7]
2 - 80.5 26 705 849 81.4 [77.8,82.3] [75.8,84.4] [73.1,84.8]
39RA ad]. ; \ - 875 24 849 96.7 86.6 [85.7,88.8] [85.2,93.7] [84.9,96.5]
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Table 17-8: Monte Carlo simulation results of number and type of TAs, RAs and adjusted RAs for case 4.
Note: Bold font indicates a TA and the type of RA in the reference case.

Number of
Number of RA/TA| Number of CL Number LO Number of DE DCL/DDE

Type A/C # % # % # % # % # %
TA 1 1000000 100 - - - - - - - -

2 169560 @ 16.96 - - - - - - -
RA 1 | 999997 100 - - 998219 | 99.82 1778 0.18 - -

2 167244 | 16.72 1778 0.18 - 165466 @ 16.55 - -
1% RA adj. 1 999988 100 146318 @ 14.63 - - 146162 14.62 707508 @ 70.75

2 167244 | 16.72 2653 0.27 - - 914 0.09 163677 | 16.37
2™ RA adj. 1 144749 14.47 261 0.03 - - 280 0.03 144208 | 14.42

2 2106 0.21 1037 0.1 - - 390 0.04 679 0.07
3 RA adi. ; 130 0.01 - - - - - - 130 0.01

The results of the reference case, as described in Section 16, and of the Monte Carlo simulation are
presented graphically in Figure 17-6 and numerically in Table 17-7 and Table 17-8.

In the reference case only a TA and an RA were issued by aircraft 1. Nothing was issued by aircraft 2.

In the Monte Carlo simulation in 100% of the simulation a TA was issued by aircraft 1. On average
this happened at 45.9s which is very close to the reference case where it was at 46.1s.

Opposed to the reference case, in 16.96% of the simulation a TA was issued by aircraft 2. The mean
time of issue is 66.6 with a variance of 2.2s. From the confidence interval, it can also be seen that in
rare cases the time of issue is 25.6s earlier or 21.2s later than the mean time of issue. Reflecting on
the amount of TAs issued by aircraft 2 and looking at the separation at CPA, one would expect more
often TAs by aircraft 2. At CPA the altitude separation is 1,111ft but already an estimate of 1,042 just
before CPA would result in a TA. So given the altitude measurement error bounds for both aircraft
between 258-285ft, one would expect the threshold to be undercut in 40-50% of the simulation.
However, as being described next, aircraft 1 issues on average an RA 7.6s before aircraft 2 issues a
TA. Therefore, in many cases aircraft 1 has reacted upon an RA which results in a greater vertical
separation at CPA, such that aircraft 2 estimates only for 16.96% of the simulation a vertical
separation of less than 1,042ft any time before CPA.

Regarding the RA, the RAs issued by aircraft are similar to the RA of the reference case. In 100% of
the time an RA was issued by aircraft 1 at a mean time of 59.0s. In the reference case this was at
59.1s. Also in most simulations, 99.82%, a “Level-Off” RA was issued, such as in the reference case.
However, in the remaining 0.18% a “Descend” RA was issued, which results in altitude crossings.
Hence, in rare cases the measurement errors, and probably also missed messages, lead to faulty
relative altitude velocities, which identify that a level off or “Climb” RA would not result in sufficient
vertical miss distance, but only an altitude crossing RA.

Also, it can be noticed that in 100% of the simulation aircraft 1 issued an adjusted RA, in 14.47% a
second adjusted RA, and in 0.21% a third adjusted RA. It can also be seen that most adjusted RAs are
“Do Not Climb/Descend” RAs.

For aircraft 2 the number of simulations in which RAs were issued are significantly lower compared
to aircraft 1. In 16.72% an initial RA, in 16.72% an adjusted, and in 0.21% a second adjusted RA was
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issued by aircraft 1. Initially, the types of RAs are mostly “Descent”, followed by “Do not
Climb/Descend” adjusted RAs. It can also be seen that in 0.18% of the simulation the initial RA by
aircraft 2 is a “Climb” RA and by aircraft 1 a “Descend” RA. So it can be concluded that in all cases
where one aircraft issues an altitude crossing RA, the other aircraft issues the complementary RA.

Neither the reference case, nor the Monte Carlo simulation show mid-air or near mid-air collisions.

Nevertheless, it should be noted that without any flight path adjustments, no mid-air collisions or
near mid-air collision would have occurred either.

Empirical density of vertical miss distance at CPA
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Figure 17-7: Empirical density of vertical miss distance at CPA of Monte Carlo simulation (blue line) and the
reference case (orange line) for case 4. a) full pdf graph; b) zoom-in left of pdf.

Finally, in order to better understand the effects of the uncertainties, we also take a look at the
empirical density of the vertical miss distance at CPA in given in Figure 17-7.

In the graph on the left hand side of Figure 17-5 two observations can be made. First, almost all
vertical miss distances are within 1,100 and 1,300ft and are on average about 100ft higher than the
reference miss distance of 1,111ft. The increase is probably caused by the simulations in which

aircraft 2 issued a “Descend” RA. Table 17-8 shows this was in 16.55% of the simulation while in the
reference case no RA was issued for aircraft 2.

A closer look on the graph on the right hand side of Figure 17-5 reveals that there is also a small
peak at about 450ft. The peak may be explained by the simulation runs in which aircraft 1 selected a
“Descend” RA and aircraft 2 issued a “Climb” RA. These RAs resulted in an altitude crossing, occurred

in 0.18% of the simulation runs, and therefore could explain the separate concentration of vertical
miss distance different.

In rare cases the vertical miss distance decreases to values below 100ft. It is likely that these lower

vertical miss distances are due to rare cases in which aircraft 1 issued the RA up to 15.7s later than
the mean time.

To be certain about the exact causes, additional Monte Carlo simulations are needed.
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Case 5:
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Figure 17-8: Graphical visualization of Monte Carlo simulation results for case 5. Red line: median; blue box:
range of 50% confidence interval; dashed black line with T shaped ends: minimum and maximum values;
percentages: what part of the Monte Carlo runs the results are based on; magenta dashed line: time of issue
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In 10° simulation runs there were 6048 near mid air collisions, and 0 mid air collisions.
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Table 17-9: Monte Carlo simulation results of time of issue of TAs, RAs and adjusted RAs for case 5.

¥

?\0
Q_Y‘

Time of Issue [s]

Confidence interval
Type A/C Referencecase Mean o Min  Max Median 50% 95% 99%
TA 1 ‘ 129.1 130.5 2.7 125.6 146.7 129.5 [128.4,132.1] [127.4,137.0] [127,139.4]
2 129.1 130.5 2.7 125.5 149.1 129.5 | [128.4,132.1] [127.4,137.0] [127,139.5]
RA 1 ‘ 144.1 145.2 2.5 1415 177.7 1443 [143.4,146.6] [142.6,150.4] [142.3,152]
2 144.1 1452 2.5 141.4 177.1 1443 [143.4,146.7] [142.6,150.4] [142.3,152]
1% RA adj. 1 ‘ 154.1 1549 1.7 1509 196.9 154.5 @ [154.0,155.3] [152.9,158.5] [152.3,162]
2 154.1 1549 1.7 150.7 197.7 154.6 |[154.0,155.3] [152.9,158.5] [152.2,162]
2™ RA adj. 1 ‘ - 160.7 3.2 153.4 174.2 1619 [157.6,162.7] [154.9,166.4] [154.5,167.8]
2 - 158 2.6 153.6 1749 157.2 |[156.4,158.4] [154.9,163.9] [154.5,167.7]
3 RA ad;. 1 ‘ - 167 1.8 164.7 182 166.8 [166.3,167.3] [165.6,167.9] [164.8,180.7]
2 - 166.2 0.9 163.4 178.8 166.1 |[165.5,166.8] [164.6,167.7] [164.2,167.9]
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Table 17-10: Monte Carlo simulation results of number and type of TAs, RAs and adjusted RAs for case 5.
Note: Bold font indicates a TA and the type of RA in the reference case.

Number of
Number of RA/TA| Number of CL Number LO Number of DE DCL/DDE
Type A/C # % # % # % # % # %
TA 1 1000000 100 - - - - - - - -
2 | 1000000 100 - - - - - - -
RA 1 | 952188 95.22 859314 85.93 | 85263 8.53 7565 0.76 46 -
2 950890 | 95.09 7565 0.76 86419 8.64 856867 @ 85.69 39 -
1% RA adj. 1 951862 95.19 4358 0.44 - - 12010 1.20 935494 | 93.55
2 950577 | 95.06 12029 1.20 - - 4204 0.42 934344 93.43
2™ RA adj. 1 10247 1.02 1837 0.18 13 0.00 4709 0.47 3688 0.37
2 10829 1.08 1761 0.18 12 0.00 102 0.01 8954 0.9
3 RA adi. 1 189 0.02 86 0.01 - - 99 0.01 4 0.00
2 3182 0.32 2289 0.23 - - 891 0.09 2 0.00

The results of the reference case, as described in Section 16, and of the Monte Carlo simulation are
presented graphically in Figure 17-8 and numerically in Table 17-9 and Table 17-10.

In the reference case a TA, an initial RA and one RA adjustment were issued by both aircraft.

The results of the Monte Carlo simulation show a similar outcome. For example the mean time of
issue for a TA, an initial RA and the first RA adjustment do not deviate more than 1.4s to the time of
issue in the reference case.

The standard deviations of the time of issue of TAs and RAs are not large either. For both aircraft
they range between 0.9s and 3.2s. But it can be observed that for both aircraft in rare cases the time
of issue if largely later than the mean time of issue, while it is not largely earlier. E.g. for initial RAs,
the difference between the mean time and earliest time of issue is only 3.7s for aircraft 1 and only
3.8s for aircraft 2 but the difference between the mean time and latest time of issue is 32.5s for
aircraft 1 and 31.9s for aircraft. As given in Table 16-1, in the reference case the closest point of
approach is at 174.0s. Hence, in these cases the initial RAs were issued after the closest point of
approach.

However, three small differences can be identified, too. First, in only about 95% of the simulation
runs an initial RA and an RA adjustment were issued. Hence, the measurement errors lead both
aircraft to not take any action.

Second, the majority of the initial RAs, in about 86% of the simulation runs, are similar to the
reference case. But in about 9% of the simulation runs both aircraft issued a “Level-Off” RA, and in
0.76% of the simulation runs aircraft 1 was issued to descend and aircraft 2 was issued to climb.

By keeping in mind that aircraft 1 was initially descending, and aircraft 2 was initially climbing, it can
be concluded that that the measurement errors lead in about 9% of the simulation runs to a greater
vertical miss distance, such that a less strong RA is issued (level off), but in 0.76% of the simulation
runs the vertical miss distance estimate is such smaller, that RAs with an altitude crossing intent
were issued.

Third, a very low number of 2" and 3™ RA adjustments were encountered in the Monte Carlo
simulation. For aircraft 1 in 1.02% and 0.02% of the simulation runs a second RA adjustment and
third RA adjustment were issued respectively. For aircraft 2 in 1.08% and 0.32% of the simulation
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runs a second RA adjustment and third RA adjustment were issued respectively. Remarkable is that
in 25 simulation runs “Level-Off” RA adjustments were issued, as indicated in red font in Table 17-10.
As described in Sections 10 and 12.2, a “Level-Off” RA adjustment is just a mean to model a clear of
conflict message. Also, it should be noted that in the result evaluation only the last RA adjustment
was counted as a clear of conflict message. Therefore, the “Level-Off” RA adjustments indicate that
in these rare cases several clear of conflict messages were issued, which means that in these cases a
new conflict was detected after the aircraft were declared clear of conflict. This is likely caused due

to the assumption that the pilot levels off when he or she receives a clear of conflict message, which
puts the aircraft back to a collision course.

Next, in the reference case no near mid-air collision or mid-air collision was encountered. In the
Monte Carlo simulation 6048, 0.6%, near mid-air collisions but no mid-air collisions were
encountered. Since without any flight path adjustments a near mid-air collision would have
occurred, it is likely that the number of near mid-air collisions is caused by the rare cases in which
the initial RAs were issued by both aircraft after the closest point of approach had been passed. To

better understand what is going on, we also take a look at the empirical density of the vertical miss
distance at CPA which is given in Figure 17-9.

Empirical density of vertical miss distance at CPA
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Figure 17-9: Empirical density of vertical miss distance at CPA of Monte Carlo simulation (blue line) and the
reference case (orange line) for case 5.

Remarkably, almost all vertical miss distances in the Monte Carlo simulation are smaller than the
vertical miss distance of the reference case, and there are six local maxima visible.

The highest peak covers most of the data and, therefore, is likely to represent the 86% of the
simulations runs in which the RAs of the reference case were issued. Though, it remains to be
explained why this did not lead to a similar vertical miss distances as in the reference case.

The second and third highest peaks are located to the left of the highest peak, and probably
represent 10-15% of the data. It is likely that one peak is from the simulation runs where one of the
aircraft issued a “Level-Off” RA instead of climb or “Descend” RA (8-9% of the simulation runs) and

the other peak is from the runs when no aircraft issued an RA at all (about 5% of the simulation
runs).
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The fourth and fifth peaks are very small and located in the range of 400-500ft. It is not clear how
these two peaks relate to the results in Figure 17-8.

The sixth peak is very low and centred at about 50ft. This explains the low number of near mid-air
collisions encountered. Since, the horizontal miss distance at CPA is about 480ft, it can be
concluded, that in this case mid-air collisions could have happened, if the horizontal miss distance
would have been lower.

To be certain about the exact causes, additional Monte Carlo simulations are needed.
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Case 6:
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In 106 simulation runs there were 36 near mid air collisions, and 0 mid air collisions.

Figure 17-10: Graphical visualization of Monte Carlo simulation results for case 6. Red line: median; blue
box: range of 50% confidence interval; dashed black line with T shaped ends: minimum and maximum
values; percentages: what part of the Monte Carlo runs the results are based on; magenta dashed line: time
of issue in the reference case.

Table 17-11: Monte Carlo simulation results of time of issue of TAs, RAs and adjusted RAs for case 6.

Time of Issue [s]

Confidence interval

Type A/C Reference case Mean o Min  Max Median 50% 95% 99%
TA 1 \ 125.1 1255 1.1 1209 133.6 125.5 [124.8,126.2] [123.5,127.6] [122.9,128.3]
2 125.1 1255 1.1 120.6 130.1 125.5 [124.8,126.2] [123.4,127.5] [122.7,128.1]
RA 1 \ 144.1 1445 1.1 135.1 149.9 144.4 [143.7,145.2] [142.5,146.7] [142.0,147.4]
2 144.1 1445 1.1 139.7 1743 144.4 [143.7,145.2] [142.5,146.7] [142.0,147.4]
1 RA adj. 1 \ - 155.4 2.7 149.2 200.2 154.8 [153.7,156.6] [152.1,160.7] [151.4,164.0]
2 - 155.5 2.7 148.7 196.1 154.8 [153.7,157.0] [152.0,161.0] [151.3,163.8]
2™ RA adj 1 \ - 1609 4.5 153.6 244 159.4 [157.8,163.8] [156.2,167.9] [155.5,184.5]
2 - 160.8 4.0 153.5 244.6 159.9 [158.0,163.2] [156.3,167] [155.7,173.4]
34 RA adj. 1 \ - 174.8 19.6 162.2 270.2 166.6 [165.7,169.1] [164.3,239.9] [163.7,243.7]
2 - 168.2 10.1 161.8 269.6 165.9 [165.0,167.2] [163.7,192.1] [163.2,241.9]
4M RA adj. 1 \ - 221.6 23.3 172.3 266.8 229.2 | [199.9,241.1] [173.6,248.5] [172.8,255.2]
2 - 208.5 27.5 171.1 265.1 202.5 [177.4,239.9] [172.4,246.6] [171.7,257.1]
5t RA adj. 1 \ - 232.2 17.7 193.5 268.6 239.9 | [218.4,244.8] [197.1,255.5] [194.6,266.8]
2 - 229.1 179 175.1 259.8 238.4 | [213.6,243.1] [195.0,250.0] [176.6,256.5]
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Table 17-12: Monte Carlo simulation results of number and type of TAs, RAs and adjusted RAs for case 6.
Note: Bold font indicates a TA and the type of RA in the reference case.

Number of
Number of RA/TA| Number of CL Number LO Number of DE DCL/DDE

Type A/C  # % # % # % # % # %

" 1 1000000 100 B E E E E E E E

2 | 1000000 100 - - - - - - - -

fA 1 1000000 100 1 0.00 771787 77.18 228212 22.82 § -

2 1000000 100 @ 228222 | 22.82 @ 771778 77.18 : . : .
Raag | I 999931 99.99 347160 3472 2081 | 021 375181 37.52 275509 2755
2 | 999855 | 99.99 353900 | 35.39 | 700 | 0.07 | 323721 3237 321534 | 32.15
y9Raag, | L 325154 3252 7950 08 664 | 007 7989 = 0.8 308551 30.86
2 | 321825 | 32.18 24347 | 243 | 1274 | 013 | 23839 238 272365  27.24
Toraag, | 1 7059 071 - § 1250 | 013 - - 5809 | 0.58
2 | 19837 @ 1.98 : - 1756 | 0.18 - : 18081 = 1.81
" i 790  0.08 . . 356 | 0.04 . . 434 | 004
ATRAad. |5 1550 013 - ; 774 | 0.08 ; : 485 | 0.05
" i 176 | 0.02 - - 86 0.01 - - 90 0.01
> RAadi | 439 | 0.04 : : 250 | 0.03 : : 189 | 0.02

The results of the reference case, as described in Section 16, and of the Monte Carlo simulation are
presented graphically in Figure 17-10 and numerically in Table 17-11 and Table 17-12.

In the reference case both aircraft issued a TA and a “Level-Off” RA.

In the Monte Carlo simulation both aircraft issued a TA in all simulation runs and the mean time of
issue is similar to the reference case and the standard deviation of time of issue is also small with
1.1s.

Also in all simulation runs, an RA was issued by each aircraft. However, the type of RA differs to the
reference case. In only 77% of the simulation runs also a level RA was issued but in 23% of the
simulations a “Descend” RA was issued by aircraft 1 and a “Climb” RA was issued by aircraft 2.
Hence, in 23% of the simulation runs RAs are selected with the intent to let the aircraft cross
altitudes.

Moreover, also many RA adjustments were issued, which is opposed to the reference case. The
distribution of the type of first RA adjustments is similar for both aircraft. About 35% were “Climb”
RAs, about 32-38% were “Descend” RAs, and about 28-32% were “Do Not Climb/Descend” RAs.

Then two drops in RA issues can be seen in the results. First, the number of second RA adjustments
of both aircraft reduces to 32%, of which most were “Do Not Climb/Descend” RAs. Second, the
numbers of third to fifth RA adjustments drop to 0-2%.

Next, all “Level-Off” RA adjustments in Table 17-12 are in red font. This is to express that these RA
adjustments actually represent clear of conflict messages in simulation runs where more than one
clear of conflict message was issued, i.e. TCAS declared the other aircraft again as a threat after it
has determined to be clear of conflict. Because it was not anticipated that TCAS would cause loops
of conflict detection and conflict resolution until the CPA has been passed, only five RA adjustments
have been stored.
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In order to better understand the dynamics of TCAS which could cause such loops in real operations,

it is recommended to modify the way the output is saved, such that correlated RAs and clear of
conflict messages can be made visible.

It is likely that also in real TCAS operations the pilots would go into a loop of conflict detection and
clear of conflict declaration until the aircraft arrive at the CPA. In the reference case the time of CPA
was at 224.2s, see Table 16-1, which is about 100s later than the mean time of initial RA issue. So it
is likely that once a loop was entered, many cycles appeared. Probably, this is also the reason why
the standard deviation of the time of issue of third to fifth RA adjustments is very large, 10.1-27.5s.

In the reference case no near mid-air collision or mid-air collision was encountered, but in the Monte
Carlo simulation 36 near mid-air collisions were encountered. Because no near mid-air collision

would have happened on the initial flight paths of the aircraft, these are TCAS induced near mid-air
collisions.

In order to better understand what is going on, we take a look at the empirical density of the vertical
miss distance in Figure 17-11.
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Figure 17-11: Empirical density of vertical miss distance at CPA of Monte Carlo simulation (blue line) and the
reference case (orange line) for case 6.

In the graph three peaks can be found. The highest peak is at about 2,100ft in the range of 1,700-
2,400ft, which is slightly higher than the vertical miss distance of the reference case, 2053ft. It
covers approximately 70-80% of the data. Therefore it is likely that these vertical miss distances

occurred when both aircraft issue the same RA like in the reference case, about 77% of the
simulation runs.

The second peak is at about 1,400ft in the range of 1,000-1,700ft. This region covers approximately
20% of the data, and probably relates to the simulation runs in which aircraft 1 issued a “Descend”
RA and aircraft 2 issued a “Climb” RA, about 23% of the simulation runs.

The third peak is a very low and in the range of 500-700ft; it overs less than 1% of the data. It is likely
that these vertical miss distances appear when the aircraft issue a third or higher RA adjustment.
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Case 7:

Whisker plot of time of issue of TA and RA
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In 10° simulation runs there were 0 near mid air collisions, and 0 mid air collisions.

Figure 17-12: Graphical visualization of Monte Carlo simulation results for case 7. Red line: median; blue

box: range of 50% confidence interval; dashed black line with T shaped ends: minimum and maximum

values; percentages: what part of the Monte Carlo runs the results are based on; magenta dashed line: time

of issue in the reference case.

Table 17-13: Monte Carlo simulation results of time of issue of TAs, RAs and adjusted RAs for case 7.

Time of Issue [s]

Confidence interval

Type A/C Reference case Mean o Min  Max Median 50% 95% 99%
TA 1 ‘ 135.1 139.7 12 119.1 180.7 135 [130.2,147.5] [126.6,168.6] [125.0,174.1]
2 135.1 1404 12.7 1186 193 135.4 | [130.3,148.3] [126.6,171.9] [125.0,177.0]
RA 1 ‘ - 181.8 8.8 1429 198.3 183.8 [177.3,188.4] [159.6,193.3] [150.0,194.8]
2 - 1834 9 1415 198.5 185.6 | [178.7,190.1] [160.8,194.8] [151.2,196.1]
1% RA adi 1 ‘ - 183.5 8.8 1449 204 185.4 [178.4,190.3] [161.8,195.5] [154.5,197.5]
- 2 - 201.5 5.1 153.4 215.7 202.3 [198.8,204.9] [191.9,209.3] [178.1,211.3]
nd . 1 ‘ - 176.7 3.1 166.4 195.8 176.7 [174.6,178.9] [170.8,182.7] [169.0,184.9]
2™ RA adj. ) ) - ) - . . ! . .
rd . 1 ‘ - 180.2 3.9 169.3 199.3 179.9 [177.9,181.8] [174.2,192.6] [172.3,196.6]
37 RA adj. 2 ) _ ) _ ) ) | ) )
th . 1 ‘ 182.2 3.2 1743 197.2 181.8 [180.5,183.3] [177.1,192.7] [175.9,195.2]
4" RA adj. ) ) _ ) i ) - . . ’
th . 1 ‘ - 182.6 2.8 176.5 193 182.6 [181.0,183.5] [177.9,193.0] [176.5,193.0]
57 RA adj. 2 ) _ _ _ _ ) | ) )
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Table 17-14: Monte Carlo simulation results of number and type of TAs, RAs and adjusted RAs for case 7.
Note: Bold font indicates a TA in the reference case.

Number of
Number of RA/TA| Number of CL Number LO Number of DE DCL/DDE
Type A/C # % # % # % # % # %
TA 1 982888 98.29 - - - - - - - -
2 | 1000000 100 - - - - - - - -
RA 1 168880 16.89 = = 71765 7.18 85710 8.57 11405 1.14
2 199673 | 19.97 2 0.00 13150 1.32 80 0.01 186441 | 18.64
1% RA adi 1 130884 13.09 - - 8048 0.80 - - 122836 @ 12.28
- 2 13060 1.31 2 0.00 1 0.00 23 0.00 13034 1.3
2™ RA adj. ; 13?59 1.5’;9 : : 87-19 0.-87 : : 51-40 0.-51
39 RA adj. ; 55_82 0._56 : : 15—72 0._16 : : 40_10 O.flO
4% RA adj. ; 12-38 0.-12 : : 12-14 0.?1 : : 11-24 O.il.l
5t RA ad;. ; 7-8 O.f)l - - ? O.S)O - : 7-2 0.-01

The results of the reference case, as described in Section 16, and of the Monte Carlo simulation are
presented graphically in Figure 17-12 and numerically in Table 17-13 and Table 17-14.

In the reference case both aircraft issued a TA at 135.1s. No RAs were issued.

In the Monte Carlo simulation also TAs by both aircraft were encountered. The median of the time of
issue is coinciding with the time of issue of the reference case. For aircraft 1 the median is 135.0s
and for aircraft 2 135.4s. However, a difference between the mean and the median can be seen. The
mean time of issue of a TA is 139.7s for aircraft 1 and 140.4s for aircraft. So the measurement errors
lead to a larger deviation of the TAs issued later than in the reference case.

Another effect of the measurement errors can also be seen in the number of TAs issued. In the
Monte Carlo simulation in 98.29% of the simulation a TA was issued for aircraft 1 and in 100% of the
simulation for aircraft 2. This is remarkably, as both aircraft should have the same thresholds for the
altitude range test for a TA, and one would expect that a TA is issued by both aircraft at the same

time. The difference can be explained through the “time to co-altitude is small” test, see Section 6.2.
If the altitude velocity of both aircraft has the same sign, then the aircraft with the lower altitude has

should use difference threshold values, see threshold value T, in Table 6-2. As aircraft 1 has the

lower magnitude of altitude velocity, it is reasonable that in some cases the threshold values of
aircraft 1 are lower than the threshold values of aircraft 2. This could lead to aircraft 2 reacting upon
an RA before aircraft 1 reaches the necessary conditions to issue a TA.

Regarding RAs, in 16.89% of the simulation an RA was issued by aircraft 1 with a mean time of issue
of 181.8s, and in 19.97% of the simulation an RA was issued by aircraft 2 with a mean time of issue
of 183.4s. The lower number of RAs for aircraft 1 is likely due to the reason causing the lower
number of TAs issued by aircraft 1 as explained above. However, also a large standard deviation of
the time of issue for TAs and RAs is present. The standard deviations of the time of issue of TAs are
12.0 and 12.7s, and of RAs 8.8 and 9.0s. This is probably due to the low closing speed of 200ft/min,
because this is the only case with a low closing speed and the only case in which such large standard
deviations occurred.
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In the type of RA a difference can be spotted between the two aircraft. Aircraft 1, which is at a lower
altitude but descends with a lower altitude velocity compared to aircraft 2, most often selected a
“Level-Off” RA, 7.18%, or a “Descend” RA, 8.57%, and only sometimes a “Do Not Climb/Descend”
RA, 1.14%. The high number of “Level-Off” RAs is remarkable, as this is an altitude crossing RA and
the reference case showed that no RA is necessary.

For aircraft 2, the observed RAs in the Monte Carlo simulation are different to aircraft 1. In 1.32% of
the simulation a “Level-Off” RA was issued, in 0.01% of the simulation a “Descend” RA was issued, in
18.64% of the simulation a “Do Not Climb/Descend” RA was issued, and almost never, in only two
simulation runs, a “Climb” RA was issued. Hence, opposed to aircraft 1, aircraft 2 issued in most
simulations a preventive RA and in only 0.01% of the simulation an altitude crossing RA.

Regarding RA adjustments, it could be observed that for aircraft 1 an RA adjustment occurred
regularly. In 13.09% of the simulation a first RA adjustment was issued of which most were “Do Not
Climb/Descend” RAs: 12.28% do not climb or descend, and 0.8% level off. Additionally, a low number
of 2™ 3™ 4™ and 5" RA adjustments were issued by aircraft 1 as well: 1.39%, 0.56%, 0.12% and
0.01% respectively. It should be noted that the simulation output only captured up to five RA
adjustments per aircraft, so it is possible that more adjustments were issued.

Also, all “Level-Off” RA adjustments in Table 17-14 are in red font. Similar to case 6, this is to express
that these RA adjustments actually represent clear of conflict messages in simulation runs where
more than one clear of conflict message was issued, i.e. TCAS declared the other aircraft again as a
threat after it has determined to be clear of conflict. Because it was not anticipated that TCAS would
cause loops of conflict detection and conflict resolution until the CPA has been passed only five RA
adjustments have been stored.

In order to better understand the dynamics of TCAS which could cause such loops in real operations,
it is recommended to modify the way the output is saved, such that correlated RAs and clear of
conflict messages can be made visible.

Next, we take a closer look into the simulation results for the cases where “Level-Off” RA
adjustments were issued consecutively. The likely cause is the assumption that the pilot levels off
when he or she receives a clear of conflict message (see assumption 7 of agent “Cockpit i” in Section
13). Since both aircraft are descending and aircraft 1 is below aircraft 2, a level off manoeuvre by
aircraft 1 would result that the aircraft approach each other in altitude. Hence, it can be concluded
that for aircraft 1 the measurement errors and/or the pilot behaviour cause in rare cases a loop
where an RA is issued, followed by a clear of conflict message at sufficient altitude separation,
followed by another RA issue, and so on until the closest point of approach had been reached.
However, the validity of underlying assumption 7 needs to be verified. If it turns out that pilot
reaction upon clear of conflict messages is differently, then this needs to be adopted in the new
TCAS model.

Next, in order to get further insight into the results, we take a look into the empirical density of the
vertical miss distance in Figure 17-13. In the graph it can be seen that the vertical miss distances of
the simulation runs are centred at the vertical miss distance of the reference case. Furthermore, it
can be seen that rare cases spread over the range of 410 to 1180ft. Hence, it can be concluded that
with very few exceptions the uncertainties do not have an impact on the vertical miss distance in
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this case. Hence, in neither the reference case, nor in the Monte Carlo simulation mid-air or near
mid-air collisions were encountered.

o1 Empirical density of vertical miss distance at CPA
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Figure 17-13: Empirical density of vertical miss distance at CPA of Monte Carlo simulation (blue line) and the
reference case (orange line) for case 7.
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Case 8:

e of TA and RA
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In 10° simulation runs there were 0 near mid air collisions, and 0 mid air collisions.

Figure 17-14: Graphical visualization of Monte Carlo simulation results for case 7. Red line: median; blue

box: range of 50% confidence interval; dashed black line with T shaped ends: minimum and maximum

values; percentages: what part of the Monte Carlo runs the results are based on; magenta dashed line: time

of issue in the reference case.

The results of the reference case, as described in Section 16, and of the Monte Carlo simulation are

presented graphically in Figure 17-14 and numerically in Table 17-15 and Table 17-16.

Table 17-15: Monte Carlo simulation results of time of issue of TAs, RAs and adjusted RAs for case 8.

Time of Issue [s]

Confidence interval

Type A/C Reference case Mean o Min  Max Median 50% 95% 99%
TA 1 ‘ 131.1 130.8 1.6 1229 138.8 130.9 [129.8,131.9] [127.6,133.9] [126.4,135.0]
2 131.1 1309 1.5 123.5 138.1 130.9 |[129.9,131.9] [127.9,133.8] [127.0,134.7]
RA 1 ‘ 144.1 1439 1.8 136.8 174.6 143.9 [143.0,144.8] [141.1,146.6] [140.2,147.7]
2 144.1 1439 1.3 1379 149.9 1439 [143.0,144.8] [141.3,146.5] [140.5,147.2]
1% RA adj. 1 ‘ - 155.7 2.9 146.4 196.9 1559 [153.8,157.2] [150.8,160.7] [149.7,163.7]
2 - 1554 2.5 147 174.7 155.7 [153.5,157.0] [150.9,160.3] [149.9,162.7]
2™ RA adj. 1 ‘ - 156.6 1.4 151.7 170.1 156.4 [155.7,157.3] [154.3,159.9] [153.6,161.9]
2 - 157.2 1.6 1529 173.8 157.0 [156.2,158.0] [155.0,161.0] [154.4,164.2]
3*RAad). | ° | i g i g g g . : i
2 - 166.7 1.6 163.9 190.4 166.3 |[165.9,167.1] [165.5,169.3] [165.4,175.1]
a"RAady. | 1 | i § : gy y gy : : :
2 - 1743 0.0 1743 1743 1743 | [174.3,174.3]) [174.3,174.3] [174.3,174.3]
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Table 17-16: Monte Carlo simulation results of number and type of TAs, RAs and adjusted RAs for case 8.
Note: Bold font indicates a TA in the reference case.

Number of
Number of RA/TA| Number of CL Number LO Number of DE DCL/DDE
Type A/C  # % # % # % # % # %
" 1 1000000 100 B E E E E E E E
2 | 1000000 100 - - - - - - -
fA 1 999598 99.96 - - | 999598 99.96 - - - -
2 | 997042 @ 99.7 : - | 943068 94.31 53974 5.40 : -
Raag | I 999592 99.96 127759 1278 . - 128139  12.81 743694 | 74.37
2 | 997040 | 99.7 @ 136730 | 13.67 - - 137379  13.74 722931 | 72.29
yéraag, | 1 117589 1176 - - - - - - 117589 | 11.76
2 | 130976  13.1 = 638 | 0.06 2 000 | 632 | 006 129704 | 12.97
rd . 1 - - - - - - - - - -
3TRAad. |5 sse 006 2 0.00 1 0.00 ; ; 553 | 0.06
PRI T . : - : - - -
47RAadi | 1 0.00 1 0.00

In the reference case both aircraft issued a TA at 131.1s and a “Level-Off” RA at 144.1s.

In the Monte Carlo simulation a similar behaviour can be identified. Both aircraft issued a TA at a
mean time of issue of 130.8 and 130.9s. In regard to RAs, small differences can be observed. Aircraft
1 did not issue an RA in all simulation runs, 99.96%, but if it did, it was always a level RA similar to
the reference case. Aircraft 2 did not issue an RA in all simulations either, 99.7%, and when it did it,
it issued sometimes a “Descend” RA instead of a level RA, 5.4% of the simulation runs.

Moreover, in Table 17-16 it can be seen, that if an RA was issued, in almost all cases one RA
adjustment was issued, too. Also, most of the adjustments were of preventive nature, in 72-75% of
the simulation runs, and the remaining were climb or “Descend” RA adjustments. Then in about 12%
of the simulation aircraft 1 issued a second RA adjustment of which all are “Do Not Climb/Descend”
RAs, and no third to fifth RA adjustments. Aircraft 2 also issued second RA adjustments, 13.1% of the
simulation runs, but also 556 third and 1 fourth RA adjustment. Most of these were “Do Not
Climb/Descend” RAs, but in 4 cases a “Level-Off” RA adjustment was issued.

The few “Level-Off” RA adjustments are remarkable, because a “Level-Off” RA adjustment is just a
mean to model a clear of conflict message, as described in Sections 10 and 12.2. Also, it should be
noted that in the result evaluation only the last RA adjustment was counted as a clear of conflict
message. Therefore, the “Level-Off” RA adjustments indicate that in these rare cases a new threat
was declared after TCAS issued a clear of conflict message.

Neither in the reference case, nor in the Monte Carlo simulation were mid-air or near mid-air
collisions encountered. This can be also seen in the empirical density in the graphs in Figure 17-15.
As can be seen in the graph on the left hand side of the figure, in general a higher vertical miss
distance was achieved compared to the reference case. A likely reason is that in the model it is
assumed that a pilot reacts upon a do not climb or “Do Not Descend” RA adjustment by descending
or climbing with low altitude velocity, such that he or she is not flying at the edge of the issued
altitude velocity limits, see Section 12.2. Hence, this reaction could have caused an increase in
vertical velocity in 72-74% of the simulation where a “Do Not Climb/Descend” RA adjustment was
issued.
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Finally, an observation can be made in the graph on the right hand side of the figure. At about
1,100ft and 1,400ft there are two small peaks. An educated guess is that these vertical miss
distances are related to the simulation runs where a third or fourth RA adjustment was issued.

Last but not least, again no clear correlation between the uncertainties and the results could be
found.
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Figure 17-15: Empirical density of vertical miss distance at CPA of Monte Carlo simulation (blue line) and the
reference case (orange line) for case 8. a) full pdf graph; b) zoom-in left of pdf.
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Case 9:

Whisker plot of time of issue of TA and RA
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Figure 17-16: Graphical visualization of Monte Carlo simulation results for case 9. Red line: median; blue
box: range of 50% confidence interval; dashed black line with T shaped ends: minimum and maximum
values; percentages: what part of the Monte Carlo runs the results are based on; magenta dashed line: time
of issue in the reference case.

Table 17-17: Monte Carlo simulation results of time of issue of TAs, RAs and adjusted RAs for case 9.

Time of Issue [s]

Confidence interval
Type A/C | Reference case| Mean o© Min  Max Median 50% 95% 99%
TA 1 ‘ 192.1 192.1 0.4 190.3 194.2 192.1 [191.8,192.5] [191.3,193.0] [191.0,193.2]
2 192.1 192.1 04 1902 1942 192.1 |[191.0,193.2] [191.3,193.0] [191.0,193.2]
1| - B . . .
RA 5 - - - - i ] i ] ]

Table 17-18: Monte Carlo simulation results of number and type of TAs, RAs and adjusted RAs for case 9.

Note: Bold font indicates a TA in the reference case.

Number of
Number of RA/TA| Number of CL Number LO Number of DE DCL/DDE
Type A/C # % # % # % # % # %
1 1000000 100 - - - = o - - -
TA 2 | 1000000 100 - - - - - - - -
2 - - - - - - - - - -
1 - - - - - - - - - -
RA 2 ) ) ) i : i i i ) i

The results of the reference case, as described in Section 16, and of the Monte Carlo simulation are
presented graphically in Figure 17-16 and numerically in Table 17-17 and Table 17-18.
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Case 9 reflects the reference case. In 100% of the Monte Carlo simulations TAs were issued by both
aircraft. The mean time of issue is for both aircraft equal to the time of issue of the reference case,
192.1s. The standard deviation is both aircraft also equal and low at 0.4s.

Neither in the reference case, nor in the Monte Carlo simulation a near mid-air collision or mid-air
collision was encountered. But it should be noted that without any flight path adjustments no mid-
air collisions or near mid-air collision would have occurred either.
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17.2 Simulation Results Il (Effect of Pilot Delay Variations)

In the second Monte Carlo set up, the random variation in pilot delay was omitted. Since in cases 1
and 9 no RA was issued, the pilot delay variation does not affect the Monte Carlo simulation.

Next, cases 2-8 are evaluated on the effect of variation in pilot delay.
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Case 2:

Whisker plot of time of issue of TA and RA
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In 108 simulation runs there were 0 near mid air collisions, and 0 mid air collisions.

Figure 17-17: Graphical visualization of Monte Carlo simulation results for case 2 with pilot delay variation

modified to zero. Red line: median; blue box: range of 50% confidence interval; dashed black line with T

shaped ends: minimum and maximum values; percentages: what part of the Monte Carlo runs the results

are based on; magenta dashed line: time of issue in the reference case.

Table 17-19: Difference in time of issue of TA/RA of case 2 between MC simulation | and Il (effect of pilot

delay variation).

Difference in time of issue [s]
Type A/C Mean o Min  Max Median
moo, T 0s s -
R R
g, | 304 e e
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Table 17-20: Difference in number and type of TA/RA of case 2 between MC simulation | and Il (effect of
pilot delay variation).

Difference in

Difference in Difference in Difference in Difference in number of
number of RA/TA|  number of CL number LO number of DE DCL/DDE

Type A/C # % # % # % # % # %
T [ [ [ s e e e

A 2 244 | 0.03 - - - - - - - -
RA i - = o= | = 41 0.01 -41 | -0.01 - =
2 243 | 002 -40 | -0.00 - - 283 | 0.03 - -

o 11| 117 oo | - | - - - - - 117 0.01
TRAadi |5 583 003 - - - - - - 283 0.03

In Figure 17-17 the results of the Monte Carlo simulation, which did not account for pilot delay

variation are given. In Table 17-19 and Table 17-20 the differences between the Monte Carlo
simulation with pilot delay variation and without pilot delay variation are presented. It can be seen
that the differences are very small. For aircraft 2, the increased number of “Do Not Climb/Descend”
RA adjustments could be caused by the difference in initial “Descend” RAs, which are unaffected by
the pilot delay variation. Also for both aircraft the difference in RA adjustments is too small for
meaningful feedback.

In Figure 17-18 the empirical densities of vertical miss distance are given for both Monte Carlo

simulations. The new results are centred at the reference vertical miss distance. Hence, it can be
concluded that a pilot delay variation causes a small increase in vertical miss distance.

Empirical density of vertical miss distance at CPA
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Figure 17-18: Empirical densities of vertical miss distance of case 2 of Monte Carlo simulations | and Il
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Case 3:

Whisker plot of time of issue of TA and RA
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In 108 simulation runs there were 0 near mid air collisions, and 0 mid air collisions.

Figure 17-19: Graphical visualization of Monte Carlo simulation results for case 3 with pilot delay variation
modified to zero. Red line: median; blue box: range of 50% confidence interval; dashed black line with T
shaped ends: minimum and maximum values; percentages: what part of the Monte Carlo runs the results
are based on; magenta dashed line: time of issue in the reference case.

In Figure 17-19 the results of the Monte Carlo simulation, which did not account for pilot delay
variation, are given. In Table 17-21 and Table 17-22 the differences between the Monte Carlo
simulation with pilot delay variation and without pilot delay variation are presented. It can be seen
that the differences are very small and are too small for meaningful feedback.

Table 17-21: Difference in time of issue of TA/RA of case 3 between MC simulation | and Il (effect of pilot
delay variation).

Difference in time of issue [s]
Type A/C Mean o Min  Max Median
T T YR T
RA 201 02 06 23 01
s, |3 08 02 38040
i
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Table 17-22: Difference in number and type of TA/RA of case 3 between MC simulation | and Il (effect of
pilot delay variation).

Difference in
Difference in Difference in Difference in Difference in number of
number of RA/TA|  number of CL number LO number of DE DCL/DDE
Type A/C # % # % # % # % # %
1 9 0.01 - - - - - - - -
A 2 -175 -0.02 - - - - - - - -
RA 1 -115 -0.01 -209 -0.02 89 0.01 5 - - -
2 12 - 1 - - - 11 - - -
st . 1 76 0.01 -160 -0.02 - - -266 -0.02 502 0.05
1" RA adj. 2 9 _ 1 _ ) ) _ . 10 _
nd . 1 -141 -0.02 - - - - - - -141 -0.02
2" RA adj. 2 3 ) ) ) ) ) 1 ) 2 )

In Figure 17-20 the empirical densities of vertical miss distances are given for both Monte Carlo
simulations. No difference can be seen, which means that pilot delay variation has no effect for case
3.

Population density of vertical miss distance at CPA
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Figure 17-20: Empirical densities of vertical miss distance of case 3 of Monte Carlo simulations | and II.
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Case 4:

‘Whisker plot of time of issue of TA and RA
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In 10° simulation runs there were 0 near mid air collisions, and 0 mid air collisions.

Figure 17-21: Graphical visualization of Monte Carlo simulation results for case 4 with pilot delay variation
modified to zero. Red line: median; blue box: range of 50% confidence interval; dashed black line with T
shaped ends: minimum and maximum values; percentages: what part of the Monte Carlo runs the results
are based on; magenta dashed line: time of issue in the reference case.

In Figure 17-21 the results of the Monte Carlo simulation, which did not account for pilot delay
variation are presented. In Table 17-23 and Table 17-24 the differences between the Monte Carlo
simulation with pilot delay variation and without pilot delay variation are given.

In Table 17-23 differences can be found in the time of issue of 3™ RA adjustments of aircraft 2.
However, the big difference in the time of issue is caused due to the fact that no third RA
adjustments by aircraft 2 were issued in the Monte Carlo simulation with pilot delay variation.

Table 17-23: Difference in time of issue of TA/RA of case 4 between MC simulation | and Il (effect of pilot
delay variation).

Difference in time of issue [s]
Type A/C Mean o Min  Max Median
K I R Y R T R
W |3 o1 08 03 o1
fRaad |53 o1
TR | 5 G4 02 05 51 03
3" RA adj ; % o % ?3.; -gél
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In Table 17-24 a large difference can be seen for second RA adjustments of aircraft 2. Without pilot
delay variation in 11186 simulation runs more a “Do Not Climb/Descend” RA adjustments was
issued. This is remarkably since the number of initial RAs and first RA adjustments were almost
identical. Hence, without pilot delay variation in 1.12% more of the simulation runs the aircraft
reached a position in which it was safe for aircraft 1 to weaken the RA. For aircraft 2 a difference
could be observed as well, but since the differences of the initial RAs and first RA adjustments are
equal, this is not due to the removed pilot delay variation, but due to measurement errors.

Table 17-24: Difference in number and type of TA/RA of case 4 between MC simulation | and Il (effect of
pilot delay variation).

Difference in

Difference in Difference in Difference in Difference in number of

number of RA/TA|  number of CL number LO number of DE DCL/DDE

Type A/C # % # % # % # % # %
T - - - T -1 - T -] -] -1 -1

A 2 | 1042 | 01 - - - - - - - -
" T N A e
2 | 1117 | 012 -1 - - - 1118 | 0.11 - -
aag | 1 9 - 9808 098 182 002 9049 09  -19048 -19
12 117 o2 -45 | -0.01 1 - 40 0.01 & 1121 | 0.11
nd |1 11186 | 112 13 - - - 9 - 11164 | 1.12
27 RAad;. | 142 | 0.01 -29 - 1 - 27 - 143 0.01
d 1 29 002 - - - - - - 29 0.01
3" RA adj. 2 1 _ ) ) ) ) ) i 1 _

Although a difference in issue of RA adjustments was observed, no large differences can be found in
the empirical densities of the vertical miss distance, as given in Figure 17-22. It can only be noted
that the pilot delay variation is smoothing the outcome.

0005 - Population density of vertical miss distance at CPA 5005 ¢ Population density of vertical miss distance at CPA
N T T
0004 | [==Without pilotdelay 4005 - — Without pilot delay
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a) Full pdf. b) Zoom-in of pdf.

Figure 17-22: Empirical density of vertical miss distance at CPA of Monte Carlo simulations | and Il for case 4.
a) full pdf graph; b) zoom-in left of pdf.
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Case 5:

Whisker plot of time of issue of TA and RA
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In 108 simulation runs there were 6179 near mid air collisions, and 0 mid air collisions.

Figure 17-23: Graphical visualization of Monte Carlo simulation results for case 5 with pilot delay variation
modified to zero. Red line: median; blue box: range of 50% confidence interval; dashed black line with T
shaped ends: minimum and maximum values; percentages: what part of the Monte Carlo runs the results
are based on; magenta dashed line: time of issue in the reference case.

In Figure 17-23 the results of the Monte Carlo simulation, which did not account for pilot delay
variation are presented. In Table 17-23 and Table 17-26 the differences between the Monte Carlo
simulation with pilot delay variation and without pilot delay variation are given.

In Table 17-26 it can be seen that there is a large increase in “Do Not Climb/Descend” RAs for first RA
adjustments increased twice as much as the number of initial RA, but the number of “Do Not
Climb/Descend” RAs for second RA adjustments decreased. Hence, the pilot delay variation is
causing in a small number of runs that TCAS may not issue a weakening of RA prior to a clear of
conflict message.

Nevertheless, from the empirical densities in Figure 17-24 this effect cannot be observed, but only
that the variation in pilot delay is smoothing the results.
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Table 17-25: Difference in time of issue of TA/RA of case 5 between MC simulation | and 1l (effect of pilot
delay variation).

Difference in time of issue [s]
Type A/C Mean o© Min  Max Median
wo [P
w5 T %n o1 o
PR |0 G 01 -
s |5 o1 o1 o4 03 ol
3" RAadj. ; 0:2 0:6 g:z 412 i

Table 17-26: Difference in number and type of TA/RA of case 5 between MC simulation | and Il (effect of
pilot delay variation).

Difference in
Difference in Difference in Difference in Difference in number of
number of RA/TA|  number of CL number LO number of DE DCL/DDE

Type A/C # % # % # % # % # %

1 = = = = = = = = = =

TA 2 ) ) ) ) ) ) ) ; ) ;

RA 1 1822 0.18 2442 0.25 -591 -0.06 7 - -36 -

2 2273 0.23 2 - -158 -0.01 2454 0.24 -25 -
1" RA adj. 1 1891 0.19 -1781 -0.18 64 0.01 -1780 -0.18 5388 0.54
2 2340 0.23 -1798 -0.18 69 0.01 -1660 -0.17 5729 0.58
2" RA ad]. 1 -1398 | -0.14 294 0.03 - - -90 -0.01 -1602 -0.16
2 -1288 -0.13 -43 -0.01 -2 - -60 -0.01 -1183 -0.12

rd . 1 -88 -0.01 -41 -0.01 - - -47 - - -
3TRAadl |5 539 002 231 002 - - 6 0.00 2 0.00
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Figure 17-24: Empirical densities of vertical miss distance of case 5 of Monte Carlo simulations | and II.
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Case 6:

Whisker plot of time of issue of TA and RA
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In 10° simulation runs there were 30 near mid air collisions, and 0 mid air collisions.

Figure 17-25: Graphical visualization of Monte Carlo simulation results for case 6 with pilot delay variation

modified to zero. Red line: median; blue box: range of 50% confidence interval; dashed black line with T

shaped ends: minimum and maximum values; percentages: what part of the Monte Carlo runs the results

are based on; magenta dashed line: time of issue in the reference case.

In Figure 17-25 the results of the Monte Carlo simulation, which did not account for pilot delay
variation are presented. In Table 17-27 and Table 17-28 the differences between the Monte Carlo
simulation with pilot delay variation and without pilot delay variation are given.

Large differences can be found for first and second RA adjustments in Table 17-28. In regard to first
RA adjustments, in about 2% of the simulation runs a climb or “Descend” RA is issued instead of a
“Do Not Climb/Descend” RA. In regard to second RA adjustments, an increase in the total number of

RA adjustment can be seen, of which most were “Do Not Climb/Descend” RAs, about 1.5% of the

simulation runs.
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Table 17-27: Difference in time of issue of TA/RA of case 6 between MC simulation | and Il (effect of pilot

delay variation).

Table 17-28: Difference in number and type of TA/RA of

pilot delay variation).

Difference in time of issue [s]
Type A/C Mean o© Min  Max Median
™ T TEE—
S R T
PR |G 7 L s o
P |5 93 05 o0s  os
e, [ 19302 27
ey |1 08 02 26 0 o
% | 3 04 11 w4 05 os

case 6 between MC simulation | and Il (effect of

Difference in
Difference in Difference in Difference in Difference in number of
number of RA/TA|  number of CL number LO number of DE DCL/DDE
Type A/C # % # % # % # % # %
1 - - - - - - - - - -
TA 5 ) ] ] - i - - i ) i
RA 1 - - -1 - -830 -0.08 831 0.08 - -
2 - - 836 | 009 @ -83 | -0.09 - - - -
Raadi | L 1265 012 9483 094 64 | -001 12189 @ 122 @ -22873 @ -2.29
- 2 -1431 -0.15 10090 1.01 78 0.01 8574 0.86 -20173 -2.01
™ RA adi 1 15623 @ 1.56 -698 -0.07 -38 -0.01 -675 -0.07 17034 1.7
- 2 15045 1.51 -202 -0.02 -74 -0.01 120 0.02 15201 1.52
rd . 1 -505 -0.05 - - -22 -0.01 - - -483 -0.05
STRAAd |5 304 0.4 - - 31 - - - 363 | 0.03
th . 1 -28 o o = -20 -0.01 - - -8 -
ATRAAd |5 5 o1 - - 23 - - - -8 -
th . 1 -11 o = = -1 = = - -10 -
STRAad 1S 59 - - - 23 | -0.01 - - -16 -

Finally, a small effect can be identified in the empirical density of the vertical miss distance. In Figure

17-26 and increase in concentration of vertical miss distance at reference miss distance is present.
This means that pilot delay variation takes some weight away from the reference point and yields in

return a slightly higher vertical miss distance.
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Figure 17-26: Empirical densities of vertical miss distance of case 6 of Monte Carlo simulations | and II.
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Case 7:

210

200

190

150

140

130

120

e of TA and RA

— J—

98.28%
|

1

I

|

1

I

|
L
100%

Whisker plot of time of issu
I I

98.28% TAs for AIC 1: u=139.7s; 0=12s
100% TAs for A/IC 2: u=140.4s; 0=12.8s
16.93% RAs for A/C 1: u=181.8s; 0=8.8s

CL: 0%; LO: 7.13%; DE: 8.65%; DCL/DES: 1.15%
20.03% RAs for A/C 2: p=183.4s; 0=9s

CL: 0%; LO: 1.28%; DE: 0.01%; DCL/DES: 18.74%
13.06% 1. adj. RAs for A/C 1: p=183.6s; 0=8.8s

CL: 0%; LO: 0.71%; DE: 0%; DCL/DES: 12.34%
1.28% 1. adj. RAs for A/C 2: u=201.6s; 0=5.1s

CL: 0%; LO: 0%; DE: 0%; DCL/DES: 1.27%
1.26% 2. adj. RAs for A/C 1: p=176.8s; 0=3s

CL: 0%; LO: 0.8%; DE: 0%; DCL/DES: 0.45%
0.49% 3. adj. RAs for A/IC 1: u=180.4s; 0=3.8s

CL: 0%; LO: 0.12%; DE: 0%; DCL/DES: 0.37%
0.1% 4. adj. RAs for A/C 1: y=182.1s; 0=3s

CL: 0%; LO: 0.01%; DE: 0%; DCL/DES: 0.09%
0.01% 5. adj. RAs for A/C 1: u=183.1s; 0=3.55

CL: 0%; LO: 0%; DE: 0%; DCL/DES: 0.01%

&

<&

|
&

<&

o
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Figure 17-27: Graphical visualization of Monte Carlo simulation results for case 7 with pilot delay variation

modified to zero. Red line: median; blue box: range of 50% confidence interval; dashed black line with T

shaped ends: minimum and maximum values; percentages: what part of the Monte Carlo runs the results

are based on; magenta dashed line: time of issue in the reference case.

In Figure 17-27 the results of the Monte Carlo simulation, which did not account for pilot delay

variation are presented. In Table 17-29 and Table 17-30 the differences between the Monte Carlo

simulation with pilot delay variation and without pilot delay variation are given.

Neither in time of issue and number and type of TA and RA, nor in the empirical density of the
vertical miss distance, see Figure 17-28, large differences can be found. Hence, for case 7, the pilot

delay variation does not have a significant influence.
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Table 17-29: Difference in time of issue of TA/RA of case 7 between MC simulation | and 1l (effect of pilot

delay variation).

Difference in time of issue [s]
Type A/C Mean o Min  Max Median
A R TR T
RA T P T T
N it v
2" RA ad]. ; 0:1 -0_.1 11 -0_.8 o:1
m ; 0:2 -0_.1 0:5 1 0:2
m ; -o_.1 -0_.2 -1_.4 1:s :
m ; 0:5 0:7 0:9 3:1 -0_.3

Table 17-30: Difference in number and type of TA/RA of case 7 between MC simulation | and Il (effect of

pilot delay variation).

Difference in
Difference in Difference in Difference in Difference in number of
number of RA/TA|  number of CL number LO number of DE DCL/DDE
Type A/C # % # % # % # % # %
TA 1 -56 -0.01 - - - - - - - -
2 R R R R - R R - R -
RA 1 383 0.04 - - -418 -0.05 744 0.08 57 0.01
2 601 0.06 -1 - -333 -0.04 -13 - 948 0.1
st . 1 -334 -0.03 - - -931 -0.09 - - 597 0.06
VRAadi |5 303 003 3 - 1 - 3 - 302 | -0.03
2" RA ad]. ; —12_92 —0.-13 — —6?35 —0._07 : —6_07 —0._06
3 RA adj. ; -6_59 -0._07 - -3_94 -0._04 : -2_65 -O._03
4th RA adj. ; ‘2-82 '0.-02 : : -2-7 : : : -2-55 -0.-02
5"RAadj. | 15 : : i 2 i i : 13 :
2 - - - - - - - - - -
o1 Empirical density of vertical miss distance at CPA
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Figure 17-28: Empirical densities of vertical miss distance of case 7 of Monte Carlo simulations | and II.
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Case 8:
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In 10° simulation runs there were 0 near mid air collisions, and 0 mid air collisions.

Figure 17-29: Graphical visualization of Monte Carlo simulation results for case 8 with pilot delay variation
modified to zero. Red line: median; blue box: range of 50% confidence interval; dashed black line with T
shaped ends: minimum and maximum values; percentages: what part of the Monte Carlo runs the results

are based on; magenta dashed line: time of issue in the reference case.

In Figure 17-29 the results of the Monte Carlo simulation, which did not account for pilot delay
variation are presented. In Table 17-31 and Table 17-32 the differences between the Monte Carlo

simulation with pilot delay variation and without pilot delay variation are given.

Table 17-31: Difference in time of issue of TA/RA of case 8 between MC simulation | and Il (effect of pilot

delay variation).

Difference in time of issue [s]
Type A/C Mean o __ Min__Max_Median
L R R T
RA T TR T
a3 04 01 88 0s
TR | 57 01 04 08 0
m; 01 03 15 11 i
m ; 24 73 2 108 -17
5" RA adj. ; 1;30 0?9 17;;.3 186.6 1;30
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Similar to case 6, large differences can be found for first and second RA adjustments in Table 17-32.
In regard to first RA adjustments, in about 1-1.5% of the simulation runs a climb or “Descend” RA is
issued instead of a “Do Not Climb/Descend” RA. In regard to second RA adjustments, an increase in

the total number of RA adjustment can be seen, of which most were “Do Not Climb/Descend” RAs,
about 1-1.3% of the simulation runs.

Table 17-32: Difference in number and type of TA/RA of case 8 between MC simulation | and Il (effect of
pilot delay variation).

Difference in

Difference in Difference in Difference in Difference in number of

number of RA/TA|  number of CL number LO number of DE DCL/DDE

Type A/C # % # % # % # % # %
T S N O R R N S e

TA 5 ] . . ] ] ] ] ] ] ]
RA 1 100 001 - | - 100 | 0.01 - - - -
2 740 | 0.08 - - 613 | 0.06 127 | 0.01 - -

raadi | L | 104 001 7165 @ 071 10 - 7389 | 0.74 | -14460 | -1.45
- 2 741 0.08 7185 0.72 12 - 6177 0.62 -12633 | -1.26

T paadi, | L | 13307 133 - | - - - - - 13307 | 1.33
2 10185 1.02 -61 - -2 - -95 -0.01 10343 1.03

P [ R e B A B A B
STRAAd |5 g3 001 -2 - 3 - - - -84 | -0.01
o oo | B N N S
47 RA adj. ) ) ) ) ) 1 ) ) i 1 i
o | R S N R
5" RA adj. 5 ) ) ) ) ) ) ) ) 2 )

Finally, an effect can also be identified in the empirical density of the vertical miss distance. In Figure
17-30 there is an increase in concentration of vertical miss distance of the simulations without pilot

delay variation at the mean of the vertical miss distance of the Monte Carlo simulation with pilot
delay variation.

Population density of vertical miss distance at CPA
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Figure 17-30: Empirical density of vertical miss distance at CPA of Monte Carlo simulations | and Il for case 8.
a) full pdf graph; b) zoom-in left of pdf.
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17.3 Simulation Results IlI (Effect of various Uncertainties)

In the third simulation set up several Monte Carlo simulations were carried for cases 2-8. In each

Monte Carlo simulation only one uncertainty was enabled to investigate the effect of each

uncertainty on the vertical miss distance. Since, no RAs were issued in cases 1 and 9, the vertical

miss distance remains unaffected. Hence, cases 1 and 9 are left out from the evaluation.

To recap, there are the following eight uncertainties:

a)
b)
c)
d)
e)
f)
g)

h)

Dynamic range error, due to jitter in range measurements,

Static range error, due to bias in range measurements,

Dynamic altitude error, due to jitter in own altitude estimates,

Static altitude error, due to bias in own altitude estimates,

Dynamic error in own rate of climb/descend, due to jitter in own altitude velocity estimates,
variation in pilot delay,

probability of missed response (non-reception of an interrogation response), and

variation in starting time of TCAS cycle.

Note, that the same order is applied in the figures of the empirical vertical miss distances.
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Case 2:
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Figure 17-31: Empirical densities of vertical miss distance at CPA of case 2 of Monte Carlo simulations | and
lll. Black marker: reference. Blue: MC Sim I. Red: MC Sim IIl.

From the results in Figure 17-31 it can be seen that none of the single uncertainties has a significant
impact on the vertical miss distance at CPA.
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Case 3:
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Figure 17-32: Empirical densities of vertical miss distance at CPA of case 3 of Monte Carlo simulations | and
lll. Black marker: reference. Blue: MC Sim I. Red: MC Sim lil.

From the results in Figure 17-32 it can be seen that none of the single uncertainties has a significant
impact on the vertical miss distance at CPA. Hence, there must be a combination of uncertainties

that lead together to the increase of the vertical miss distance.
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Case 4:
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Figure 17-33: Empirical densities of vertical miss distance at CPA of case 4 of Monte Carlo simulations | and
Ill. Black marker: reference. Blue: MC Sim I. Red: MC Sim lll. Unit of x-axis: [ft].

From the results in Figure 17-33 it can be seen that different uncertainties have different effects.

The dynamic and static range measurement errors do not have any effect.

The dynamic and static altitude measurement errors have the largest effect and cause a spread of
the data with many peaks. Also it can be seen that in between many peaks the graph goes almost
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down to zero. Because the relative altitude velocity between the aircraft is relatively low compared
to the relative range velocity, only a small deviation in altitude error may have significant impact.

The dynamic error in the measurement of own rate of climb or descend has no significant influence.
In rare cases it causes an increase of 500ft in vertical miss distance (up to 1,500ft). A likely
explanation is that this error has mostly an effect on the rare issue of preventive RA adjustments.

For the variation in pilot delay it can be seen that it causes a normal shaped distribution of the
vertical distance around the reference miss distance. Hence, the pilot delay variation causes a
smoothing of the empirical density.

The probability of missed response has in about 10% of the cases a new concentration at about
1,100ft.

The variance in the start time of the TCAS also leads to a concentration of vertical miss distances at
about 1,100ft; even more significant than the probability of a missed response. Probably there is a
tipping point for the starting time which leads to different RAs.
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Case 5:
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Figure 17-34: Empirical densities of vertical miss distance at CPA of case 5 of Monte Carlo simulations | and
lll. Black marker: reference. Blue: MC Sim I. Red: MC Sim IIl.

From the results in Figure 17-34 it can be seen that that different uncertainties have different
effects.

The dynamic and static range measurement errors do not have any effect.
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The dynamic and static altitude measurement errors have the most significant effect. Both lead to
vertical miss distances below 100ft and therefore could cause a mid-air collision. Besides, it can also
be seen that the static altitude measurement error alone largely causes the type of shape of the
empirical density function with all uncertainties enabled.

The dynamic error in the measurement of own rate of climb or descend causes vertical miss
distances below 600ft. It can also be seen that six clearly separated peaks were created, which
means that it causes 6 different behaviors of the RA generation.

For the variation in pilot delay it can be seen that it spreads out the vertical miss distance around the
reference point. Hence, it is likely that the pilot delay variation causes a smoothing in the overall pdf.

The probability of missed responses has no large impact. Only in rare cases it causes a decrease in
miss distance down to 750ft.

Similar to case 4, the variance in the start time of the TCAS leads to two large concentrations of
vertical miss distance, where one is concentrated at the reference point and the other is
concentrated at 900ft. So probably there is again a tipping point for the starting time which leads to
different RAs.

165



Case 6:
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Figure 17-35: Empirical densities of vertical miss distance at CPA of case 6 of Monte Carlo simulations | and
lll. Black marker: reference. Blue: MC Sim I. Red: MC Sim IIl.

From the results in Figure 17-35 it can be seen that that different uncertainties have different
effects.

The dynamic and static range measurement errors do have the largest effect. The dynamic range
measurement error is causing two large concentrations of vertical miss distance at the same peak

locations of the simulations where all uncertainties were enabled. The static range error also causes
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a small peak around 1,400ft. The significant influence of the static and dynamic range errors for case
6 is likely due to the low relative range velocity, causing small deviations to have a relative high
effect.

The dynamic and static altitude measurement errors have less effect than range errors. They cause
some peaks but all are very close to the reference miss distance.

The dynamic error in the measurement of own rate of climb or descend has a small effect; there is
only one very large peak which is at a marginally higher vertical miss compared to the reference.

The variation in pilot delay, the probability of missed responses, and the start time of the TCAS cause
each a small spread of the vertical miss distance where the peaks are at a marginally higher vertical
miss compared to the reference.
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Case 7:
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Figure 17-36: Empirical densities of vertical miss distance at CPA of case 7 of Monte Carlo simulations | and

Ill. Black marker: reference. Blue: MC Sim I. Red: MC Sim IIl.

From the results in Figure 17-36 it can be seen that none of the single uncertainties has a significant
impact on the vertical miss distance at CPA. Only for the static altitude measurement error it can be
seen that in rare cases the vertical miss distance decreases below 600ft and increases above 1,000ft.
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Case 8:
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Figure 17-37: Empirical densities of vertical miss distance at CPA of case 8 of Monte Carlo simulations | and
lll. Black marker: reference. Blue: MC Sim I. Red: MC Sim IIl.

From the results in Figure 17-37 it can be seen that the effects are small.

The dynamic and static range measurement errors do not have a large effect, but only increase the
location of the peak by about 50ft.
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The dynamic and static altitude measurement errors cause both a relatively spread of the vertical
miss distance around the reference point.

The dynamic error in the measurement of own rate of climb or descend has one large peak. It is
remarkably that this peak is located exactly at the location where the peak of the simulation with all
uncertainties enabled.

For the variation in pilot delay, the probability of missed responses, the variance in the start time of
the TCAS have a similar effect and cause a small spread of the vertical miss distance around the
reference point.

Hence, it can be concluded that in reference to the simulation where all uncertainties were enabled,
the dynamic error in the measurement of own rate of climb or descend causes location of the peak,
and the dynamic and static error in altitude cause the shape of the peak.
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18 Conclusions

From the simulation results for the nine cases studied, the following is concluded.

First, the mean time of issuing an RA is often not significantly affected by uncertainties. This could be
observed in the results of the Monte Carlo simulation results in which all uncertainties were
enabled, i.e. the highest difference between the mean time of issue of an RA and the reference case
was 1.1s for case 5.

Second, the variation in time of issuing an RA is significantly affected by uncertainties in cases where
the vertical closing speeds are low. E.g. in case 7 the relative altitude velocity is 200ft/min and the
maximum standard deviation in time of issue of initial RAs is 9s (aircraft 2). In case 5 the relative
altitude velocity is 1,000ft/min and the standard deviation in time of issue of initial RAs is 2.5s for
both aircraft. In the other cases the relative altitude velocities are equal or above 1,600ft/min and
the standard deviations in time of issue of initial RAs are equal or below 2.0s.

Third, uncertainties have a significant effect on whether an RA is issued or not, i.e. in the following
cases an RA was issued although there was none in the reference case: about 21% in case 3 for
aircraft 1; in about 21% in case 4 for aircraft 2; about 17% aircraft 1, and about 20% for aircraft 2 in
case 4. In contrast, in case 5 in about 5% of the simulations each aircraft issued no RA, although
there were initial RAs for both aircraft in the reference case.

Fourth, uncertainties have a significant effect on the type of RA issued. For example, the type of RA
issued deviated in about 24% of the simulation runs in case 2 and in about 23% of the simulation
runs in case 6. In both cases, the different selected RAs resulted in an altitude crossing, although the
reference case has shown that both aircraft could have ensured sufficient separation without
crossing altitudes (Note: as described in Section 9 TCAS Il prefers to select RAs which do not lead to
altitude crossings).

Fifth, uncertainties have a significant effect on the number of consecutive RA adjustments. In all
cases where an RA was issued (cases 2-8), more RA adjustments were issued compared to the
reference case. In cases 6 and 7, up to five RA adjustments were issued. Since only up to five RA
adjustments were stored in the data, it is possible that even more RA adjustments were issued.

Sixth, TCAS Il Version 7.1 may cause loops of conflict detection and clear of conflict declaration until
both aircraft have passed the CPA. However, it needs to be determined whether this is due to
assumption 7 of agent “Cockpit i” in Section 13, which assumes that the pilot levels off after he/she
has received a clear of conflict message, or due to RAs issued by TCAS, or a mixture of the two.

Seventh, the effect on the variation in pilot delay has either an effect on both the number of RA
adjustments and the vertical miss distance at CPA, or none of the two. For example, in cases 2 and 3
no large differences could be found in the empirical density of vertical miss distance and in the
number of RA adjustments issued. In cases 4 to 8, a difference could be observed for both the
empirical density of vertical miss distance and the number of RA adjustments. Moreover, it was
identified that the variation in pilot delay has a smoothing effect on the empirical density of vertical
miss distance.

Eighth, uncertainties clearly have an effect on the safety of TCAS Il operations. In case 6, near mid-air
collisions were encountered, although this would not have occurred if no RAs were issued.
Moreover, the root cause is the dynamic and static error in altitude measurements. In the results of
the third Monte Carlo simulation, it was observed that only the dynamic or static altitude errors
cause the vertical miss distance to decrease below 100ft.
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Ninth, the dynamic and static range errors only have an impact on the vertical miss distance, if the
horizontal closing speeds are low, i.e. in case 6 the closing speed was relatively low due to similar
headings of the aircraft (353 and 360°), and both the static and dynamic range error influenced the
vertical miss distance. For all the other cases, no impact by the both the dynamic or static range
error could be found and the horizontal closing speeds were relatively large, since the headings of
the aircraft differed by at least 82°.

Tenth, only through conducting rare MC simulation it can become clear which uncertainties play a
significant role under which encounter conditions. It is expected that more can be learned by
conducting rare event MC simulations for other encounter types and under other conditions.

Finally, from the conclusions drawn, it can be seen that uncertainties have a large and unpredictable
impact on TCAS operations. Although only nine specific cases were evaluated, it was identified that
uncertainties can induce mid-air collisions, and therefore, it is recommended to include
uncertainties in future risk assessments of TCAS Il operations.

A risk assessment that is currently of interest in aviation is the estimation of risk of collision between
a TCAS Il equipped aircraft and an UAV. For example, due to the large increase in use of UAVs, the
FAA is currently developing a collision avoidance system especially for UAVs, ACAS XU. In order to
assess the performance of such new ACAS, the new TCAS model may be used.

Hence, next to the development of the new TCAS model, an ACAS for an UAV was developed, too.
This model is based on the ACAS XU concept of the FAA. The surveillance is done through automatic
dependent surveillance-broadcast (ADS-B) and can select between vertical and horizontal avoidance
manoeuvring. From the developed model, a Petri Net model was created, which was also
programmed in MATLAB. Furthermore, the model has been already successfully verified. The
description of the model and the Petri Net model are included in Appendix B, C and D. Currently,
Monte Carlo simulations are carried out which simulate one TCAS Il equipped aircraft and one UAV
to assess the performance of the developed ACAS for UAV.
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Upper bound of target altitude velocity of aircraft ‘i’ at time ‘t’

Minimum altitude velocity limit indicated by RA at time ‘t’

Minimum altitude velocity limit indicated by RA at time ‘t’

Measured pressure altitude of aircraft ‘i’ at time ‘t’

Measured relative altitude difference between aircraft ‘i’ and aircraft ‘k’ with
reference to aircraft ‘i’ at time ‘t’

Reported altitude of aircraft ‘i’ at time ‘t’

Reported measurement of the altitude velocity of aircraft ‘i’ at time ‘t’

Reported measurement of horizontal position of aircraft ‘i’ at time ‘t’

Reported measurement of ground speed of aircraft ‘i’ at time ‘t’

Measured distance of aircraft ‘k’ to aircraft ‘i’ by aircraft ‘i’ (slant range)

Measured heading of aircraft ‘i’ at time ‘t’ in reference to true North

Relative bearing measurement by aircraft ‘i’ of aircraft ‘k’ at time ‘t’

RA altitude separation threshold value

Time step of aircraft evolution

Time step of iteration

Time step of iteration

RA time threshold value

Altitude velocity measurement error of aircraft ‘i’ at time ‘t’
Measurement error in x direction of aircraft ‘i’ at time ‘t’

Measurement error in y direction of aircraft ‘i’ at time ‘t’

Measurement error of groundspeed of aircraft ‘i’ at time ‘t’
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Tt A ADSB
Tt,CPA, ADSB

t,H,lim

Tt H,mod, ADSB

i
l ModeS

Heading measurement error of aircraft ‘i’ at time ‘t’

Bearing measurement error of measurement by aircraft ‘i’ of aircraft ‘k’ at
time t’

Magnetic heading of aircraft ‘i’ at time ‘t’
Turn rate of aircraft ‘i’ at time ‘t’

Maximum turn rate of aircraft ‘i’

Indicated turn rate in RA for aircraft ‘i’ at time ‘t’

Relative altitude residual at time ‘t’

Estimate of standard error of prediction at time ‘t’ of parabolic range tracker

Time to co-altitude for ACAS UAV

Estimated time until closes point of approach at time ‘t’ for ACAS UAV

Threshold value determining the minimum required time until CPA which
allows for an effective horizontal avoidance manoeuvre for aircraft ‘i’

Modified time until closest point of approach for RA for ACAS UAV

Aircraft ID of aircraft ‘i’

Note: symbols regarding the colour of a token in the Petri Net specification are only listed at that

location.






Glossary of Terms

ACAS Airborne Collision Avoidance System
ADS-B Automatic dependent surveillance — broadcast
AT Altitude test

BBT Bearing based tracker

CDTI Cockpit display of traffic information
coc Clear of conflict

CPA Closest point of approach

CT Cartesian tracker

DAA Detect and Avoid

HMD Horizontal miss distance

HMDF Horizontal miss distance filter

IPN Interconnecting Petri Net

LPN Local Petri Net

PRT Parabolic range tracker

RA Resolution Advisory

RT Range test

TA Traffic Advisory

TCAS Traffic Collision Avoidance System
UAV Unmanned Aerial Vehicle
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Introduction

The Thesis is structured in two volumes: Main Body, and Appendices. This volume includes the
following appendices belonging to Agent-based Modelling and Simulation of TCAS Operations under
Uncertainty - Volume I: Main Body.

e In Appendix A the Petri Net model specification of the new TCAS model is presented.
e In Appendix B a preliminary detect and avoid system for UAS is developed.
o In Appendix C the Petri Net model of the detect and avoid system for UAS is developed.

e In Appendix D the Petri Net model specification of the detect and avoid system for UAS is
presented.

Note, numbering of sections and equations are continuous throughout Volume | and Volume II.
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A Petri Net Model Specification

In total there are the following 4 agents:
e TCAS|,
e Communication i,
e Cockpiti, and
e Ajrcrafti.

Each aircraft is modelled by four agents. If the aircraft is TCAS equipped, then these agents are: TCAS
i, Communication i, Cockpit i, and Aircraft i. If the aircraft is an UAV, then these agents are: ACAS
UAV i, Communication i, Cockpit i, and Aircraft i. Next the specifications of the agents are given.

A.1 Agent “TCASi”

Since TCAS is a complex system consisting of several modules, each module is modelled as a LPN. An
additional IPN is added to model the timer which models the elapsed time until CPA, as this timer is
required for several modules in order to determine whether these should be reset. The outputs, i.e.
TA, RA, sense coordination, secondary RA, COC message, are also modelled as IPNs. Hence, agent
"TCAS i” has in total 7 LPNs and 6 IPNs which are described below.

LPN “State Estimation”

The state estimation local Petri net represents the slant range and vertical range filtering, and the
horizontal miss distance filter modules as described in Section 5.

Incoming arcs within same agent

e None

Outgoing arcs within same agent

e Two enabling arcs from place “P” to LPN “TA Module” transitions G1 and G2

e Two enabling arcs from place “P” to LPN “Threat Detection” transitions G1 and G2

e Two enabling arcs from place “P” to LPN “Sense Selection” transitions | and G

e Two enabling arcs from place “P” to LPN “Strength Selection” transitions |1 and 12

e Two enabling arcs from place “P” to LPN “Evolution Monitoring” transitions G1 and G2

Incoming arcs from other agent

e Incoming arc from place “State message from aircraft k to i” of LPN “Measurements” of
agent “Communication k” to transition G1

e Inhibitor arc from place “State message from aircraft k to i” of LPN “Measurements” of agent
“Communication k” to transition G2

e Two enabling arcs from place “P” of LPN “State” of agent “Aircraft i” to transitions G1 and
G2

Outgoing arcs to other agent

e None

Places



The following colours equal the variables given in Equations (30)-(41) and (49)-(114) in Sections 5

and 7. Exception is colour t© which is added to control the TCAS cycle of 1Hz.

Table A-1: Places of LPN State Estimation of agent TCAS i.

Places Colour type Explanation Colour function
P  eR Slant range estimate None
eR Slant rate estimate None
LaeR Relative altitude estimate None
faeR Relative altitude rate estimate None
a€R Altitude residual None
Vti,A cR Measured altitude velocity of None
aircraft V'
yti’A cR Measured altitude of aircraft ‘i’ None
tCeR Time delay until next =1
update/measurement
i . . i
hoses €R Aircraft ID of aircraft ‘i None
k . H i,
Zeows €R Aircraft ID of aircraft ‘k None
B, wor € {0,1} State of horizontal miss distance None
filter. Equals 1 if filter active
I onr € R Slant range estimate of parabolic None
range tracker of HMDF
rt‘PRT ceR Relative velocity estimate of None
parabolic range tracker of HMDF
i ceR Relative acceleration estimate of None
t,PRT K
parabolic range tracker of HMDF
I oy €R Relative jerk estimate of parabolic | None
range tracker of HMDF
|:>t i {0,...,8} Firmness parameter of HMDF None
O €R Range noise estimator of HMDF None
O ger € R X coordinate of range estimate of None
' bearing based tracker
Oy ser €R Y coordinate of range estimate of None
' bearing based tracker
G, x ger € R X coordinate of velocity estimate of | None
o bearing based tracker
Gy ser €R Y coordinate of velocity estimate of | None
o bearing based tracker
e €R Slant range estimate of Cartesian None
’ tracker of HMDF
Lo eR Relative velocity estimate of None
' Cartesian tracker of HMDF
i R Relative acceleration estimate of None
fier €

Cartesian tracker of HMDF
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toor € R Timer to pause HMDF foor =—1
Indicator whether reliable aircraft None
Bt,firm € {071} .
tracks have been established
Initial markings

Initially, there is a token in place “P”. The initial colours of this token are defined in Sections 5 and 7
(see Equations (30)-(41) and (49)-(114)). Except, the initial colour of t®is determined initially by

drawing a random sample from a uniform distribution between 0 and 1.

Transitions

Table A-2: Transitions of LPN State Estimation of agent TCAS i.

ID Transition Condition

G1 State message from aircraft k to i t® <0
{Measurements[Communication k]} A
P{State[Aircrafti]}aP > P

G2 NOT State message from aircraft k to i t® <0
{Measurements[Communication k]} A
P{State[Aircrafti]}aAP > P

Table A-3: Firing functions of transitions of LPN State Estimation of agent TCAS i.

ID Firing function

G1 One token is fired to place P with colours.
The colours are set according to Equations (30)-(41) and (49)-(114) in Sections 5 and 7.

Some of the colour components are updated as described below:
Yor = Yir {State message from aircraft k to i{Measurements[Communication k]}}

Yo = yt,A{State message from aircraft k to i{Measurements| Communication k]}}
Vi 5 =V, | P{State[ Aircraft i}}

Vi a-where s, =, {P{State[ Aircraft i]}} , see Equation (17);

Yo = Yo {State message from aircraft k to i{Measurements[Communication k]}}

And according to:
t® =1s

Note, a measurement about the intruder is present.

G2 One token is fired to place P with colours.
The colours are set according to Equations (30)-(41) and (49)-(114) in Sections 5 and 7.

Some of the colour components are updated as described below:




Vi 5 =V, | P{State[ Aircraft i}}

yti'A,where Sti’Z = Sti'Z {P{State[Aircraft I]}} see Equation (17);

And according to:
t® =1s

Note, no measurements about the intruder are present.
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LPN “Received Coordination Message”

The received coordination message, as defined in Equation (26), is saved in LPN “Received
Coordination Message”.

Incoming arcs within same agent

e Two incoming arcs from transitions G1 and G2 of LPN “Threat Detection” to place “P”

Outgoing arcs within same agent

e Two outgoing arcs from place “P” to LPN “Threat Detection” transitions G1 and G2
e Two enabling arcs from place “P” to LPN “Sense Selection” transitions | and G

Incoming arcs from other agent

e Incoming arc from place “Coordination message from aircraft k to i” of LPN “Measurements”
of agent “Communication k” to transition |

Outgoing arcs to other agent

e None

Places

Place “P” stores the value of the received coordination message as described in Section 4 (see
Equation (26)).

Table A-4: Place of LPN Received Coordination Message of agent TCAS i.

Places Colour type Explanation Colour function
P M, received € {_1,0’1} Received coordination None

message
Initial markings

Initially there is a token present in place “P”. The initial colour is described below:

Table A-5: Initial marking of place of LPN Received Coordination Message of agent TCAS i.

Places Colour Explanation
7 M, received = 0 No message received
Transitions

Table A-6: Transition of LPN Received Coordination Message of agent TCAS i.

ID Transition Condition

I Coordination message from aircraft k to i None
{Measurements[Communication k]} AP > P
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Whenever a new coordination message is present, then the stored coordination message is updated
according to Equation (26). As described in Section 4, a coordination message will be transmitted
until the recipient has acknowledged the reception. The Petri Net model models the behaviour such

that it continuously transmits a message but indicates through the additional parameter P

whether the intruder is sending a new coordination message.

Table A-7: Firing function of transition of LPN Received Coordination Message of agent TCAS i.

ID | Firing function

I One token is fired with the colour:
if p,,., {Coordination message from aircraft k to i

{Measurements[ Communication k]}} ~1

M, received = M <ene { COOTdination message from aircraft k to i

o ,according to Equation(26)
{Measurements[Communlcatlon k]}}

else

M, received = My, received {P} ,stored received coordination message remains unchanged




LPN “TA Module”

The Traffic Advisory LPN represents the Traffic Advisory module as described in Section 6.

Incoming arcs within same agent

e Two enabling arcs from place “P” in LPN “State Estimation” to transitions G1 and G2
e Two enabling arcs from place “P” in IPN “Timer” to transitions G1 and G2

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e Qutgoing arc from transition G1 to place “P” in IPN “TA”

Places

There are two places without colours: “TA” and “No TA”.

Initial markings
Initially there is a token in place “No TA” without colour. The places represent Bt‘TA from Equation
(48). A token in place “TA” represents the condition B, ;, =TRUE. A token in place “No TA”

represents the condition B, ;, = FALSE .

Transitions
Table A-8: Transitions of LPN TA Module of agent TCAS i.

ID Transition Condition
Gl | No .TA A P{State Estimation} A If B4 = TRUE from Equation (48), where
AR PG AL, r, =r, {P{State Estimation}}
i, =1 {P{State Estimation}}

I, =1, »{ P{State Estimation} |
i, o =1 {P{State Estimation }}
Vi o =V; o{ P {State Estimation} }
Yo a =Y {P{State Estimation}}

G2 TA A P{State Estimation} A P{Timer}->
No TA If {|:(_'Bt,RT V=B ar ) N (tt,timer < O):’ Vv B, iior }

from Equation (156) is satisfied, where
r, =r, {P{State Estimation}}

i, =t {P{State Estimation}}
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r,, =1, »{P{State Estimation}}

i, o =1 »{P{State Estimation}}

Vi o =V; o{ P {State Estimation} }

Yoa = Yo {P{State Estimation}}

L timer = L timer {P {Timer}}

By vwor = By e { P {State Estimation}}

Note, this is the same test as to issue a clear of
conflict message and reset the system

Table A-9: Firing functions of transitions of LPN TA Module of agent TCAS i.

ID Firing function

G1 Two tokens without colours are fired. One token to P{TA}, and one token to TA

G2 One token without colour is fired to No TA.
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IPN “TA”
IPN to indicate issue of TA.

Incoming arcs within same agent

e Incoming arc from transition G1 of LPN “TA Module” of agent “TCAS Aircraft i” to place “TA”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

There is one place “P” without colour.

Initial markings

Initially there is no token at place “P”.

Transitions

There are no transitions in the IPN.

LPN “Threat Detection”

The Threat Detection LPN represents the Threat Detection module as described in Section 8.

Incoming arcs within same agent

e Two enabling arcs from place “P” in LPN “State Estimation” to transitions G1 and G2

e Two incoming arcs from place “P” in LPN “Received Coordination Message” to transitions G1
and G2

e Two enabling arcs from place “P” in IPN “Timer” to transitions G1 and G2

Outgoing arcs within same agent

e Enabling arc from place “Threat” to transition | of LPN “Sense Selection”
e Two outgoing arcs from transitions G1 and G2 to place “P” in LPN “Received Coordination
Message”

Incoming arcs from other agent

e None



Outgoing arcs to other agent

e None

Places
There are two places without colour: “Threat” and “No threat”. The places represent B, ., from
Equation (121). A token in place “Threat” represents the condition B, o, =TRUE . A token in place

“No threat” represents the condition B, ;, = FALSE .

Initial markings

Initially there is one token without colour in place “No Threat”.

Transitions
Table A-10: Transitions of LPN Threat Detection of agent TCAS i.

ID | Transition Condition
Gl | No threat A P{State If B, ga = TRUE from Equation (121), where
Estimation} A P{Received . .
Coordination Message} A k=N {P{State ESt'matlon}}
P{Timer}-> Threat A =", {P{State EStimatiOI‘l}}
P{Received Coordination . .
Message] I, =1, » { P{State Estimation

}}
i, o =1 »{P{State Estimation }}
Vi o =V, o{ P {State Estimation}}
Y a = Yi o { P {State Estimation} |
M, received = My receives { P { RECeiVed Coordination Message} |

G2 | Threat A P{State Estimation} a { < }
P{Received Coordination 1 [(_'Bt'RT VB ) " (t"“mer - O)] v B rwor  from
Message} A P{Timer}-> No Equation (156) is satisfied, where
threat A P{Received L=t {P {State Estimation}}

Coordination Message . .
ge} i, =t {P{State Estimation}}

I =, »{ P{State Estimation} |
i, o =1 »{P{State Estimation}}
Vi o =V, o{P{State Estimation}}
H
b timer = L timer {P{Timer}}
By vwor = By iwor { P {State Estimation}}

Note, this is the same test as to issue a clear of conflict
message and reset the system

Yoa = Y {P{State Estimation
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Table A-11: Firing functions of transitions of LPN Threat Detection of agent TCAS i.

ID Firing function

G1 In total two tokens are fired:
One token without colour is fired to place Threat.
One token with unchanged colour from P{Received Coordination Message} is fired to
P{Received Coordination Message}

G2 In total two tokens are fired:

One token without colour is fired to place No threat.

One token with the following colour is fired to P{Received Coordination Message}:
M, received | P{ RECeIVEd Coordination Message}} =0
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LPN “Sense Selection”

The Sense Selection LPN represents the Sense Selection module as described in Section 9.

Incoming arcs within same agent

e Two enabling arcs from place “P” in LPN “State Estimation” to transitions | and G
e Two enabling arcs place “P” in from LPN “Received Coordination Message” to transitions |
and G

e Two incoming arcs place “P” in from LPN agent “Timer” to transitions | and G
e Enabling arc from place “Threat” of LPN “Threat Detection” to transition |

Outgoing arcs within same agent

e Enabling arc from place “No sense” to transition 12 of LPN “Strength Selection”
e Enabling arc from place “Sense” to transition |11 of LPN “Strength Selection”

e Two outgoing arcs from transitions | and G to place “P” of IPN “Timer”

e Qutgoing arc from transition | to place “P” of IPN “Sense coordination”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places
The places represent Bt’Dfrom Equations (123) and (138). A token in place “Sense” represents the

condition B, ; =TRUE . A token in place “No sense” represents the condition B, ; = FALSE.

Table A-12: Places of LPN Sense Selection of agent TCAS i.

Places Colour type Explanation Colour function
No sense | None None None
Sense i
Dt c {_1’ 0’1} Selected sense, see Equations None
(127) and (131)
e{-101 Sent coordination message, see None
M en { } Equation (137)

Initial markings

Initially there is one token without colour in place “No sense”

Transitions

A-12




Table A-13: Transitions of LPN Sense Selection of agent TCAS i.

Transition Condition

No sense a P{State Estimation} | N/A
A P{Received Coordination
Message} A P{Timer} A
Threat{Threat Detection}—>
Sense n P{Sense coordination}
A P{Timer}

Sense a P{State Estimation} A
P{Received Coordination I {[(_' eV B ) A (tt*“mer < O)] v B iwor } from
Message} A P{Timer} - No Equation (156), or if

sense A P{Timer} |:(rnt,sent = M, received ) A (Zr(\)nodes > Xvodes ):| from Equation (138)
is satisfied, where

r, =1, {P{State Estimation}}

i, =1 {P{State Estimation}}

r =1, »{P{State Estimation}}

i, o =1 »{P{State Estimation }}

Vi o =V; o{ P {State Estimation} }
Yi a = Y1 | P{State Estimation}}
e imer = timer | P{TiMer}}

B, e = By iwor { P {State Estimation}}

M, received = My received { P { RECeiVed Coordination Message} |
Xnvotes = Xnoaes { P {State Estimation} }

Hivodes = Xrioses | P {State Estimation }}

Table A-14: Firing functions of transitions of LPN Sense Selection of agent TCAS i.

Firing function

In total three tokens are fired. The colours are determined according to Equations (123)-
(138), where

r, =1, {P{State Estimation}}

i, =t {P{State Estimation}}

I, =1, »{ P{State Estimation} |

i, o =", o { P{State Estimation}}

Vi o =V, » { P{State Estimation }}

Yia = Yi A {P{State Estimation }}

t, dmer = timer { P{TimMer}}

B, e = By wior { P {State Estimation}}

M, receved = M receea { P { RECEIVEd Coordination Message} }

One token is fired to Sense with the following colours:
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Dt and MM, g {Sense} , according to Equations (123)-(137)

One token is fired to P{Timer} with colour:
t, timer » according to Equations (123)-(125)

One token is fired to P{Sense Coordination} with the following colour:
SSense_coordimition =M, et {Sense} , according to Equations (123)-(137)

Two tokens are fired.
One token is fired to No sense without colour.

One token is fired to P{Timer} with colour:

tLtimer = O
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IPN “Timer”

The timer measures whether the time until CPA at initial RA has elapsed.

Incoming arcs within same agent

e Incoming arcs from LPN “Sense Selection” transitions | and G

Outgoing arcs within same agent

e Two enabling arcs from place “P” to LPN “TA Module” transitions G1 and G2

e Two enabling arcs from place “P” to LPN “Threat Detection” transitions G1 and G2

e Two outgoing arcs from place “P” to LPN “Sense Selection” transitions | and G

e Two enabling arcs from place “P” to LPN “Strength Selection” transitions |11 and 12

e Two enabling arcs from place “P” to LPN “Evolution Monitoring” transitions G1 and G2

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

Table A-15: Place of IPN Timer of agent TCAS i.

Places Colour type Explanation Colour function
P t imer € R Time until CPA based on initial fttimer =-1
' RA, see Equation (125) '

Initial markings

Initially there is one token present in place “P”. The colour is described below:

Table A-16: Initial marking of place of IPN Timer of agent TCAS i.

Places Colour Explanation

P timer =0 Initial value not relevant
,timer

Transitions

There are no transitions in the IPN
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IPN “Sense coordination”

Incoming arcs within same agent

e Incoming arc from transition | of LPN “Sense Selection”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e Qutgoing arc from place “P” to transition I1 of LPN “Mode S Reply” of agent
“Communication i”

Places

Table A-17: Place of IPN Sense Coordination of agent TCAS i.

Places Colour type Explanation Colour
function
P M, g € {_1, 0,1} Coordination message from None
aircraft i to k

Initial markings

Initially there is no token in place “P”.

Transitions

There are no transitions in the IPN.
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LPN “Strength Selection”

The Strength Selection LPN represents the Strength Selection module as described in Section 9.5.

Incoming arcs within same agent

e Two enabling arcs from place “P” in LPN “State Estimation” to transitions I1 and 12

e Two enabling arcs from place “P” in LPN “Timer” to transitions 11 and 12

e Enabling arc from place “Sense” of LPN “Sense Selection” to transition I1

e Enabling arc from place “No sense” LPN “Sense Selection” to transition I2

e Incoming arc from place “P” in LPN “Evolution Monitoring” to transition |1

Outgoing arcs within same agent

e Qutgoing arc from transition 11 to place “P” in LPN “Evolution Monitoring”

e Qutgoing arc from transition |1 to place “P” in IPN “RA”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

There are two places without colour: “Strength” and “No strength”.

Initial markings

Initially there is one token without colour in place “No strength”

Transitions

Table A-18: Transitions of LPN Strength Selection of agent TCAS i.

ID Transition Condition

11 No strength a Sense{Sense Selection} A N/A
P{State Estimation} A P{Timer} A
P{Evolution Monitoring} - Strength a
P{Evolution Monitoring} A P{RA}

12 Strength A No sense{Sense Selection} A N/A
P{State Estimation} A P{Timer} > No
strength

Table A-19: Firing functions of transitions of LPN Strength Selection of agent TCAS i.

ID Firing function

11 In total three tokens are fired. The colours are determined according to Equations (42)-(48)

and (139)-(142) where
r, =1, {P{State Estimation}}
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i, =1 {P{State Estimation}}

I, =1 »{P{State Estimation}

i, o =1, o {P{State Estimation}}

Vi o =V; o{P{State Estimation}}
Yia =Yi A{P{State Estimation}}
D, = D, {Sense{Sense Selection}}

M, o = M, oo { SENSE{SeNSE Selection }}

One token without colour is fired to place “Strength”.
One token with colours is fired to P{RA}. The colours are determined as follows:

Vi, aramin = Vi,A RAmin
i i
Vt,A,RA,max - Vt,A,RA,max

a[i‘A’RA =0.259, assumed acceleration by the pilot flying (ICAO, 2006)
9ti'RA =0 ,TCAS does not include horizontal avoidance logic

tza =N (5,0.52)8 ,the reaction time of the pilot flying is modelled by drawing a sample from

a normal distribution with the mean equal to the assumed reaction time by (ICAO, 2006) and
a standard deviation of 0.5s.

One token with colours is fired to P {Evolution Monitoring}. The colours are determined as
follows:

D/=D

[ = D, {Sense {Sense Selection} |

mf,\sem =M, oy {Sense{Sense Selection}}

i |
Vt,A,RA,min - Vt,A,RA,min
i i

Vt,A,RA,max _Vt,A,RA,max

tt\RA =8s

One token without colour is fired to No strength
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IPN “RA"

IPN to indicate the issue of an RA.

Incoming arcs within same agent

e Incoming arc from transition 11 of LPN “Strength Selection”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e Qutgoing arc to transition I1 of LPN “Pilot Flying” of agent “Cockpit i”

Places

There is one place “P” with the following colours.

Table A-20: Place of IPN RA of agent TCAS i.

Places Colour type Explanation Colour
function
P Vti Aramn € R Target lower altitude velocity None
o bound of RA
Vti Arama € R Target upper altitude velocity None
Y bound of RA
ali ara ER Target altitude rate of RA None
49': s €R Target turn rate of RA None
to, €R Assumed reaction time of the pilot | None
Initial markings

Initially there is no token at place “P”.

Transitions

There are no transitions in the IPN.
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LPN “Evolution Monitoring”

The Evolution Monitoring LPN represents the evolution monitoring module as described in Section
10.

Incoming arcs within same agent

e Two enabling arcs from place “P” in LPN “State Estimation” to transitions G1 and G2
e Incoming arc from transition |1 of LPN “Strength Selection” to place “P”
e Two enabling arcs from place “P” of IPN “Timer” to transitions G1 and G2

Outgoing arcs within same agent

e Qutgoing arc from place “P” to transition I1 of LPN “Strength Selection”
e Qutgoing arc from transition G1 to place “P” of IPN “Adjusted RA”

e Qutgoing arc from transition G2 to place “P” of IPN “Adjusted RA”

e Qutgoing arc from transition G2 to place “P” of agent IPN “COC”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

Next to the variables used in Section 10, the Petri net model has an additional colour,
S

should be carried out.

Evolution_monitoring » 1O d€termine when the evolution monitoring algorithm (Equations (143)-(156))

Table A-21: Place of LPN Evolution Monitoring of agent TCAS i.

Places Colour type Explanation Colour function
P SEvoluﬁon_monimring c {0,1} Equals 1 if monitoring active None
DtA c {_1’ 0’1} Updated selected sense None
A X —
M ot € {_1, 0,1} \r:;tsuszlgseent coordination None
Vti aramn € R Minimum target altitude None
T velocity of current RA
Vti Aram € R Maximum target altitude None
o velocity of current RA
tt‘RA eR Interval time o.f.monltorlng tt‘RA =1
cycle for transition G1

Initial markings

Initially there is one token present in place “P”. The colours are defined as described below:
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Table A-22: Initial marking of place of LPN Evolution Monitoring of agent TCAS i.

Places Colour Explanation
P SEvoluﬁon_monitoring =0 Initially no monitoring
DtA =0 Initially no monitoring, so value not of interest
m[’\sent =0 Initially no monitoring, so value not of interest
i - I ;
Vi aramin = 0 Initially no monitoring, so value not of interest
i - — — .
Vi arama =0 Initially no monitoring, so value not of interest
tt‘RA =0 Initially no monitoring, so value not of interest
Transitions

Table A-23: Transitions of LPN Evolution Monitoring of agent TCAS i.

ID

Transition

Condition

Gl

P A P{State Estimation} A P{Timer} = P A
P{Adjusted RA}

If either Equation (147) or Equation (149) are
satisfied where

r, =1, {P{State Estimation}}

i, =t {P{State Estimation}}
I =1, »{P{State Estimation}
i, o =1 o {P{State Estimation}}
Vi o =Vi o{ P {State Estimation} |
Yia = Yi A {P{State Estimation }}

G2

P A P{State Estimation} A P{Timer} > P
P{Adjusted RA} A P{COC}

If {[(—‘ rr VB AT ) A (tt’timer < 0):| Vv Bt,HMDF}

from Equation (156) is satisfied, where
r, =1, {P{State Estimation}}

i, =t {P{State Estimation}}

I =, »{P{State Estimation}

i, o =1 o{P{State Estimation}}

V{ o =Vi o{ P {State Estimation} |

Yia = Yi A {P{State Estimation }}

, imer = b mer { P{ TiMeEr }}

B =B, ,or | P{State Estimation}}

t,HMDF
Note, this is the same test as to issue a clear of
conflict message and reset the system
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Table A-24: Firing function of transitions of LPN Evolution Monitoring of agent TCAS i.

ID Firing function
G1 In total two tokens with colours are fired.
One token is fired to place P{Adjusted RA} with the following colours:
V:’A’RA’min , according to Equations (42)-(48) and (143)-(155)
Vti,A,RA,max , according to Equations (42)-(48) and (143)-(155)
af'AYRA =0.35¢g, assumed acceleration by the pilot flying (ICAO, 2006)
G'?Ldjusted_RA =(0,TCAS does not include horizontal avoidance logic
Cagiusted_ra = N (2.5,0.52)8 ,the reaction time of the pilot flying is modelled by drawing a
sample from a normal distribution with the mean equal to the assumed reaction time by
(ICAO, 2006) and a standard deviation of 0.5s.
One token is fired to place “P” with the following colours:
SEvolution_ monitoring = 1
and according to Equations (42)-(48) and (143)-(155):
DA
t
A
ml,SGnt
VtI,A,RA,min
VtI,A,RA,max
tt\RA
G2 In total three tokens are fired.

One token without colour to place P{COC}.

One token with colours to place P. The colours are as follows:
SEvolution_monitoring = O
and according to Equations (42)-(48) and (143)-(155):
A
Dt
A
mt,sent
i
Vt,A,RA,min
VtI,A,RA,max
t

t|RA

One token with colours to place P{Adjusted RA}. The colours are as follows:
Vi,A,RA,min , according to Equations (42)-(48) and (143)-(155)

t

V:'A’RA’maX , according to Equations (42)-(48) and (143)-(155)

a'[i,A,RA =0.359, assumed acceleration by the pilot flying (ICAO, 2006)

éiAdjusted_RA =0,TCAS does not include horizontal avoidance logic
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ngjusted ra = N (2.5,0.52)5 ,the reaction time of the pilot flying is modelled by drawing a

sample from a normal distribution with the mean equal to the assumed reaction time by
(ICAO, 2006) and a standard deviation of 0.5s.

Note that this latter token to place P{Adjusted RA} is fired to reset the colour properties of a
level off RA, as it is assumed that the pilot will level off the aircraft after a clear of conflict
message and will ask the air traffic controller for further instructions.
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IPN “Adjusted RA”

IPN to indicate the issue of a secondary RA.

Incoming arcs within same agent

e Incoming arc from transition G1 of LPN “Evolution Monitoring” to place “P”
e Incoming arc from transition G2 of LPN “Evolution Monitoring” to place “P”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e Qutgoing arc to transition 12 of LPN “Pilot Flying” of agent “Cockpit i”

Places

There is one place “P” with the following colours.

Table A-25: Place of IPN Adjusted RA of agent TCAS i.

Places Colour type Explanation Colour
function
P vti Aramin € R Lower velocity bound of RA None
vti Aramx € R Upper velocity bound of RA None
a[i ara ER Assigned acceleration of RA None
H'Ldjusted o €R Turn rate of RA None
tAdjusted ca € R Time stamp of message None

Initial markings

Initially there is no token at place “P”.

Transitions

There are no transitions in the IPN.
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IPN “COC”

IPN to indicate the issue of a clear of conflict message.

Incoming arcs within same agent

e Incoming arc from transition G2 of LPN “Evolution Monitoring” to place “P”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e Qutgoing arc from place “P” to transition 12 of LPN “Mode S Reply” of agent
“Communication i”

Places

There is one place “P” without colours.

Initial markings

Initially there is no token at place “P”.

Transitions

There are no transitions in the IPN.
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A.2 Agent “Communication i”
This agent has 3 LPNs and 2 IPNs. The LPNs are the following:

e Transponder,
e Mode S Reply, and
e Interrogation.

The IPN is the following one:

e Measurements, and
e Int. mes. from aircraftito k.

LPN “Transponder”

In case the transponder is not working or switched off at one of the two aircraft, then that aircraft is
not able to communicate. Whether the transponder is working is modelled in this LPN.

Incoming arcs within same agent

e None

Outgoing arcs within same agent

e Enabling arc from place “Working” to LPN “Mode S Reply” transition I3
e Enabling arc from place “Working” to LPN “Interrogation” transition G

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

Table A-26: Places of LPN Transponder of agent Communication i.

Places Colour type Explanation Colour function
i Working i iri ‘Working _
Working trans” € R Delay until next firing ==
Not _ working i Tri *Not _ working __
Not ' oo cR Delay until next firing frorso =1
working
Initial markings

Initially there is one token in place “Working”. Currently, there are no assumptions made on the
technical reliability of the transponder. Therefore, the time delay to enable the transition from place
“Working” to “Not working” is set higher than the duration of the simulation, e.g. 999 hours. This
ensures that the token remains in the place “Working”.
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Table A-27: Initial marking of places of LPN Transponder of agent Communication i.

Places Colour Explanation
Working t‘T":g:;'gg =999h Delay until the transponder stops working
Transitions

Table A-28: Transitions of LPN Transponder of agent Communication i.

ID Transition Condition
1 i Not_ worki
G1 Not working - Working tTrgngpwor g <
: 5 Worki
G2 Working - Not working tTrZ;sI;g <0

Currently the initially condition of the token in place “Working” are set, such that the token remains
in that place. Hence, the firing functions do not become active and don’t need to be defined yet.

Table A-29: Firing functions of transitions of LPN Transponder of agent Communication i.

ID Firing function
G1 One token to Working with the following colour:
Worki
bronsp. = 18D
G2 One token to Not working with the following colour:

t Not _ working — TBD

Transp
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LPN “Mode S Reply”

It transmits the state information and a coordination message, if applicable, of aircraft ‘i’ to the IPN,
such that aircraft ‘k’ may receive slant range, relative altitude, relative heading, and the coordination
message, if applicable, as input for the TCAS system.

Incoming arcs within same agent

e Enabling arc from place “Working” of LPN “Transponder” to transition 13

Outgoing arcs within same agent

e Qutgoing arc from transition “l14” to place “Sent message from Aircraft i to k” of LPN
“Measurements”

Incoming arcs from other agent

e Incoming arc from place “P” of IPN “Sense coordination” of agent “TCAS i” to transition I1

e Incoming arc from place “P” of IPN “COC” agent “TCASi” to transition 12

e Enabling arc from place “P” of LPN “State” of agent “Aircraft i” to transition I3

e Incoming arc from place “P” of IPN “Int. mes. from aircraft k to i” of agent “Communication
k” to transition I3

Outgoing arcs to other agent

e None

Places

As described in the Section 4, the aircraft ‘i’ transmits information about the own altitude and a
coordination message, if applicable. These information are created as colours in place “Sending”.
After the message has been sent, only the coordination message is stored. Additionally, as described

in Section 4, it is assumed that the coordination message is only sent repeatedly until the other

Sending

vode s » 1S introduced to indicate

aircraft has received the message. Therefore, an extra variable, p

whether TCAS has updated the coordination message.

Table A-30: Initial places of LPN Mode S Reply of agent Communication i.

Places Colour type Explanation Colour function
Sending M, gt € {—l, 0,1} Sense coordination None
message
yti,A cR Measugred altitude of None
own aircraft i
f/le:;;flgs c {0,1} Indication whether the None

coordination message
was updated

Not ' M, gone = {_1,0,1} Sense coordination None
sending message
pug;iesnding e {0,1} Indication whether the None

coordination message
was updated
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Initial markings

One token is in place “Not Sending” with the following colours:

Table A-31: Initial markings of places of LPN Mode S Reply of agent Communication i.

Places Colour Explanation
Not M, g =0 No coordination message available
sendin ' | —

= ugzgsesnd'"g =0 Coordination message was not updated
Transitions

There are three transitions as specified below. Transitions 11 and [2 transfer the coordination
message generated by TCAS to the LPN “Mode S Reply”, such that the coordination message can be
sent to the intruder. Transition I3 generates the altitude measurement about aircraft ‘i’. Transition 14
transmits the gathered information further to the IPN from where the information can be picked up
by the intruder aircraft ‘k’.

Table A-32: Transitions of LPN Mode S Reply of agent Communication i.

ID Transition Condition
11 Not sending a P{Sense coordination[TCAS N/A
i1}=> Not sending
12 Not sending n P{ COC[TCAS i]}-> Not sending | N/A
13 Not sending n Working{Transponder} A N/A

Int. mes. from aircraft k to i{Measurements}
A P{State[Aircraft i]} = Sending

14 Sending = Not sending A N/A
Sent message from aircraft i to
k{Measurements}

Table A-33: Firing functions of transitions of LPN Mode S Reply of agent Communication i.

ID Firing function

11 One token is fired with the following colours:
M gont = M ont {P{Sense coordination[ TCAS |]}}

Not _sending __ 1

Mode _S
12 One token is fired with the following colours:
mt,sent = O
Not _ sendi
Mode s =1
13 One token is fired to Sending with the following colours according to Equations (17) and

(162)-(166):
M, gent = M, een { NOE sending }
vore s = Puece & { Not sending }
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Yi » Where s, =5/, {P{State[Aircraft |]}}

The number of tokens fired depend on a sample drawing from a uniform distribution with
range [0,1]. If the sample is smaller or equal than 0.95 (probability of reception), then
following two tokens are fired:

One token is fired to {Sent message from Aircraft i to k{Measurements}} with the
following colours:

Yon = Yo {Sending}
rT"t,sent = r‘n'(,sent {sendlng}
pCoordination = pl?/l?c?eirlgs {sendlng}

One token is fired to Not Sending with the following colours:

ml,sent = nqt,sent {Sending}

Not _sending __
pMode_S =0

Else, only one token is fired to place Not Sending with the following colours:

ml,sent = mt,sent {Sendlng}
Phs <04 = peendng. { Sending )
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IPN “Measurements”

This IPN adds the measurements about slant range, relative bearing and relative altitude.

Incoming arcs within same agent

e Incoming arc from transition “I14” of LPN “Mode S Reply” to place “Sent message from
Aircraftito k”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e Enabling arc from place “P” in LPN “State” in agent “Aircraft i” to transition |
e Enabling arc from place “P” in LPN “State” in agent “Aircraft k” to transition |

Outgoing arcs to other agent
e Qutgoing arc from place “State message from Aircraft i to k” to transition G1 of LPN “State
Estimation” of agent “TCAS k”
e Inhibitor arc from place “State message from Aircraft i to k” to transition G2 of LPN “State
Estimation” of agent “TCAS k”
e Qutgoing arc from place “Coordination message from Aircraft i to k” to transition | of LPN
“Received coordination message” of agent “TCAS k”

Places

Table A-34: Places of IPN Measurements of agent Communication i.

Places Colour type Explanation Colour
function
Sent message yti,A cR Measured altitude of aircraft i’ None
:roolzn Aircraft i M, o € {_1, 0’1} gi?::;:ifion message sent to own | None
Pree {0 1} Indication whether the None
coordination message was
updated
State message Y., eR Slant range measurement between | None
from Aircraft i aircraft ‘i’ and ‘K’
tok y .€R Relative altitude measurement None
' between aircraft ‘i’ and ‘k’
Yo, €R Relative heading measurement None
between aircraft ‘i’ and ‘k’
Coordination M, g € {_110’1} Coordination message sent to own | None
message from aircraft ‘i’
Aircraft i to k Prec € {0’1} Indication whether the None
coordination message was
updated

A-31




Initial markings

Initially none of the places have a token.

Transitions

There is one transition | which generates the measurements about the slant range, relative heading
and relative altitude. Besides, transition | also splits the sent message into two. The token sent to
place “State message from Aircraft i to k” includes the state information, and the token sent to place
“Coordination message from Aircraft i to k” includes the coordination intent.

Table A-35: Transition of IPN Measurements of agent Communication i.

ID Transition Condition

I Sent message from Aircraft i to k a N/A
P{State[Aircraft i]} A P{State[Aircraft k]}>
State message from Aircraft i to k a

Coordination message from Aircraft i to k

Table A-36: Firing function of transition of IPN Measurements of agent Communication i.

ID Firing function

I One token to State message from Aircraft i to k is fired with the following colours:
Y, r according to Equation (15), where

sf =S {P{State[Aircraft i}

P{State[ Aircraft ] }}
{ I}
{State[ Aircraft k]|

P {State[ Aircraft i}}
P |
P{State [Aircraft k]}}
P I

=5,
sﬁz = sy, { P{State[ Aircraft k]}

Y, according to Equation (20), where

Yi a = Yi o { Sent message from aircraft i to k}
s, =58 {P{State[Aircraft k]}}

Y, ¢ @ccording to Equation (16), where
Sf,X =5 {P{State[Aircraft |]}}

=5 {State[Ai reraft i

LA )
Sth{ {State[ Aircraft k] }
{P /)

=5 {State[Ai reraft k|

Ly
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[Vin ] =[vin|{P{State[ Aircraft i]}}
0 = 0, {P{State[ Aircraft i} |

One token to Coordination message from Aircraft i to k is fired with the following colours:
M gene = M, oo { SENt Message from Aircraft i to k }

Pres = Pres { SENt Message from Aircraft i to k}
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LPN “Interrogation”

This LPN sends out the interrogation message to aircraft ‘k’.

Incoming arcs within same agent

e Enabling arc from place “Working” of LPN “Transponder” to transition G

Outgoing arcs within same agent

e Qutgoing arc to LPN “Int. mes. from aircraft i to k”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

Table A-37: Place of LPN Interrogation of agent Communication i.

Places Colour type Explanation Colour
function
P t! eR Time delay until next interrogation | { =1
n n
message
Initial markings
One token is in place “P” with the following colours:
Table A-38: Initial marking of place of LPN Interrogation of agent Communication i.
Places Colour Explanation
P tiint is determined by a drawing of sample | Time delay until next interrogation
from a uniform distribution with a range message
of [0,1]
Transitions

There is one transition G which is activated if the colour value of the token in place “P” is below zero

and if the transponder is working.

Table A-39: Transition of LPN Interrogation of agent Communication i.

ID Transition Condition

G P A Working{Transponder}-> P a P{Int. mes. t <0
q q int —
from aircraft i to k}
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Table A-40: Firing function of transition of LPN Interrogation of agent Communication i.

ID Firing function
G In total two tokens are fired.
One token is fired with the following colours to place P:
t. =1s

One token is fired without colour to P{Int. mes. from aircraft i to k}.
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IPN “Int. mes. from aircrafti to k”

This IPN links agents “Communication i” and “Communication k” to transfer the interrogation
message sent from aircraft ‘i’ to ‘k’.

Incoming arcs within same agent

e Incoming arc from transition G of LPN “Interrogation” to place “P”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e Qutgoing arc to transition I3 of LPN “Mode S Reply” of agent “Communication k”

Places

There is one place “P” without colours.

Initial markings

Initially there is no token at place “P”.

Transitions

There are no transitions in the IPN.
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A.3 Agent “Cockpit i”
Agent “Cockpit i” has three LPN and two IPNs. The LPNs are the following:

e Pilot Flying,
e CDTI, and
e Aural Annunciation.

The IPNs are the following:

e Pilot Input, and
e Auto Pilot.

Next the LPNs and the IPNs are described.

LPN “Pilot Flying”
The pilot becomes active if he/she receives an RA and the reaction time has elapsed. Then the new
target altitude velocity boundaries and the target turn rate are updated in the agent “State Aircraft

i”. Please note that the reaction time of the pilot is modelled in place “P” of IPN “RA” and place “P”
of IPN “Adjusted RA”.

Incoming arcs within same agent

e Enabling arc from LPN “CDTI” place “Working” to transition G1
e Enabling arc from LPN “Aural Annunciation” place “Working” to transition G1
e Enabling arc from IPN “Auto Pilot” place “P” to transition G2

Outgoing arcs within same agent

e Qutgoing arc from transition G1 to place “P” of IPN “Pilot Input”
e Qutgoing arc from transition G2 to place “P” of IPN “Pilot Input”

Incoming arcs from other agent

e Incoming arc from agent “TCAS i” IPN “RA” place “P” to transition 11
e Incoming arc from agent “TCAS i” IPN “Adjusted RA” place “P” to transition 12

Outgoing arcs to other agent

e None

Places

There is one place “P” which has colours as described below.
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Table A-41: Place of LPN Pilot Flying of agent Cockpit i.

Places Colour type Explanation Colour function
P Seractive € {011} Indication whether an RA is present | None
VFf\#"jf;cﬂve cR Minimum target altitude velocity None
VF’j'F"la;aive cR Maximum target altitude velocity None
aF/jF_adive cR Target altitude rate None
9PF_active eR Target turn rate None
tor active € R Reaction time of pilot fPF_acﬁve =1
Initial markings
Initially there is a token present at place “P” with the colours described below.
Table A-42: Initial marking of place of LPN Pilot Flying of agent Cockpit i.
Places Colour Explanation
P SPF_active = No RA present
vlﬁ\l’zmir;ctive — No RA present
VSI’:n:a;(ctive = No RA present
aF/fF_acﬁve = No RA present
gPF_mve = No RA present
tF,,:_active =0 No RA present
Transitions
Table A-43: Transitions of LPN Pilot Flying of agent Cockpit i.
ID Transition Condition
11 P{RA[TCASi]}AP> P Immediate transition
12 P{Adjusted RA[TCASi]}aP > P Immediate transition
G R oy | St by e 20
G2 P A P{Auto Pilot} - P{Pilot Input} SPF_active{Pl} =1

Table A-44: Firing functions of transitions of LPN Pilot Flying of agent Cockpit i.

ID Firing function

11 One token with the following colours:
Vlﬁl;rTZCtive = Vti,A, RA, min { P { RA[TCAS I]}}
Vo Raie = Vi mame { P{RA[TCAS i]}}
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&r o = 3 {P{RA[TCAS i]}}

PF _ active

Ove oo = Ora { P{RA[TCAS i}}
tor_acive =tra { P{RA[TCAS i]}}
12 One token with the following colours:
Vo™ heive = Vo a pamin { P {Adjusted RA[TCAS i}}
VA e =V ra {P{Adjusted RA[TCAS i]}}
a‘IﬁF _ active = a:djusted _RA { P {Adj USted RA[TCAS I]}}
éPF _ active = éAdjusted _RA { P {Adj UStEd RA[TCAS I]}}
tPF _ active = tAdjusted _RA { P {AdJUStEd RA[TCAS I]}}
G1 One _token with fche following colours:
VPAl;nilr;ctive = VPAI‘anIgctive { P}
Vli-\l':nla;(ctive = VF?l':nia:ctive { P}
a‘Ig\F _ active = aIéF _ active { P}
GPF _active = gPF _active { P}
G2 One token with the following colours:
Vlélérrllgctive = Vlfl':m_lr;ctive { P}
Vlﬁlérrla;(ctive = Vlﬁlénia;(ctive { P}

A _AA
aPF _active — aPF _ active { P}

9 = épF _active { P}

PF _ active
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IPN “Auto Pilot”

IPN to indicate whether an autopilot is reacting upon RAs, i.e. in UAVSs.

Incoming arcs within same agent

e None

Outgoing arcs within same agent

e Enabling arc from place “P” to transition G2 of LPN “Pilot Flying”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

There is one place “P” without colours

Initial markings

If, the aircraft is an UAV then there is a token without colour present at place “P”, else no token is
present.

Transitions

There are no transitions in the IPN.
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IPN “Pilot Input”

IPN to transfer the pilot or autopilot input to agent “Aircraft i”.

Incoming arcs within same agent

e Incoming arc from transition G1 of LPN “Pilot Flying” to place “P”
e Incoming arc from transition G2 of LPN “Pilot Flying” to place “P”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e Qutgoing arc to transition | of LPN “State” of agent “Aircraft i”

Places

There is one place “P” with colours as described below.

Table A-45: Place of IPN Pilot Input of agent Cockpit i.

Places Colour type Explanation Colour function
T — . .
P Ver " acive € R Minimum target altitude velocity None
VF’ijma;Cme cR Maximum target altitude velocity None
7 :
Abr acive € R Target altitude rate None
gpF_acﬁve cR Target turn rate None
Initial markings

Initially there is no token at place “P”.

Transitions

There are no transitions in the IPN.

LPN “CDTI”

The CDTI informs the crew visually about an RA.

Incoming arcs within same agent

e None
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Outgoing arcs within same agent

e Enabling arc from place “Working” to LPN “Pilot Flying” transition G1

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

Table A-46: Places of LPN CDTI of agent Cockpit i.

Places Colour type Explanation Colour function
i Working i iri ‘Working __
Working o9 e R Delay until next firing fYorne = —1
Not _ working i iri :Not _working __
Not . tho cR Delay until next firing (e =-1
working
Initial markings

Initially there is one token in place “Working”. Its colour is specified according to the system

reliability, Pcpr, - The system reliability for the CDTI system is assumed to be 107 per flight hour.

Table A-47: Initial markings of places of LPN CDTI of agent Cockpit i.

Places

Colour type

Explanation

Working

If a sample from a drawing of a uniform
distribution of range [0,1] is larger than Pepry
multiplied by the length of the simulation, then
{oring _ goQp .

Working

Else, tpy,  is determined by a sample of

uniform distribution of the range zero to length
of simulation.

Delay time until CDTI stops
working.

Transitions

Table A-48: Transitions of LPN CDTI of agent Cockpit i.

ID Transition Condition
G1 Not working -> Working t CNDotﬁworking <0
G2 Working - Not working tgvg;kling <0

It is assumed that once the system stops working, it remains until the end of the simulation. This is

ensures due to the very large delay time of 999 hours.
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Table A-49: Firing functions of transitions of LPN CDTI of agent Cockpit i.

ID Firing function

G1 One token to Working with the following colour:
(om0 ~TBD

G2 One token to Not working with the following colour:
té\lDOErTworking — 999h
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LPN “Aural Annunciation”

The Aural Annunciation system informs the crew aurally about an RA.

Incoming arcs within same agent

e None

Outgoing arcs within same agent

e Enabling arc from place “Working” to LPN “Pilot Flying” transitions G1

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

Table A-50: Places of LPN Aural Annunciation of agent Cockpit i.

Places Colour Explanation Colour function
i Working i iri Working __
Working ke e R Delay until next firing frorng — 1
Not _ working i iri cNot _working __
Not . tho cR Delay until next firing o =1
working
Initial markings

Initially there is one token in place “Working”. Its colour is specified according to the system
reliability, P, - The system reliability for the Aural Annunciation system is assumed to be 107 per

flight hour.

Table A-51: Initial markings of places of LPN Aural Annunciation of agent Cockpit i.

Places Colour Explanation

Working If a sample from a drawing | Delay until Aural Annunciation system stops working
of a uniform distribution
of range [0,1] is larger

than P, Multiplied by

the length of the
simulation, then

tWorking — 999h )

Aural

Working . .
Else, ty,a  is determined

by a sample of uniform
distribution of the range
zero to length of
simulation.
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Transitions

Table A-52: Transitions of LPN Aural Annunciation of agent Cockpit i.

ID Transition Condition

G1 Not working -> Working t/l;lorta_lworking <0
" <

G2 Working - Not working t\AVorinng <0
ura -

It is assumed that once the system stops working, it remains until the end of the simulation. This is
ensures due to the very large delay time of 999 hours.

Table A-53: Firing functions of transitions of LPN Aural Annunciation of agent Cockpit i.

ID Firing function
G1 One token to Working with the following colour:
Working __
tAural =TBD
G2 One token to Not working with the following colour:
Not _working __
tpura =999h
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A.4 Agent “Aircrafti”

This agent has one LPN “State”. Next the LPN is described.

LPN “State”

The agent computes the evolution of each aircraft ‘i’ according to parameters such as, position,

velocity, and target velocity.

Incoming arcs within same agent

None

Outgoing arcs within same agent

None

Incoming arcs from other agent

Outgoing arcs to other agent

Places

Incoming arc from place “P” of IPN “Pilot Flying” of agent “Cockpit i” to transition |

Enabling arcs from place “P” to LPN “State Estimation” of agent “TCAS i” transitions G1 and

G2

Enabling arc from place “P” to LPN “Mode S Reply” of agent “Communication i” transition 13

Enabling arc from place “P” to LPN “Measurements” of agent “Communication” transition |

Place “P” has colours according to the aircraft states described in Section 4. A change in altitude

velocity and heading are modelled through a turn rate input from the pilot, or a minimum and

. . . i
maximum altitude velocity, V; 5 i,

and V'

t, A,max

(not described in Section 4), and altitude acceleration

setting from the pilot, i.e. see transition |. The change of position and velocity is modelled through

transition G after a predefined time step, A

A/C _state *

Table A-54: Place of LPN State of agent Aircraft i.

Places Colour type Explanation Colour function

P s, eR X position None
s., eR y position None
sti ,€R Altitude None

[ Ground speed None

HVLH H IS {0,. ,oo} p
v, ,eR Altitude velocity None
9: eR Heading None
vti amin € R Target minimum altitude velocity | None
Vi o max € R Target maximum altitude velocity | None
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a[i J€R Altitude rate None
g'ti cR Turn rate None
g: viss €R Bias of the slant range None
' measurements
gL bios € R Bias of the altitude None
' measurements
AecR Length of discrete time step None
G i G _
ts . eR Delay until next update forc sae =—1
Initial markings

One token is present in place “P”. The discrete time step of the simulation is set to 0.1s (A =0.1s)
and the initial delay until the next time step is zero (tG =0). The initial parameters of aircraft ‘i’

depend on the to be modelled scenario, e.g. see scenarios in Section 16.

Transitions

Table A-55: Transitions of LPN State of agent Aircraft i.

ID Transition Condition
G PP tf:/(:_state < 0
[ P a P{Pilot Input[Cockpit i]} > P N/A

The horizontal position components, Stivxand Sti are updated through the position change resulting

Wy
i
t,z?

and heading, Qti. The altitude, S, ,, is updated using the current

from the ground velocity, Vi]H ,

altitude velocity, Vti’A.

The heading, Hti , is updated using the turn rate, éti . In case the new heading is out of the magnetic

range (0-360 degrees) then the heading is corrected accordingly.

In case the vertical velocity, vti’A, is not between the minimum target altitude rate, Vti and the

,A,min ’

maximum target altitude rate, vti then the velocity is altered based on the current altitude

,A,max ’

acceleration setting, a[' A
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Table A-56: Firing functions of transitions of LPN State of agent Aircraft i.

ID Firing function

G One token to P.

The colours Sti,x' Sti’y , Sti’Z Vi ar 6’: , change according to Equations (157)-(161).

The colour determining the guard transition delay is reset to tSGtate =A

The remaining colours remain unchanged.

I One token to P and the colours change according to:
Vi pmin= Ve "maie | P{Pilot Input {Cockpit i} }}

Vi e = Vo e {P{Pilot Input { Cockpit |}}}
8}, =&l wne| P{Pilot Input{Cockpit i}}}
éti = éPF_active{P{PiIOt InpUt{COCkplt I}}}

And the remaining colours remain unchanged.
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B ACAS UAV

The ACAS X, concept of (FAA, 2015b) describes that UAS should be capable of vertical and horizontal
avoidance manoeuvring. Additionally the system should be capable of cooperating with aircraft
equipped with different ACAS, i.e. ACAS X, and TCAS II. Last, ACAS X, equipped aircraft may have
multiple surveillance systems, but ADS-B is a mandatory.

Therefore, a DAA system was developed which behaves similar to TCAS Il for vertical collision
avoidance manoeuvers but is also capable of horizontal avoidance manoeuvring. The decision which
type of manoeuvring is selected is based on the predicted vertical and horizontal miss distances.

It should be noted, that although ACAS X the RA selection is based on look up tables which are
computed through dynamic programming (Kochenderfer, 2010, 2011), in the model no look up
tables are used, but the RA decision are determined by rule based calculations.

B.1 State and velocity variables

The state and velocity variables are the same as identified for the TCAS Il Ver.7.1 model as defined in
Equations (1)-(14).

B.2 State and altitude measurements by aircraft ‘i’

According to (FAA, 2015b) ACAS Xy may process multiple measurement inputs, where ADS-B is a
mandatory surveillance technology. In this model only ADS-B surveillance is considered. The
horizontal position is reported in quantization which results in a precision of at least 1.1m™.
Additionally, a measurement error applies. According to (FAA, 2010, 2015a) the FAA requires an
ADS-B position accuracy of 0.05NM with a 95% confidence interval. This leads to an error bound of
0.075NM with 99.7% confidence. As the error induced by quantization of reports is very small, in

position measurements only the measurement error is considered. Y, pssiS the measured

horizontal position of aircraft ‘i’ at time ‘. &'

i .
txapse aNd &, apsp are the measurement errors in x

and y direction respectively.

i

. . &,

i A i t,x,ADSB

Yin.aose =St | (162)
€4,y,ADSB

i . . o« . iy i B
Yi.t.v.apse IS the measured ground speed of aircraft ‘i’ at time ‘t’, where &, |, is the measurement

error. This model assumes perfect velocity measurements (&, , =0).

i Allyi i
Yi.,v, A58 = Hvt,H H"’ & H (163)

! Source: http://adsb-decode-guide.readthedocs.io/en/latest/velocity.html; last accessed 20.02.2017.
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The measured heading of aircraft ‘i’ in reference to true North, yt'ﬂ, is a function of the heading of

aircraft ‘i’ with added measurement error 8;,9-
ytiﬂ ég: +gtiﬂ (164)

The measurement of the altitude of aircraft V', yti’A’ADSB, is reported in each ADS-B message and is

similar to yti’A as previously defined in the TCAS Il Ver.7.1 model in Equation (20).

yti,A,ADSB = 25ftL Jun —‘ (165)

25ft

|_—| is defined as rounding to the nearest integer. The altitude velocity reported by ADS-B is in

64ft/min increments”. Hence, the vertical speed, yti’A'VyADSB , of aircraft i’ at time ‘t’ is rounded to the
next 64ft/min increment. gti’V’Ais the altitude velocity measurement error. This model assumes

perfect velocity measurements ( gti,v,A =0).

. Vo, +é
i 2 64ft/min| LA_“tvA 166
yt,A,v,ADSB L 64ft/m|n ( )

B.3 Received coordination message and aircraft ID

The coordination message received by aircraft ‘i’ from aircraft ‘k’, mt'kreceived , has been previously

defined in Equation (25). As ACAS X, is supposed to cooperate with TCAS Il, the coordination
message is assumed to be of the same structure and content.

The aircraft ID, Zli\llodes' has been previously defined in Equation (27).
Similar as in (29), if i=0 and k=1, then it is shortly written:

A .01
mt,received = mt,received (167)

In the following it is always considered from aircraft ‘0’ perspective.

B.4 State estimates

The aircraft estimates the relative position and relative velocity in both the horizontal and vertical
plane.

! Source: http://adsb-decode-guide.readthedocs.io/en/latest/content/airborne-velocity.html; last accessed
16.03.2017
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Horizontal range and velocity estimates

Relative horizontal range estimate, §R<H’ADSB, is given in vector notation in Equation (168). If no

relative horizontal range measurement could be established, then the estimate is computed using
. . . ., ) . aik .

the relative range and velocity estimates at time ‘t-Tapsg” in Equation (169), where St\t—TADSB,H,ADSB is

. . . . . ~ ik . . . .
the previous relative horizontal position estimate, V,'; |, xpspis the previous relative horizontal

velocity estimate and TADSB is the length of one ADS-B reporting cycle.

i k H k
yt,H,ADSB - yt,H,ADSB ! if 3 measurement yt,H,ADSB

aik
St.H,ADSB = Y aik it i (168)
T H.ADSS , if no measuremen
aik _ aik ~ ik
Stit—Tyoss H,ADSB — St-Type H,ADSB TV T s H ADSB | ADSB (169)

The estimate of the relative horizontal velocity between aircraft ‘i’ and aircraft ‘K, \A/i‘fH'ADSB , is given

in vector notation in Equation (170). If not both a horizontal velocity and a heading measurement of
the intruder aircraft was received, then the estimate is equal to the previous horizontal velocity

estimate.
) .
k cos( Yk, ) | cos(i,)] k k
ik Yomvaoss| . oo\ [Yenw| Jif 3 measurements Yy, , apss A Yo
t,H,ADSB — sin yt,g) Sm(yt,g
ik
Vi 70 H ADSB , else
(170)

Similar as in (13)-(14), if i=0 and k=1, then it is shortly written:

a A a0l
St,H,ADSB = St,H,ADSB (171)
& A ~01

Vin,apse = Vi n apse (172)

Altitude and altitude velocity estimates
Relative altitude estimate, §tif<A, between aircraft ‘i’ and aircraft ‘k’ is given in Equation (173). If no

altitude measurement of the intruder aircraft was received, then the estimate is computed, as given

in Equation (174), using the relative altitude and relative altitude velocity estimates at time “t-Tapsg’,

aik

where S A1 the previous relative altitude estimate, V;ETADSB Ais the previous relative vertical

tt—Tapss

velocity estimate and TADSB is the length of one ADS-B reporting cycle.

k i : k
Ak yt,A,ADSB - yt,A ) if 3 measurement yt,A,ADSB (173)

sk =1 .
CA g . if no measurement
tt—Tapss . A

B-3



aik aik ~ik
t‘t_TADSB'A - SthADSB,A Vth,_\DSB,A-I-ADSB (174)

Next, the relative altitude velocity estimate, VET‘A, is computed as described in Equation (175). If no

altitude velocity measurement of the intruder aircraft was received, then the estimate is equal to
the previous estimate.

k [ ; K
nik Yi.av,aps8 Yi.Av,ADsB if 3 measurement Yt.av,aDs8
Via = (175)

0 . if no measurement
t=Tapss . A

Similar as in (13)-(14), if i=0 and k=1, then it is shortly written:

A A 01
St‘A =Sia (176)
Voa 2905 (177)

Horizontal miss distance filter
The horizontal miss distance filter, modelled as Boolean B, e . in Equations (178)-(179),
determines whether the predicted horizontal miss distance at horizontal CPA, dt’HMD]ADSB , is within

threshold H,, . If the predicted horizontal miss distance is greater than the by TCAS Il Ver.7.1

defined required horizontal miss distance, as given in Table 7-3, then the filter is activated.

B’[,HMDF,UAV =TRUE ’Iﬂ: {dt,HMD,ADSB > Hm (178)

d, hvp apsg  Consists of the current relative horizontal distance, the current relative horizontal

velocity and the time until horizontal CPA.

A

d —ls 5 St,H,ADSB 'Vt,H,ADSB (179)
t,HMD,ADSB — ||°t,H,ADSB t,H,ADSB ~2
t,H,ADSB

B.5 Threat detection

In the threat detection process it is determined whether another aircraft is a threat towards its own
aircraft. To do so, a range and an altitude test are carried out. Furthermore, information from a
received coordination message, if received, and a horizontal miss distance filter are considered as
well.

Range test

The range test (RT), modelled as Boolean B, ;5 in Equations (180)-(181), determines whether the
intruder is a range threat. The test is positive if the relative horizontal distance to the intruder is

within distance d,,, or if the modified time until horizontal CPA is within threshold T, ra- Distance
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and time A, are taken from the TCAS Il Ver.7.1 specification as defined in Table 8-1. Also the time

until CPA has been modified in a similar manner as performed in TCAS Il Ver.7.1 (ICAO, 2006, p. 3-
59).

|:Hst,H,ADSBH <og ] v

BI,RT,UAV =TRUE ,iff (180)
':O < Tt 1 mod, ADsB = ARA:I
dtzmod - §t2 H,ADSB . a ~
_Ja ' - if (_St,H,ADSB “Vin,apse < 0) 181
Tt H,mod, ADSB — | St,1,ADsB * Vi,H,ADSB (181)
-1 ,otherwise

Altitude test

The altitude test (AT), modelled as Boolean BLAT'UAV in Equations (182)-(183), determines whether
the intruder is a vertical threat. The test is positive if the relative vertical distance to the intruder is
within distance Z,, or if the modified time until horizontal CPA is within threshold A, . The distance

and time thresholds are taken from the TCAS Il Ver.7.1 specification as defined in Table 8-2.

S'(,A‘ < Zthr:| v

B, ruay = TRUE , iff

(182)
[O ST anose S ARA:I
S e (o
- Jif (V.0 #0)
Tiampse =) Via (183)
-1 ,otherwise

Threat detection test

The threat detection logic defines a threat if both the range test and the altitude test are passed and
if the horizontal miss distance filter is not activated. Furthermore, if a coordination message from
another aircraft has been received, than the other aircraft is declared a threat as well. The test is

defined as Boolean B, gy yay :

. I:Bt,RT,UAV A By ar uav A_'Bt,HMDF,UAv:I v
rauav = TRUE, iff (184)

B
I:rnt,received # O:I

t

B.6 Avoidance logic selection

After a threat has been declared, it is determines which avoidance logic is to be followed. A decision
is made once and not changed afterwards. For horizontal avoidance manoeuvres the predicted
horizontal miss distance is increasing exponentially as a function of own ground speed and turning
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rate. Hence, horizontal avoidance has a minimal effect in short terms and should therefore be
carried out from the beginning.

The avoidance logic selection is modelled as variable L[,UAV as defined in Equations (185)-(188).
§(§PA,A’I is the predicted vertical miss distance at CPA if the own aircraft would be flying with

maximum vertical speed. §EPA‘A‘t is the predicted vertical miss distance at CPA if the own aircraft

would be flying with minimum vertical speed. 7, ;pp opsg IS the time until CPA and TtI,H,Iim is a

threshold value determining the minimum required time until CPA which allows for an effective
horizontal avoidance manoeuvre.

0, no logic selected
1, vertical avoidance logic € {0,1,2}
2 ,horizontal avoidance logic

>

I‘[,UAV

0, initial selection (185)
=11, 0f {[(égPA,At Z Ay ) v ( A(;PA,A\t Z Qi ) v (Tt,CPA,ADSB < Tt(?H,Iim )J
2, if {[(ééPA,At < Ajim, ) A ( A(;PA,A\t < Bjim, ) A (TI,CPA,ADSB = ,Iim)
§éPA,A\t =|St.a + Ti.cpn aDse (\7t1,A _v?k,max )‘ (186)
§6PA,A\t =|St.a + Ti.crn apse (th,A _Vg,min) (187)
Ty,CPA,ADSB — min(TRA’ maX(Tt,V,ADSB1Tt,H,m0d,ADSB’O)) (188)

The decision for a vertical avoidance manoeuvre is made, if the prediction of a vertical avoidance
manoeuvre would result in sufficient separation, or if the time until CPA is so short that a vertical
avoidance manoeuvre would achieve a greater separation compared to a horizontal turn. This
threshold is computed using the following algorithm in Equation (190). The time threshold value,

0
T

., im» is increased as long as the predicted horizontal miss distance at time ‘t+7°,, " is smaller

than the predicted vertical miss distance at time ‘t+ er'"m ’,and z‘fHY"m is smaller than RA threshold

time, Ag,. To account for measurement errors the 99.7% error measurement error bounds are

deducted from the predicted vertical and horizontal miss distances.

The predicted vertical miss distance at time ‘t+Ag,” is given in Equation (189).

Sceaat = St,a t Ticpa,apse Vi A (189)
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0
Vt,H,ADSB

__ 0
g (l_cos(emaxrt,H,lim )) + dt,HMD,ADSB —3oy |<
max

A 0

1 0 0
: Sceaat T (Vt,A ~ Va max )Tt,H,Iim , o
while <| max —30,

A

& 1 0 0
|SCPA,A\t + (Vt,A ~Vamin )Tt,H ,Iim|

0
/\(TI,H,Iim < ARA)

(190)

0 0
T mtim = Pemiim 1

end

B.7 Vertical avoidance logic

If L[YUAV =1, then vertical avoidance logic is applied. First the sense, whether the own aircraft should

fly upwards or downwards. Second, the strength, target rate of climb or descent, is determined.
Third, the evolution of the situation is monitored.

Sense Selection
The sense selection process determines whether the UAV should fly upwards or downwards. The
sense selection process is typically only performed once after a threat has been declared. This is

defined in Equation (191). Boolean B, is set positive if a sense, D, 5, , has been selected. Also

when the sense has been selected, a coordination message, m, ., , is sent accordingly.

if |:_'Bt,D,UAV A Bt,RA,UAv:'

(191)
then [compute D, uav A COMpUte m

t,sent

ABy by =TRUE ]

Sense D,y may either be equal to 1 or equal to -1. D, ,,, =1is defined as an upward sense and
D, uav = —Llis defined as an downward sense. The rules are similar to the specification of TCAS II

Ver.7.1 (FAA, 2011). If a coordination message has been received, M, received 7 0, then the sense is

selected as the opposite of the intruders sense. Else the sense is selected based on the encounter
geometry. The preferred solution should avoid altitude crossings. However, if the non-altitude
crossing solution does not yield a sufficient vertical separation distance, then the sense which would
yield the greater vertical separation distance is selected. This is modelled in Equation (192) by
comparing the current relative altitude against the predicted relative altitudes. In case an altitude
crossing yields the larger miss distance, then it is checked whether the non-altitude crossing
prediction also leads sufficient miss distance. This is sufficient to determine whether the aircraft
would cross altitudes, as opposed to TCAS Il Ver.7.1 no negative sense is allowed.

B-7



- mt, received ! if {D mt, received

:( My received = 0) A ( S < O) A ( ééPA,A\t > §(;PA,A\t ):| v

1 if :(ml,received = O) A ( Sta < O) /\( §épA,A\t < SEPA,A\t )/\( §éPA,A\t 2 )J v

Dywy = (M s = 0) A (80> O) (|8 [Scom ) A (S < 20 ) |
:( M received = 0) A ( Sta > 0) A ( §(§PA,A\t < §(;PA,A\t ):| v

-1 if :(mt,received = O) A ( S O) A ( §gPA,A\t < §EPA,A\t )/\( §éPA,A\t < Qp, )} v

:( M, received = 0) A ( Sen > 0) N ( §(§PA,A\t > §<;PA,A\t )/\ ( §EPA,A\t 2 Ay ):| Vv

As mentioned above, just when the sense has been selected, a coordination message is sent to the
intruder. The structure of the own coordination message is identical to the coordination message
from the intruder and tells the intruder where to pass. As defined in Equation (193), the

coordination message is equal to selected sense:

M, gt = Dt,UAV (193)

As it could happen that both aircraft select the same sense at the exact same time, it is also checked
whether the sent and received coordination message are conflicting. As given in Equation (194), if

this is the case and the own aircraft has the higher ModeS address, then B, , ,,, is set negative, such

that the sense selection process in Equation (192) may be initiated again. This is done to comply with
TCAS Il Ver.7.1 (FAA, 2011).

if [(mt,sent = mt,received ) A (ll?/lodes > ZJMOdES ):|

(194)
then[ =B, 5 yy |
Strength selection
After the sense has been selected, the strength, target rate of climb/descend, is selected:
0 0 H
0 0 l:VA,max ’VA,max] 7|f {Dt,UAV =1
I:Vt,A,RA,min ’Vt,A,RA,max] = (195)

|:Vi,min ’Vi,min:l ’If {Dt,UAV =-1

The target rate of climb/descend is assumed to be the maximum climb/descend rate of own aircraft,
because passenger and pilot comfort do not have to be taken into account.



Threat evolution monitoring and RA adjustment

After an RA has been issued, the evolution of the situation is monitored. The threat evolution
monitoring detects whether situation is being resolved with the current RA. If not, then an RA
adjustment is carried out, in which a new sense and RA is computed. Furthermore, it is also tested
whether the threat has been passed. In such a case the own aircraft may be issued to level off. Also
if the time until CPA has been passed and the threat has been resolved, then a clear of conflict
message may be issued.

For the latter a timer, t, o, s, , is being set equal to the time until CPA, 7, ., \ns . SUch that the

system knows when the CPA should have been passed:

L rauav = Ti.cpa ADsB (196)

For a time step A>0, T, g, oy €VoOlves as:

tt,RA,UAv :tt—A,RA,UAV -A (197)

Threat evolution monitoring

Every second, but only after 5 seconds an RA has been issued, it is checked whether the intruder is
not following its coordinated sense, or if current relative velocities do not yield a sufficient

separation distance, which is captured in Boolean B, o, -\, uay S 8iven in Equation (198). The delay

is meant to give the intruder pilot sufficient time to react its potential own RA.

A

Scea, Alt

Bt,RA,EVO,UAV =TRUE , iff ——<0 v(‘é

—Htuav

CPA Alt < a‘lim) (198)
RA adjustment

If the threat evolution test positive, B, o, z0 uav = TRUE, then the RA is adjusted. If the intruder is

not following its coordinated sense, then the own sense selection is reversed. Else, the optimal
sense is selected as given in Equation (199).

$
. At A CPA, Alt
1 Jif (SCPA,A\t > SCPA,A\t ) D >0
—Ytuav
D, =1 -1 if (18, . [<|s: Sonnt (199)
t,UAV — ) CPA,Alt| = [OCPA,Alt D
—Miuav
S
. CPA,Alt
“Dyn if | <0
~Mtuav
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The strength of the adjusted RA is then either maximum climb or maximum descend depended on
the selected sense. The new altitude velocity setting is determined according to previously used
Equation (195).

RA weakening and clear of conflict message

Furthermore, it is checked whether the other aircraft is not a threat anymore. If the range and
altitude test are false and estimated time until CPA estimated at initial RA has elapsed, or if the
horizontal miss distance filter is activated, then a clear of conflict message is issued and the own
aircraft is set to level-off. Else, if the predicted vertical miss distance at CPA assuming own aircraft is
in levelled off flight is larger than the required vertical miss distance would not result in a sense
reversal, then the own aircraft is set to level-off. The algorithm is given in Equation (200) and the
predicted vertical miss distance if own aircraft would fly level is given in Equation (201).

if I:_'Bt,RT,UAV A =By ar uav A (tt,RA,UAV = 0)] V By 1ivor uav

clear of conflict message
then< reset system

0 0
[Vt,A,RA,min ’Vt,A,RA,max:I = [010]

alevel

S
else if (s'g;;' ME a,im)/\ AR S0 (200)
_Dt,UAV
0 0
then {|:Vt,A,RA,min ’Vt,A,RA,max] = [01 0]
else repeat the monitoring cycle
alevel & ~1
Scea, Al :‘st,A + Tt .cpa,apse Vi, A (201)

B.8 Horizontal avoidance logic
If L gay =2, then horizontal avoidance logic is applied. This is done by first assessing the

geometrical situation. To do so, first the iteration variables I and K are set to zero:
i=0 (202)
k=0 (203)

Then a left and a right turn are simulated. From the results a horizontal RA is selected and a
coordination message is sent to the intruder.

Last but not least, evolution of the situation is monitored resulting in a clear of conflict message
once the predicted horizontal miss distance is sufficiently large.

Assessing geometrical situation

A right turn indicated by iteration variable i. The horizontal miss distance, dLHMD’ADSB“ , dependent

on own aircraft turns right is defined as follows:
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p St+i,H,ADSB\t,i “VisiHoADSBL
t+i,H,ADSB[t,i ~ " t+i,H,ADSBIt,i 2 (204)
t+i,H,ADSBIt,i

d =8

t,HMD, ADSBi

Where S, , apsgli 1S the relative horizontal position vector between own aircraft and intruder at

time ‘t+’ given own aircraft turns right, V,,,

aH.ADsel,i 1S the relative horizontal velocity vector
between own aircraft and intruder at time ‘t+i’ given own aircraft turns right, Ai is one time step in

the iteration where own aircraft is predicted to turn right, and érgax is the maximum turn rate of

own aircraft.

St4i H ADSBILI — Ot+i-AH, ADSBILI T Vt+i—A,H,ADSB\t,iAi (205)
Y = {0
t+i-A,H,ADSBIt,i — Vt,H,ADSB — Vt+i-A,H,ADSB,i (206)
0 ; 0 :
~0 Cos(emax ) _Sln(emax ) ~0

v (207)

t+i-AH,ADSB|t,i t,H,ADSB

SiN(Gpad ) €08(60,)
A right turn indicated by iteration variable K . The horizontal miss distance, thHMD'ADSB‘k , dependent

on own aircraft turns left is defined as follows:

A

St+i,H,ADSB\t,k t+k H,ADSBIt,k

dt,HMD,ADSB\k - St+k,H,ADSB\t,k N Vt+k,H,ADSB\t,k 2 (208)
t+k,H,ADSBIt k
St+k,H,ADSB\t,k = St+k—A,H,ADSB\t,k + Vt+k—A,H,ADSB\t,kAk (209)
v =1 A 21
t+k—A,H,ADSBt,k — "t,H,ADSB t+k—A,H,ADSBIt k (210)

cos( —6,k) —sin(-65 k) »

max max

N(—Opak)  cos(—0n,k)

0

Visk-aH,ADSBILk = (211)

Vt,H ,ADSB

A

where S, 1 apsa|t.x is the relative horizontal position vector between own aircraft and intruder at
. ‘¢ ) . . 0 . . . .
time ‘t+k’ given own aircraft turns left, Viik-a, H.apsspk 1S the relative horizontal velocity vector

between own aircraft and intruder at time ‘t+k’ given own aircraft turns left, and A, is one time step

in the iteration where own aircraft is predicted to turn left.

Then the iteration for both scenarios (turn right/left) are carried out until the predicted horizontal
miss distances are greater than aj,:
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Whlle |:(dt,HMD,ADSB‘i < a'Iim ) \4 (I < 7’-t,H ,mod, ADSB )j|

I=1+A,
. 212
compute new d, 5 apsg through Equations (183)-(186) (212)
end while
while |:(dt,HMD,ADSB\k < Qi ) v (k < T} H,mod, ADSB )}
k=k+A,
(213)

compute new d, ,p ansgc through Equations (183)-(186)

end while

Horizontal Resolution Advisory selection

After the geometrical situation has been assessed, the direction of turn is determined. That turn
direction is chosen, which is predicted to lead faster to the desired horizontal separation of aj,.
However, in cases where both a left and a right turn are predicted to not leading to a horizontal
separation of a;,, within the time of horizontal CPA, then that direction is chosen, which would lead
the greater horizontal separation:

L (i<k)v
- Orax T3
Ht - |:(| = k) A (dt,HMD,ADSB\i 2 dt,HMD,ADSB\k )J
—6°_ , otherwise

(214)

Coordination message

Once a horizontal RA has been selected, the information needs to be coordinated with the other
aircraft. It is assumed that ACAS X equipped aircraft will communicate that they are ACAS X
equipped. Therefore, if no information regarding ACAS X has been received by the UAV, the UAV
assumed that the other aircraft is TCAS Il equipped and sends a coordination message
understandable for TCAS Il. This is also done when horizontal avoidance logic has been selected, as
this message may trigger the threat detection test of the intruder.

If the own aircraft has received a coordination message from the intruder, then it selects the
opposite sense, else it predicts the relative altitude after assumed reaction time of TCAS Il Ver.7.1
and selects the coordination message according to a non-altitude crossing sense.

M received if {‘mt,received >0
mt,sent = 1 ! if {(ét,A < 0) /\(mt,received = O) (215)
-1 ’ if {(§t,A 2 0) /\(mt,received = O)
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Furthermore, in order to comply with TCAS Il Ver.7.1 specification (FAA, 2011), the sense
communicated in the own coordination message is reversed, if both aircraft have selected the same
sense and the own aircraft’s ModeS address is higher than the intruder’s ModeS address.

H 0 1
if |:( mt,sent = mt,received ) A (ZModeS > XModes ):|

(216)
then I:mt,sent = _mt,received:'

Evolution monitoring
Evolution monitoring consists of 3 steps. First, it is tested whether the predicted horizontal miss
distance is sufficiently large. If yes, then the target turn rate, QO, is set to zero. Second, if the

predicted horizontal miss distance, d , is sufficiently large assuming the own aircraft is

t,HMD, ADSB|6
flying with its initial heading, heading at the time when the RA was issued, QI?RA , then the target turn
rate, 8, is set such that the own aircraft returns to its initial heading, 6 = —Q?RA . Third, when the

o . 0 0 . .
initial heading has been reached, Y, , t|RA 7 then a clear of conflict message is issued, the target

turn rate, éto , is set to zero, and the ACAS is reset. Next the algorithm is given:

>d

t,HMD,ADSB = “~'mod

>d

then 8° =0

then QO =—0°

t|RA

1. Ifd

2. Ifd

t,HMD, ADSB|¢f, mod

0

3. 1f |y, —Q‘RA‘ <6°  then

a. Clear of Conflict message
b. System reset

c. 6°=0

The predicted horizontal miss distance, d , assuming the own aircraft is flying with its

t,HMD, ADSB6fj,

initial heading is given in Equations (217)-(218).

A A

S -V
—|le o t,H,ADSB adjust
dt HMD ADSB‘HO = |St,1, 4088 ~ Vadjust ~2 (217)
’ ! t|RA Vad'
just
cos( 6,
Vagost = Vi 2\ 218)
Vadiust = Ve, aps87||ViH, apssl|| . (
sin (et\RA
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C Petri Net Model ACAS UAV

A Petri Net model has been created from the ACAS UAV model given in Section B. In total there are
the following 4 agents:

e ACASUAVI,

e Communication i,
e Cockpiti, and

e Aijrcrafti.

Next, the agents are described below.

C.1 Agent “ACAS UAVi”
Agent “ACAS UAV i” consists of 3 LPNs and 10 IPN. The LPNs are the following:

e State Estimation,
e Received Coordination Message, and
e Threat Detection.
The IPNs are the following:
e Avoidance Logic,
e Sense/Strength Selection,
e Evolution Monitoring,
e Hor. Man. Message
e Hor. Man Selection,
e Reset,
e Sense Coordination,

e RA,
e Adjusted RA, and
e COC.

The Petri Net model of agent “ACAS UAV i” is given in Figure C-1. Afterwards the above mentioned
LPNs and IPNs are addressed shortly.
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Figure C-1: Petri Net model drawing of agent “ACAS UAV i”.
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LPN “State Estimation”

This LPN has one place, “P” and two transitions, G1 and G2. There is always a token present. The LPN
resembles state estimation and the horizontal miss distance filter, as described in Section B.4. As
such the token in place “P” has the following colours: the relative horizontal position, the relative,
own and intruder horizontal velocities as vectors, relative and own altitude positions, the relative
and intruder altitude velocity, the heading of own aircraft, status of the horizontal miss distance
filter, the ModeS addresses of both aircraft, and the performance limits of own aircraft.

The update of the token is carried out through transitions G1 and G2 at a frequency of 1Hz. In case a
message from aircraft ‘k’ has been sent, then a token is present in place “State message from
Aircraft k to i”. The enabling arc from that place in addition to the enabling arc from place “P” of
agent “Aircraft i” will enable transition G1 and the state estimation and horizontal miss distance
filter status are updated using the measurement data and information about the own aircraft from
agent “Aircraft i”. Else transition G2, which has also one enabling arc from agent “Aircraft i”, is used
and the update is carried out without measurements about aircraft ‘k’.

In order to prevent transitions G1 and G2 from becoming active at the same time, an inhibitor arc
from place “State message from Aircraft k to i” to transition G2 ensures that G2 only becomes active
when no message has been sent by aircraft ‘k’.

LPN “Received Coordination Message”

This LPN has one place, “P”, and one transition |. There is always one token at the place (except
when the “Threat Detection” LPN is removing and returning it) and its colour represents the
coordination message received from the other aircraft. The colour is updated through transition |
which also has an incoming arc from place “Coordination message Aircraft k to i”.

Additionally, place “P” has outgoing and incoming arcs to and from transitions G and | of LPN “Threat
Detection”, where transition G keeps the token’s colour unchanged and transition | changes the
token’s colour to zero, meaning no message has been received, which is part of a TCAS reset.

The remaining outgoing enabling arcs go from place “P” to places “P1” and “P2” of both IPN
“Sense/Strength Selection” and “Hor. Man. Message”, such that these IPNs may check whether both
aircraft have coordinated the same resolution intent.

LPN “Threat Detection”

This LPN has two places, “Threat” and “No threat”, and two transitions, G and I. This LPN resembles
the threat detection module which declares the other aircraft as a threat, as described in Section
B.5.

Initially there is a token at place “No threat” which is being transferred to place “Threat” via
transition G. Transition G uses the information about the aircraft states of aircraft ‘i’ and ‘k’ from the
token in place “P” of LPN “State Estimation” through an enabling arc, and the information about a
received coordination message from the other aircraft through an incoming arc from place “P” of
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LPN “Received Coordination Message” to determine whether the other aircraft is supposed to be
declared a threat.

Transition G has in total three outgoing arcs. One, as mentioned above, goes to place “Threat”. A
second goes to place “P” of LPN “Received Coordination Message” which returns the token coming
from there with unchanged colour, such that the information about a received coordination
message remains saved in place “P” of LPN “Received Coordination Message”. A third goes to place
“P” in IPN “Avoidance Logic”, which initiates the collision avoidance algorithm.

When the collision avoidance algorithm has finished, then a token is present in place “P” of IPN
“Reset”. From there an incoming arc goes to transition | of the LPN “Threat Detection” which
activates the transition. The transition removes the tokens in place “Threat” and place “P” of IPN
“Reset” and fires one token to place “No threat”. Additionally, there is an incoming and outgoing arc
from and to place “P” of LPN “Received Coordination Message”, which returns that token with a
colour value meaning “no message received”. This is necessary, as else the previously received
coordination message may trigger transition G1 again and the other aircraft would be declared
faulty a new threat.

IPN “Sense Coordination”

IPN “Sense Coordination” has two incoming arcs and one outgoing arc. The outgoing arc goes to
transition 11 of LPN “Mode S Reply” of agent “Communication i”. It transfers the in the sense
selection selected intent to the agent “Communication i” from where the intent is sent to aircraft ‘k’.

The sense is selected either in IPN “Sense/Strength Selection”, see Equation (193), and comes from
an incoming arc from transition | of that IPN, or in IPN “Hor. Man Message”, see Equations (215)-
(216), and comes from an incoming arc from transition | of that IPN.

IPN MRA"

This IPN has two incoming arcs and one outgoing arc. The outgoing arc goes to transition |1 of LPN
“Pilot Flying” of agent “Cockpit i”. It transfers initial RAs to agent “Cockpit i” such that the pilot may
react upon it.

The RA is selected either in IPN “Sense/Strength Selection”, see Equation (195), and comes from an
incoming arc from transition | of that IPN, or in IPN “Hor. Man Selection”, see Equations (214), and
comes from an incoming arc from transition | of that IPN.

IPN “Adjusted RA”

This IPN has five incoming arcs and one outgoing arc. The outgoing arc goes to transition 12 of LPN
“Pilot Flying” of agent “Cockpit i”. It transfers secondary RAs to agent “Cockpit i” such that the pilot
may react upon it.

The adjusted RA is selected either in IPN “Evolution Monitoring”, see Equations (195) and (200), and
comes from incoming arcs from transitions G1 and G2 of that IPN, or in IPN “Hor. Man Selection”,
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see section about evolution monitoring for horizontal avoidance manoeuvers on page 13, and comes
from incoming arcs from transitions G1, G2 and G3 of that IPN.

IPN “COC”

This IPN has two incoming arcs and one outgoing arc. The outgoing arc goes to transition 12 of LPN
“Mode S Reply” of agent “Communication i”. It transfers the clear of conflict message to agent
“Communication i” from where the clear of conflict message is sent to aircraft ‘k’.

The COC is created either in IPN “Evolution Monitoring”, see Equation (200), and comes from an
incoming arc from transition G2 of that IPN, or in IPN “Hor. Man Selection”, see section about
evolution monitoring for horizontal avoidance manoeuvers on page 13, and comes from an incoming
arc from transition G3 of that IPN.

IPN “Avoidance Logic”

This IPN has one place “P” and two transitions, “G1” and “G2”. Initially there are no tokens present
in this IPN. In case a threat has been detected, then IPN “Avoidance Logic receives a token through
an incoming arc from transition G of LPN “Threat Detection”. Based on information about the states
of aircraft ‘i’ and ‘k’, which comes through enabling arcs to both transition, G1 and G2, from place
“P” in LPN “State Estimation” it is decided whether a vertical or a horizontal manoeuver should be
carried out. If the logic determines that a vertical manoeuver should be carried out then transition
G1 is activated and transfers to the token to place “P1” of IPN “Sense/Strength Selection”. If the
logic determines that a horizontal manoeuver should be carried out then transition G2 is activated
and fires two tokens. One token to place “P1” of IPN “Hor. Man. Message” and one token to place
“P1” in IPN “Hor. Man. Selection”.

IPN “Sense/Strength Selection”

This IPN has two places, “P1” and “P2”, and two transitions, “l and G”. Initially there are no tokens
present in this IPN. In case the IPN “Avoidance Logic” has fired a token to place “P1” then the
vertical avoidance algorithms are activated.

Transition | has enabling arcs from places “P” in LPNs “State Estimation” and “Received Coordination
Message”, and one incoming arc from place “P1”. Based on the state estimates and a received
coordination message, if any received, transition | determines whether the own aircraft should climb
or descend.

There are four outgoing arcs which go to place “P2”, and places “P” of IPNs “Sense coordination”,
“RA” and “Evolution Monitoring”. The tokens fired to places “P2” and “P” of IPNs “Sense
coordination” has a colour value equal to the selected coordination message. The token fired to
place “P” of IPN “RA” has colour values equal to the selected RA. The token to place “P” in IPN
“Evolution Monitoring” has colour values equal to the time when the initial RA was issued and the
selected sense of that RA, such that the encounter geometry may be monitored in IPN “Evolution
Monitoring”.
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Transition G has enabling arcs from places “P” in LPNs “State Estimation” and “Received
Coordination Message”, one incoming arc from place “P2”, and one incoming arc from place “P” of
IPN “Evolution Monitoring”. Transition G only compares the sent coordination message to aircraft
“k” which is saved in the colour of the token in place “P2” against the received coordination message
from aircraft ‘k’ in place “P” of IPN “Received Coordination Message”, and the saved ModeS
addresses in place “P” in IPN “State Estimation”. Only if both aircraft have sent the same
coordination message and aircraft ‘i’ has the higher ModeS address, then one colourless token is
fired to place “P1”. Note that this also removes the token in place “P” in IPN “Evolution Monitoring”
which stops the evolution monitoring process until a new RA has been selected by transition .

IPN “Evolution Monitoring”

This IPN has one place “P” and two transitions, G1 and G2. Initially there is no token in place “P”.
When a token has arrived from the incoming arc from transition | in IPN “Sense/Strength Selection”,
then the guards perform the evolution monitoring process, as described in Section B.7.

Transition G1 checks for an RA strengthening, sense reversal or RA weakening, and if activated
returns a token to place “P” with the updated sense and the time when the RA has been issued, and
a token with colour values of the new RA to the IPN “Adjusted RA”.

Transition G2 checks whether a clear of conflict message may be issued, and if activated fires
colourless tokens to IPNs “Reset”, “COC” and a token with colour values equal to a “Level-Off” RA, as
the UAV should level off after a clear of conflict message. Note, that transition G2 does not only
remove the token from place “P” but also from place “P2” in IPN “Sense/Strength Selection”. As
such, when there is a token in place “P” in IPN “Reset” then there cannot be a token in IPNs
“Sense/Strength Selection” and “Evolution monitoring”.

IPN “Hor. Man. Message”

This IPN has two places, “P1” and “P2”, and two transitions, | and G. Initially there is no token in this
IPN. A token may only arrive in this IPN through an incoming arc to place “P1” from transition G2 in
IPN “Avoidance Logic”.

A token may be transferred from place “P1” to “P2” through transition I. Transition | has also
enabling arcs from places “P” in LPNs “State Estimation” and “Received Coordination Message” and
another outgoing arc to place “P” in IPN “Sense coordination”. Transition | selects the coordination
message which should be sent to aircraft ‘k’ which is saved as a colour value in both tokens that are
fired.

A token in place “P2” may be transferred to place “P1” through transition G. Transition G has
enabling arcs from places “P” in LPNs “State Estimation” and “Received Coordination Message” and
compares the sent coordination message saved as colour in place “P2” against the received
coordination message. Only if the sent and received coordination messages are equal and aircraft ‘i’
has the higher ModeS address, then transition G is activated. The information about a received
coordination message comes from place “P” in IPN “Received Coordination Message” and
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information about the ModeS addresses of both aircraft ‘i’ and aircraft ‘k” comes from place “P” in
IPN “State Estimation”.

IPN “Hor. Man. Selection”

This IPN has 4 places, “P1”, “P2”, “P3” and “P4”, and 4 transitions, |, G1, G2, and G3 and resembles
the horizontal avoidance manoeuver algorithm as described in Section B.8. Initially there is no token
in this IPN. A token may only arrive in this IPN through in incoming arc to place “P1” from transition
G2 in IPN “Avoidance Logic”.

All transitions have enabling arcs from place “P” in IPN “State Estimation” and connect the places in
the order as indicated by the numbers of the places. Transition | transfers a token from place “P1” to
“P2” and also fires a token to place “P” in IPN “RA”. As such transition | selects in which direction the
aircraft should turn. If the aircraft ‘i’ has turned sufficiently such that the estimated horizontal miss
distance is sufficiently large, transition G1 transfers the token from “P2” to “P3” and fires a token to
place “P” in IPN “Adjusted RA” indicating an RA to stop aircraft ‘i’ from turning. Once it is safe for
aircraft ‘i’ to return to its initial heading, then transition G2 transfers the token from place “P3” to
“P4” and fires a token to place “P” in IPN “Adjusted RA” indicating an RA to turn back into the
direction of its initial heading. Once the initial heading has been reached, then transition G3 is
activated which removes the token in place “P4” and the token in place “P2” in IPN “Hor. Man.
Message”, and fires three tokens. Tokens without colour are fired to places “P” in IPNs “COC” and
“Reset”. The third token is fired to place “P” in IPN “Adjusted RA” indicating an RA to stop turning.

As such, transition G3 ensures that when there is a token in place “P” in IPN “Reset” then there
cannot be tokens in IPNs “Hor. Man. Message” and “Hor. Man. Selection”.

C.2 Agent “Aircrafti”

Agent “Aircraft i” is identical to the agent “Aircraft i” as designed in the TCAS Petri Net model, as
described in Section 14.2.

C.3 Agent “Cockpiti”

The petri net model of the agent “Cockpit i” is identical to the agent “Cockpit i” of the TCAS Petri Net
model, as described in Section 14.3. However, this time the autopilot is activated and will react
immediately upon RAs (no reaction time) with the maximum possible altitude acceleration. Also the
autopilot does not require visual or aural annunciation of the RA and the remote pilot does not
intervene during collision avoidance manoeuvring.

It should be noted, that this time the RA and adjusted RA incomes comes from the agent “ACAS UAV
i” and not from the agent “TCAS i”.

C.4 Agent “Communication i”

The agent “Communication i” is similar to the agent “Communication i” of the TCAS Petri Net model,
as described in Section 14.4. The following two extensions have been added to allow operability of
agent “Communication i” of the TCAS Petri Net model between TCAS and UAV operations:



First, in order to cooperate with TCAS equipped aircraft, the UAV performs active surveillance
through interrogation and response messages in the same manner as TCAS equipped aircraft do.

Second, it is assumed that the ADS- B data is transmitted in interrogation responses.



D Petri Net Model Specification Extension for Agent “ACAS
UAV i”
In total there are the following 4 agents:
o ACAS UAVI,
e Aircrafti,
e Cockpiti, and
e Communication i.

D.1 Agent “ACAS UAVi”

The agent “ACAS UAV i” is interchangeable with agent “TCAS i” from the previously specified Petri
Net model. Hence, the input and output to and from the agent are the same. Agent "ACAS UAV i”
has in total 7 LPNs and 6 IPNs which are described below.

LPN “State Estimation”

The state estimation local Petri net represents the slant range and vertical range filtering, and the
horizontal miss distance filter modules as described in Section 5.

Incoming arcs within same agent

e None

Outgoing arcs within same agent

e Two enabling arcs from place “P” to LPN “Threat Detection” transitions | and G

e Two enabling arcs from place “P” to IPN “Avoidance Logic” transitions G1 and G2

e Two enabling arcs from place “P” to IPN “Sense/Strength Selection” transitions | and G

e Two enabling arcs from place “P” to LPN “Evolution Monitoring” transitions G1 and G2

e Two enabling arcs from place “P” to IPN “Hor. Man. Message” transitions | and G

e Four enabling arcs from place “P” to IPN “Hor. Man. Selection” transitions I, G1, G2 and G3

Incoming arcs from other agent

e Incoming arc from place “State message from aircraft k to i” of LPN “Measurements” of
agent “Communication k” to transition G1

e Inhibitor arc from place “State message from aircraft k to i” of LPN “Measurements” of agent
“Communication k” to transition G2

e Two enabling arcs from place “P” of LPN “State” of agent “Aircraft i” to transitions G1 and
G2

Outgoing arcs to other agent

e None

Places

The following colours equal the variables given in Equation (27) in Section 4 and in Equations (162)-
(179) in Sections B.2 and B.4. Exception is colour t© which is added to control the ACAS cycle of 1Hz.
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Table D-1: Place of LPN State Estimation of agent ACAS UAV i.

Places Colour type Explanation Colour function
P ét,H,ADSB cR Estimated relative horizontal None
position vector
Qt’H’ADSB cR Estimated relative horizontal None
velocity vector
\Alt,H,ADSB cR Estimated horizontal velocity None
vector of own aircraft
\A/t,H,ADSB cR Estimated horizontal velocity None
vector of intruder aircraft
§t'A cR Estimated relative altitude position | None
§3A cR Estimated altitude position of own | None
aircraft
VaeR Estimated relative altitude velocity | None
vector
\7t1’A cR Estimated vertical altitude velocity | None
of intruder aircraft
yga cR Heading of own aircraft None
B, o € {0,1} State of horizontal miss distance None
filter. Equals 1 if filter active
t°cR Time delay until next =2
update/measurement
0 . .
Zvoses € R Aircraft ID of own aircraft None
] : - :
ooses €R Aircraft ID of intruder aircraft None
gr?]ax cR Maximum turn rate of own aircraft | None
Vg,min cR Minimum altitude velocity of own None
aircraft
Vg.max cR Maximum altitude velocity of own | None
aircraft
Initial markings

Initially, there is a token in place “P”. The initial colours depend on the scenario to be simulated.

Typically all colours are set to zero, except, the initial colour of t® is determined initially by drawing
a random sample from a uniform distribution, and the fixed aircraft parameters, ;(,?,lodes, ;(ﬁ,,odes,

49r?]ax ) ngmin ) V?\,maxr are set according to the properties of the aircraft to be simulated.

Transitions
Table D-2: Transitions of LPN State Estimation of agent ACAS UAV i.

ID Transition Condition

G1 State message from aircraft k to i t°<0
{Measurements[Communication k]} A
P{State[Aircrafti]}anP > P
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G2

NOT State message from aircraft k to i t® <0
{Measurements[Communication k]} A

P{State[Aircrafti]}aP > P

Table D-3: Firing functions of transitions of LPN State Estimation of agent ACAS UAV i.

ID

Firing function

G1

One token is fired to place P with colours.

The colours are set according to Equations (164)-(166) and (168)-(179) in Sections B.2 and
B.4, where

Vi aoss = Yin aose { State message from aircraft k to i
{Measurements[Communication k]}}
yt'nyvy P yt'nyvy aoss | State message from aircraft k to i
{Measurements| Communication k]}}
Yia= yt'f A{State message from aircraft k to i{Measurements[Communication k]}}
Vi avaose = Ve av aoss {State message from aircraft k to i
{Measurements[Communication k]}}
Y: av.anss » Where Vi A{P{State[Aircraft |]}}
Y; a, where s/ , = sjyz{P{State[Aircraft |]}} , see Equation (17);
yt'fg = ytkﬂ {State message from aircraft k to i{Measurements[Communication k]}}
Vi, where Vi | {P{State[Aircraft |]}} andV; {P{State[Aircraft |]}}

And according to:
t® =1s

Note, a measurement about the intruder is present.

G2

One token is fired to place P with colours.

The colours are set according to Equations (164)-(166) and (168)-(179) in Sections B.2 and
B.4, where

yf,A, where s, =5/, {P{State[Aircraft I]}} , see Equation (17);
Yo =Yio {State message from aircraft k to i{Measurements[Communication k]}}
Voo » where v, { P{State[ Aircraft i]}}and v, {P{State[Aircraft |]}}

And according to:
t® =1s

Note, no measurements about the intruder are present.
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LPN “Received Coordination Message”

The received coordination message, as defined in Equation (26), is saved in LPN “Received
Coordination Message”. It works the same as specified for TCAS.

Incoming arcs within same agent

e Two incoming arcs from transitions | and G of LPN “Threat Detection” to place “P”

Outgoing arcs within same agent

e Two outgoing arcs from place “P” to LPN “Threat Detection” transitions | and G
e Two enabling arcs from place “P” to IPN “Sense/Strength Selection” transitions | and G
e Two enabling arcs from place “P” to IPN “Hor. Man. Message” transitions | and G

Incoming arcs from other agent

e Incoming arc from place “Coordination message from aircraft k to i” of LPN “Measurements”
of agent “Communication k” to transition |

Outgoing arcs to other agent

e None

Places

Place “P” stores the value of the received coordination message as described in Section 4 (see
Equation (26)).

Table D-4: Place of LPN Received Coordination Message of agent ACAS UAV i.

Places Colour type Explanation Colour function
P M, eceived € {—1,0,1} Received coordination | None

message
Initial markings

Initially there is a token present in place “P”. The initial colour is described below:

Table D-5: Initial marking of place of LPN Received Coordination Message of agent ACAS UAV i.

Places Colour Explanation
P M received = 0 No message received
Transitions

Table D-6: Transition of LPN Received Coordination Message of agent ACAS UAV i.

ID Transition Condition

I Coordination message from aircraft k to i None
{Measurements[Communication k]}AP > P
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Whenever a new coordination message is present, then the stored coordination message is updated
according to Equation (26). As described in Section 4, a coordination message will be transmitted
until the recipient has acknowledged the reception. The Petri net mode models the behaviour such

that it continuously transmits a message but indicates through the additional parameter P

whether the intruder is sending a new coordination message.

Table D-7: Firing function of transition of LPN Received Coordination Message of agent ACAS UAV i.

ID | Firing function

[ One token is fired with the colour:
it Peoordinaion { COOrdination message from aircraft k to i

{Measurements[ Communication k]}} -1

M, received = M <ene { COOTdination message from aircraft k to i

o ,according to Equation(26)
{Measurements[Communlcatlon k]}}

else

M, received = My, received {P} ,stored received coordination message remains unchanged
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LPN “Threat Detection”

The Threat Detection LPN represents the Threat Detection module as described in Section 8.

Incoming arcs within same agent

e Two enabling arcs from place “P” in LPN “State Estimation” to transitions | and G
e Two incoming arcs from place “P” in LPN “Received Coordination Message” to transitions |
and G

e Oneincoming arc from place “P” of IPN “Reset” to transition |

Outgoing arcs within same agent

e One outgoing arc from transition G to place “P” of IPN “Avoidance Logic”
e Two outgoing arcs from transitions | and G to place “P” in LPN “Received Coordination
Message”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places
There are two places without colour: “Threat” and “No threat”. The places represent B; g, j,, from
Equation (184). A token in place “Threat” represents the condition B, o, ;,,y = TRUE. A token in

place “No threat” represents the condition B, o, ,», = FALSE.

Initial markings

Initially there is one token without colour in place “No Threat”.

Transitions

Table D-8: Transitions of LPN Threat Detection of agent ACAS UAV i.

ID | Transition Condition

G | No threat A P{State Estimation} | if B, ., ,,, = TRUE from Equation (184), where
A P{Received Coordination

Message} - Threat a
P{Received Coordination
Message} A P{Avoidance Logic}

u»

or s = S anse | P {State Estimation }}

<>

uraose = Vo apss { P {State Estimation }}

§.a = $,a{ P{State Estimation}}

V, o =V, o { P {State Estimation} |

M, received = M received | P { RECeiVed Coordination Message}}

I Threat a P{State Estimation} A None
P{Received Coordination




Message} A P{Reset}> No
threat A P{Received
Coordination Message}

Table D-9: Firing functions of transitions of LPN Threat Detection of agent ACAS UAV i.

Firing function

In total three tokens are fired:
One token without colour is fired to place Threat.

One token with unchanged colour from P{Received Coordination Message} is fired to
P{Received Coordination Message}

One token without colour is fired to place P{Avoidance Logic}

In total two tokens are fired:
One token without colour is fired to place No threat.

One token with the following colour is fired to P{Received Coordination Message}:
M, received | P{ RECeIVEd Coordination Message}} =0




IPN “Avoidance Logic”

The Avoidance Logic IPN represents the Avoidance Logic module as described in Section B.6.

Incoming arcs within same agent

e Two enabling arcs from place “P” in LPN “State Estimation” to transitions G1 and G2
e Oneincoming arc from transition G of LPN “Threat Detection” to place “P”

Outgoing arcs within same agent

e One outgoing arc from transition G1 to place “P1” of IPN “Sense/Strength Selection”
e Two outgoing arcs from transition G2 to places “P1” of IPNs “Hor. Man. Message” and “Hor.
Man. Selection”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

There is one place “P” without colour.

Initial markings

Initially there is no token in place “P”.

Transitions

Table D-10: Transitions of IPN Avoidance Logic of agent ACAS UAV i.

ID Transition Condition

Gl | P P{State Estimation} > If L, =1from Equation (185), where
P1{Sense/Strength Selection} '

u»

o apse = S anse | P{State Estimation}}}

<

urapse = Vo ass { P {State Estimation }}
» =5, {P{State Estimation}

2 =Y, ,{P{State Estimation }}

» =4 { P{State Estimation |

U7 avss = Vo apss { P {State Estimation }}
V. =V, { P{State Estimation }}

v, =V} ,{P{State Estimation}}

Onex = Onex { P{State Estimation} |

>
Il

—

>
Il

—

A

o
Il

—

V3 min = Vamin | P{State Estimation}}
V3 max = Vit max | P { State Estimation }|




G2

P A P{State Estimation} - P1{Hor. Man. If L, ,n, = 2from Equation (185), where
Message} A P1{Hor. Man. Selection} L R L
Sur.a0s = Sen.anse | P {State Estimation}}
Uy 1 apss = Vo apss | P {State Estimation }}
S, = $,.a{ P{State Estimation} |

A =vt’ {P{State Estimation} |
505 = $ 4 { P{State Estimation}|
Uy aose = Vo apsa | P {State Estimation }}
V., =V, { P{State Estimation}}
Vi o =V, , { P{State Estimation }}

Opex = O { P {State Estimation }}
V3 min = Vimin | P{State Estimation}}
V3 max = Vi max | P {State Estimation }}

Table D-11: Firing functions of transitions of IPN Avoidance Logic of agent ACAS UAV i.

ID

Firing function

Gl

One token is fired with the following colour:
T, cpa apss » @ccording to Equation (188)
where

A

Sumi.apse = Sun.anse | P {State Estimation}}

<>

urapss = Vo apss { P {State Estimation }}
2 =$,,{P{State Estimation}}
A=V { {State Estimation}}

-—r

=

G2

Two tokens are fired with each the following colour:
T, cpa apss » According to Equation (188)

where

wrapse = S anse | P{State Estimation}}

cn>

<>

wraose = Vo apss | P {State Estimation }}
S, = $.a{ P{State Estimation} |
V, =V, o { P {State Estimation} |

-
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IPN “Sense coordination”

Incoming arcs within same agent

e Incoming arc from transition | of IPN “Sense/Strength Selection” to place “P”
e Incoming arc from transition | of IPN “Hor. Man. Message” to place “P”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e Qutgoing arc from place “P” to transition I1 of LPN “Mode S Reply” of agent
“Communication i”

Places

Table D-12: Place of IPN Sense Coordination of agent UAV i.

Places Colour type Explanation Colour
function
P M, ot € {_11 0’1} Coordination message from None
aircraft i to k

Initial markings

Initially there is no token in place “P”.

Transitions

There are no transitions in the IPN.
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IPN “Sense/Strength Selection”

The Sense/Strength Selection IPN represents the Sense/Strength Selection module as described in
Section B.79.5.

Incoming arcs within same agent

e Two enabling arcs from place “P” in LPN “State Estimation” to transitions | and G

e Two enabling arcs from place “P” in LPN “Received Coordination Message” to transitions |
and G

e Incoming arc from transition G1 in IPN “Avoidance Logic” to place “P1”

e Incoming arc from place “P” in IPN “Evolution Monitoring” to transition G

Outgoing arcs within same agent

e Qutgoing arc from transition | to place “P” of IPN “Sense Coordination”

e Qutgoing arc from transition | to place “P” of IPN “RA”

e Qutgoing arc from transition | to place “P” of IPN “Evolution Monitoring”

e Qutgoing arc from place “P2” to transition G2 in IPN “Evolution Monitoring”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

There are two places with the following colours.

Table D-13: Places of IPN Sense/Strength Selection of agent ACAS UAV i.

Places Colour type Explanation Colour function
P1 T, coanoss € R Estimated time to CPA e =
P2 m ., €R Coordination message from None

' aircraft i to k

Initial markings

Initially there is no token in this IPN.

Transitions

Table D-14: Transitions of IPN Sense/Strength Selection of agent ACAS UAV i.

ID Transition Condition

I P1 A P{State Estimation} > P2 a N/A
P{Evolution Monitoring} A P{RA} A
P{Sense coordination}

D-12




P2 A P{State Estimation} A P{Evolution N/A
Monitoring} = P1

Table D-15: Firing functions of transitions of IPN Sense/Strength Selection of agent ACAS UAV i.

Firing function

In total four tokens are fired. The colours are determined according to Equations (192)-(195)

{State Estimation}}
State Estimation}}

——

State Estimation} |
State Estimation }}
{State Estimation }}

- | P{State Estimation}}

V3 min = Vamin | P{State Estimation}}
V3 max = Vi max | P {State Estimation }}

~—~ T TV T
—~—

One token is fired to place P2 with the following colours:
M, ¢ » according to Equations (192)-(195)

T4,CPA,ADSB — TI,CPA,ADSB{Pl}

One token with colours is fired to P{RA}. The colours are determined as follows:
VtOARA’min , according to Equations (192)-(195)

VSA,RA’maX , according to Equations (192)-(195)

a‘[i|A,RA =0.25¢

Oup =0
t;, =0

One token with colours is fired to P {Evolution Monitoring}. The colours are determined as
follows:

D

t,UAV

tt\RA =5s

=D,

t,UAV

One token with the following colour is fired to place P{Sense Coordination} :
M, .., » according to Equations (192)-(195)

One token with colour 7, .oa anss = Zi.cpa anss1P 2} is fired to place P1
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IPN “RA"

IPN to indicate the issue of an RA.

Incoming arcs within same agent

e Incoming arc from transition | of IPN “Sense/Strength Selection”
e Incoming arc from transition | in IPN “Hor. Man. Selection”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e Qutgoing arc to transition 11 of LPN “Pilot Flying” of agent “Cockpit i”

Places

There is one place “P” with the following colours.

Table D-16: Place of IPN RA of agent ACAS UAV i.

Places Colour type Explanation Colour
function
P Vti Aramn € R Target lower altitude velocity None
S bound of RA
Vti A rama € R Target upper altitude velocity None
o bound of RA
ali ara €R Target altitude rate of RA None
Q'RA eR Target turn rate of RA None
t, €R Assumed reaction time of the pilot | None
Initial markings

Initially there is no token at place “P”.

Transitions

There are no transitions in the IPN.
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IPN “Evolution Monitoring”

The Evolution Monitoring LPN represents the evolution monitoring module as described in Section

B.7.

Incoming arcs within same agent

e Two enabling arcs from place “P” in LPN “State Estimation” to transitions G1 and G2

e Incoming arc from transition | of IPN “Sense/Strength Selection” to place “P”

e Incoming arc from place “P2” of IPN “Sense/Strength Selection” to transition G2

Outgoing arcs within same agent

e QOutgoing arc from place “P” to transition G of IPN “Sense/Strength Selection”

e Qutgoing arc from transition G1 to place “P” of IPN “Adjusted RA”
e Qutgoing arc from transition G2 to place “P” of IPN “Adjusted RA”
e Qutgoing arc from transition G2 to place “P” of IPN “COC”

e Qutgoing arc from transition G2 to place “P” in IPN “Reset”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

There is one place “P” with the following colours:

Table D-17: Place of IPN Evolution Monitoring of agent ACAS UAV i.

Places Colour type Explanation Colour function
P D,ua € {_1,0,1} Currently selected sense None
tt‘RA cR Elapsed time since previous RA ft‘RA =1
Initial markings
Initially there is no token in this IPN.
Transitions
Table D-18: Transitions of IPN Evolution Monitoring of agent ACAS UAV i.
ID | Transition Condition
Gl |Pa P.{State Estimation} - P A If B, gaevouav = TRUE in Equation (198) and t,,, <Oor if
P{Adjusted RA}
§Ieve|
( §§;ZI,A\t > a"m)/\ _Cpi >0 | |from Equation (200) is
t,UAV
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satisfied where
§.a =S, { P{State Estimation}}

U, » =Y, ,{ P{State Estimation}}
20 a0 R
» =5 4| P{State Estimation}}

t,

G2

P A P{State Estimation} A <
P2{Sense/Strength Selection} - If l:_'Bt,RT,UAV A =Byt uav /\(tt,RA,UAv = O)J v By hivior uav
P{Reset} A P{Adjusted RA} A from Equation (200) is satisfied, where

P{COC} §.a = $.4 | P{State Estimation}}

. =Y, » { P{State Estimation }}
§7, = § 4 | P{State Estimation}}
By e = By uwor { P {State Estimation }}

Note, this is the same test as to issue a clear of conflict
message and reset the system

Table D-19: Firing functions of transitions of IPN Evolution Monitoring of agent ACAS UAV i.

ID

Firing function

Gl

In total two tokens with colours are fired. The colours are determined according to Equations
(198)-(200).

One token is fired to place P{Adjusted RA} with the following colours:
0 0
Vi.aramin = Vi A RA,min

0 0
Vi, A Rramax = Vi, A RA, max
a'ti,A,RA =0.35¢g
gAdjusted _RA = 0
tAdjusted_RA = O
One token is fired to place “P” with the following colours:

A
Dt

tt\RA

G2

In total three tokens are fired.
One token without colour to place P{COC}.

One token is fired to place P{Adjusted RA} with the following colours:

0 0
Vt,A,RA,min - Vt,A,RA,min
0 0

=V,

\/ t, A,RA, max

t, A, RA max
a‘[I,A,RA =0.35¢

HAdjusted _RA = O

tAdjusted RAT 0
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| One token without colour to place P{Reset}.
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IPN “Adjusted RA”

IPN to indicate the issue of a secondary RA.

Incoming arcs within same agent

e Incoming arc from transition G1 in IPN “Evolution Monitoring”
e Incoming arc from transition G2 in IPN “Evolution Monitoring”
e Incoming arc from transition G1 in IPN “Hor. Man. Selection”
e Incoming arc from transition G2 in IPN “Hor. Man. Selection”
e Incoming arc from transition G3 in IPN “Hor. Man. Selection”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e Qutgoing arc to transition 12 of LPN “Pilot Flying” of agent “Cockpit i”

Places

There is one place “P” with the following colours.

Table D-20: Place of IPN Adjusted RA of agent ACAS UAV i.

Places Colour type Explanation Colour
function
P Vti Aramin € R Lower velocity bound of RA None
Vti Aramx € R Upper velocity bound of RA None
c’:lli ara €R Assigned acceleration of RA None
éAdjusted m R Turn rate of RA None
tAdjusted ra € R Time stamp of message None

Initial markings

Initially there is no token at place “P”.

Transitions

There are no transitions in the IPN.
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IPN “COC”

IPN to indicate the issue of a clear of conflict message.

Incoming arcs within same agent

e Incoming arc from transition G2 of IPN “Evolution Monitoring”
e Incoming arc from transition G3 of IPN “Hor. Man. Selection”

Outgoing arcs within same agent

e None

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e Qutgoing arc to transition 12 of LPN “Mode S Reply” of agent “Communication i”

Places

There is one place “P” without colours.

Initial markings

Initially there is no token at place “P”.

Transitions

There are no transitions in the IPN.
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IPN “Reset”

IPN to reset the avoidance system algorithm.

Incoming arcs within same agent

e Incoming arc from transition G2 of IPN “Evolution Monitoring” to place “P”

e Incoming arc from transition G3 of IPN “Hor. Man. Selection” to place “P”

Outgoing arcs within same agent

e Qutgoing arc from place “P” to transition | of LPN “Threat Detection”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

There is one place “P” without colours.

Initial markings

Initially there is no token at place “P”.

Transitions

There are no transitions in the IPN.
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IPN “Hor. Man Message”

This IPN selects the coordination message which is sent to aircraft ‘k” as described in Section B.8.

Incoming arcs within same agent

e Two enabling arcs from place “P” in LPN “State Estimation” to transitions | and G

e Two enabling arcs from place “P” in LPN “Received Coordination Message” to transitions |

and G
e Incoming arc from transition G2 of IPN “Avoidance Logic” to place “P1”

Outgoing arcs within same agent

e Qutgoing arc from transition | to place “P” of IPN “Sense coordination”
e Qutgoing arc from place “P2” to transition G3 of IPN “Hor. Man. Selection”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

There are two places. Place “P1” does not have colours. Place “P2” has the following colour.

Table D-21: Places of IPN Hor. Man. Message of agent ACAS UAV i.

Places Colour type Explanation Colour function
P2 M, o €R Sent coordination message None
Initial markings

Initially there is no token in this IPN.

Transitions

Table D-22: Transitions of IPN Hor. Man. Message of agent ACAS UAV i.

ID | Transition Condition

I P1 A P{State Estimation} A None
P{Received Coordination
Message} > P2 A P{Sense
coordination}

G | P2 A P{State Estimation} A If _ NEx 1 f E .
m, =M, receiv y4 > 7 rom Equation
P{Received Coordination I:( e precetved ) ( Modes Modes )]

Message} > P1 (216), where
M gent = M recenea { P { RECEIVed Coordination Message} |

Xwmotes = Xanoaes { P {State Estimation} |
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Xrvotes = Xanoaes { P {State Estimation} }

Table D-23: Firing functions of transitions of IPN Hor. Man. Message of agent ACAS UAV i.

ID Firing function

One token is fired with the colour m, . according to Equation (215)

G One token without colours is fired
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IPN “Hor. Man. Selection”

This IPN selects and controls the horizontal avoidance manoeuver as described in Section B.8.

Incoming arcs within same agent

e  Four enabling arcs from LPN “State Estimation” to transitions |, G1, G2 and G3
e Incoming arc from transition G2 of IPN “Avoidance Logic” to place “P1”
e Incoming arc from place “P2” of IPN “Hor. Man. Message” to transition G3

Outgoing arcs within same agent

e Qutgoing arc from transition | to place “P” of IPN “RA”

e Qutgoing arc from transition G1 to place “P” of IPN “Adjusted RA”
e Qutgoing arc from transition G2 to place “P” of IPN “Adjusted RA”
e Qutgoing arc from transition G3 to place “P” of IPN “Adjusted RA”
e Qutgoing arc from transition G3 to place “P” of agent IPN “COC”

e Qutgoing arc from transition G3 to place “P” in IPN “Reset”

Incoming arcs from other agent

e None

Outgoing arcs to other agent

e None

Places

There are four places. Place “P1” has no colours. Places “P2”, “P3” and “P4” have colours. Next the
colours are described.

Table D-24: Places of IPN Hor. Man. Selection of agent ACAS UAV i.

Places Colour type Explanation Colour function
P2 QI?RA eR Heading of own aircraft when None
initial RA was issued.
ét(\)RA cR Turn rate issued in initial RA None
P3 et(‘)RA eR Heading of own aircraft when None
initial RA was issued.
Q(‘JRA eR Turn rate issued in initial RA None
P4 et(‘)RA cR Heading of own aircraft when None
initial RA was issued.

Initial markings

Initially there is no token in this IPN.
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Transitions

Table D-25: Transitions of IPN Hor. Man. Selection of agent ACAS UAV i.

ID | Transition Condition
I P1 A P{State Estimation} > P2 A None
P{RA}
G1 | P2 A P{State Estimation} - P3 A If d, 1o anss = Oioq @ described in Section B.8, where
P{Adjusted RA o N
tAd) } Sur.apse = Sun anse P {State Estimation }}
Uy i apse = Vi anss | P {State Estimation }}
55 = § | P{State Estimation|
G2 | P3 A P{State Estimation} - P4 A If d , >d_, asdescribed in Section B.8,
P{Adjusted RA} tHMD. ADSBfs,
where
Sum.ass = Sum apss | P {State Estimation }}
Ut 12058 = Vi apsa | P {State Estimation }}
U7 a0ss = Ve, ass { P {State Estimation }}
§7, = § 4 | P{State Estimation}}
G3 | P4 A P{State Estimation} A P2{Hor. If yo _e° ‘ < o0
Man. Message} = P{Adjusted RA} A Lo THRA| T Tmax

P{COC} A P{Reset}

as described in Section B.8, where
& = 6 { P {State Estimation}}

Table D-26: Firing functions of transitions of IPN Hor. Man. Selection of agent ACAS UAV i.

Firing function

(204)-(214).

0 _
VLA‘ RA,min — 0

VtO,A,RA,max =0
atl,A,RA =0.25¢
0RA = HRA

t:a =0

In total two tokens with colours are fired. The colours are determined according to Equations

One token is fired to place P{RA} with the following colours:

One token is fired to place “P2” with the following colours:

Gl

In total two tokens are fired.
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One token is fired to place P{Adjusted RA} with the following colours as described in Section

B.8:
V0 =0
t,A,RAmin —

VtO,A,RA,max =0
atl,A,RA =0.25g
O =0

t;n =0

One token is fired to place “P3” with the following colours:

=0, {P2)

t|RA IRA

O = Ofen | P2}

t|RA t|RA

G2

In total two tokens are fired.

One token is fired to place P{Adjusted RA} with the following colours as described in Section
B.8:

0 —
Vt,A,RA,min - 0
0 _
Vt,A,RA,max - O

a[i|A,RA =0.25¢

O = _et(\)RA { PZ}
t;a =0

One token is fired to place “P4” with the following colours:

Oy = O {P3)

t|RA t|RA

G3

In total three tokens are fired.

One token is fired to place P{Adjusted RA} with the following colours as described in Section
B.8:

VtO,A,RA,min O
VIO,A,RA,max 0
& nra =0.259
By =0

t, =0

One token without colour to place P{COC}.

One token without colour to place P{Reset}.
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