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Abstract

FARQVP4 aims at generating predictive modelsafety eventgSafety Performance FunctionSPFs)
by using organisational, technicdduman, and procedural precursors to characterise and predict
airspace Separation Minima Infringement (SM§ a function of those precursors.

To accomplish thiebjective,the workhas been organised into 3 tasks:

I T4.1 Safety Performance Functions (SPFs) Development. The development of thau®PFs
with a characterisation of the safety events in terms of the safety dimensions (precursors) and
their aggregation

I T4.2 Safety Performance Functions (SPFs) Cadiby&tdjustment and Sensitivity Analysis.

1 T4.3 Safety Performance Functions (SPFs) Influence Factors and Applicability Thresholds.

Deliverable 4.1 is tasked with developing a baseline model of the SPF for the characterization and
prediction of airspace 8paration Minima Infringement3M) in particular ATC sector3hisreport
coversthe research conducted in T4.1 and T4.2.
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1 Introduction

Work Package 4 (WP4) in FARO proposes the development of ATM Safety Performance Functions (SPF)
as effective tools to measure safety performance in ATMe concept of Safety Performance Functions

refers to explanatory and predictive mathematical modelgeab explain and predict the occurrence

of safety eventsFARO project is concerned with a particular type of ATM safety event, the Separation
Minima Infringement or SMI. A SMlassituation in which prescribed separation minima were not
maintained between aircraft.

In generalthe two project level objectives of FARO project related to safety aresharollowing:

O1 Capitalisation on the existent knowledge of satethis objective pursues to systematically extract
existent safety knwledge by applyinglata-driven techniques combined with a knowledgased
approach levering the knowledge of experts within the consortium and exploiting experience from
other transport modes

¢tKAa 202SOUGAGS LizNEdzSa (0 K $endiorRsSiy terdng af Qdchindlogigal, 2 F
organisational and human aspects associated to specific automation solutions.

02 Quantification of the impact of increasing the level of automation on ATM safety leVbis
objective aims at generating predictive mdslef safety events as a function of the technological,
organisational, human and procedural dimensiamsl automation solutions defined in the scenarios
considered in WP2

Therefore, WP4 aims at generating predictive models of safety events by usingisatigaral,
technical,human,and procedural precursors to characterise and predict airspace Separation Minima
Infringement (SMl)as a function of those precursors.

This objective pursues to systematically extract existent safety knowledge by applyadridan
techniques combined with a knowleddpased approach, levering the knowledge of experts within the
consortium and exploiting experience from other transport modes.

To accomplish thiebjective,the workhas been organised into 3 tasks:

I T4.1 Safet Performance Functions (SPFs) Development. The development of the SPFs starts
with a characterisation of the safety events in terms of the safety dimensions (precursors) and
their aggregation The outcome of this descriptiv@nalysis,together with prior statistical
knowledge serves to select potential models that could provide statistical representations of
the frequency and severity cfafety events. A datalriven approach complements the SPF
development, allowing the identification of the SPFs theneehfter the descriptive analysis
and the selection gpotential statistical models.

1 T4.2 Safety Performance Functions (SPFs) Calibration, Adjustment and Sensitivity Analysis. The
models proposed in the previous taske adjusted and calibrated from realata. The
explanatory power of each model and /or independent variable and the mixed eféeets
quantified Sensitivity analysis considerimigxed effectenableghe characterisation of safety
performance in terms of not only the independent dimensidmst also their combinations,
identifying prior thresholds of those dimensions that would reduce the frequency of a safety
event.
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I T4.3 Safety Performance Functions (SPFs) Influence Factors and Applicability Thresholds.
Application of the model to the studcases or scenarios defined in the projectyt@ntifythe
influence factors of each study case and determine the criteria and thresholds for its
applicability.

1.1 Purpose of the document

Deliverable 4.1 is tasked with developing a baseline model ofS#PE for the characterization and
prediction of airspace Separation Minima Infringemet@M) in particular ATC sector3hisreport
coversthe research conducted in T4.1 and T4.2.

This document describes thmathematicalbackgroundand the methodologicalapproach followed,
describes the proces®llowed to build up themodel, and serves as the underlying framework for
subsequent deliverables 42).

The report covers selected SPFs as a function of the safety dimensions (precursors) and their
aggregationthe results from the adjustment and calibration processes, and the sensitivity analysis
with respect to the independent dimensions.

1.2 Document and content

This document is structured as follows:

9 Section 1 introduces the purpose of the document,dtmtents and the terminology and
acronyms used

I Section 2provides an introduction to Safety Performance Functions (SPF) and explains that
they refer to mathematical models with the ability to predict the occurrence of safety events.

I Section3 provides afirst outlook on the main concepts involved in theonstructionof a
Bayesian Network (BM)nd how the BN outcomes can be exploited.

I Section4 analysis the optimumdesirable set of information from a knowledgebased
perspective, to generate the ketion of required data as wellasthe data finally available
within FARO project for being used in the SPF models. It also discusses the data transformation
process thathasbeen necessary to exploit, as much as possible, availabletolgapulate
variablesn the model.

I Section5 presens the overall methodology and conceptual framework followed to develop
the structure of the SPF model

I Section6 describeghe resulting model in all its details.

I Section7 presents a list of all input, training and output variables of the network. An
explanation of the variable and an example of its discretisation is included.

I Section8 shows the integration of theubnetworls defining each of theafety barriersnto a
single compact model.

1 Section9 discusses the conclusions drawn from the methodology developed during this
document as well as a proposal for next steps.
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1.3 Terminology and acronyms

Tablel: Acronymslist

Term Definition

3D 3 Dimensional

AC Aircraft

ANSP Air Navigation Service Provider

ATC Air Traffic Control

ATCo Air Traffic Controller

AFTCM Air Traffic Flow Capacity Management

ATM Air Traffic Management

BBN Bayesian Belief Network

BN Bayesian Network

CNS Communications, Navigation and Surveillar

CPA Closest Point of Approach

dCPA Distance Closest Point of Approach

EB Empirical Bayes

ECTS European Train Control System

ERTMS European Railway Traffic Manageme
System

ETA Event Tree Analysis

FARO safety And Resilience guidelines for aviatiC

FL Flight Level

ft Feet

GSMR Global System for Mobile communicatier
Railway

IE Initial Event

LECBCCC Barcelona Central Sector

LECBCCU Barcelona Upper Sector
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LECMSAN
LoS
MAC
MTS
NM
RBC
RTM
SMi
SPF
STCA
TLC
VX

Vy

Vz

WP
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Santiago Sector

Loss ofSeparation

Mid Air Collisions

Maritime Transport System
Nautical Miles

Radio Block Center
Regression to the Mean
Separation Minima Infringement
Safety Performance Function
Short Term Conflict Alert
Time ofLast Clearance
X-axis speed

Y-axis speed

Z-axis speed

Work Package
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2 Introduction to Safety Performance
Functions¢SPFE

The term Safety Performance Functi@@PF)s used in many industries to refer, in a general way, to
mathematical models that have the capacity to explain, but above all, predict the occurrence of safety
events.

The expression has been coined in the field of road transport, with the developmenoaéls to
predict the occurrence of traffic acciden@ndover the years its applications have expanded into new
fields such as railway or aviation.

Most of the current research on road safety is based on the analysis of crash data that are challenged
by wellrecognized quality and availability issues. The use of surrogate safety measures, such as traffic
conflicts, has been gaining acceptance as an alternative or complementary approach to analyse traffic
safety from a broader perspective than collisieta aloneRoad crashes can occur as a consequence

of several factors such as: human behaviour, environmeeljcle,and road characteristicKhair

(Khair S. Jadaan, Junes42014) using Multivariate Analysis Modedstablisheda mathematical
relationship between explanatory variables such as weather, road geometry, traffic volume or human
factors and collision frequency in roadways with different sections.

However, there is a need to develop appropriate statistiemhhiques to analyse conflict data to
support various complex safety applicatioRsequentist statistical inference, where conclusions are
drawn from sample data by emphasizing the frequency or proportion of the data, hypothssiy,
and confidence itervals, is not useful when the number of safety events is limifd latest works

in this area focus on the framework of Bayesian stasstwhich is considered the most advanced
technique in statistical analysis of collisiqRsArnaldo, 2019Rosa Maria Arnaldo Valdés, 2018 Dec.
14).

At (Sacchi, 2015)PFdased on Bayesian Networks (BMyre developed to predict the number of
rear-end conflicts at different inteextion approaches and the functions were validated using
posterior predictive checking indicators. Data for traffic conflict observations were automatically
extracted with computer vision techniques at several urban and suburban intersections in British
Cdumbia (Canada)he work a{Villaz"an, 2017pcuses on the application of BNs for traffic accident
causality analysis as the most adequate statistical model, due to its power to reproduce
multidimensional random variablg&. Castillo, 1997and its capacity to integratall relevant items

of the road in the same model.

Some applications of the Safety Performance Functi@ave beerused to estimate train driver errors

and conduct safety assessnie of the whole ERTMS (European Railway Traffic Management System)
(F. Flammini, 2006)n thisapplication,two complex BayesiaNetworkswere developed taking into
account variables such as tiredness, fatigue, training, policies of organization and so on. The difference
between these two networks lies in the equipment need for ERTMS/ECTS operation. They consider
two levels. Level 1 fittedith balises, loops, lineside electronic units, lineside signals and track circuits
andLevel?2 fitted with balises and radio track circuits and radio blddie results of this analysis show

that ERTM&evel?2 is safer and less prone to driver errors tiEERTM$evell; however, it also contains

more critical elements (such as GSMR system and RBC) that have a significant impact on the continuity
of ERTMS functioning, such that any failure in one of these cormp®neéll stop the whole ERTMS
system. Accordigly, it can be concluded that new systems with advanced technologies will improve
safety only if their subsystems and components are reliable and interact with each other reliably.
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It is also possible to find some applications of SPF, built upon thedigyof BayesiaNetworksin

the maritime industry. A{P. Truccoa, 200&) Bayesian Belief Network (BBN) has been developed to
model the Maritime Transport System (MTS), by taking into account its different actors (i.e., ship
owners shipyards port andregulatorg and their mutual influencedhe latter have been modelled by
means of a set of dependent variables whose combinations express the relevant functions performed
by each actorThe study has focused on a collisiojgen seehazards. fie approach has allowed the
identification of probabilistic correlations between the basic events of a collision accident and the BBN
model ofoperationaland organisational conditions.

The Bayesian NetwolSafety Performance Functioapproach has been developed and applied to
several case studies in the road, train, and maritime industry, but it can also be utilised in other sectors
such aviation and Air Traffic Manageme@bnsidering different characteristics which were analysed

in depth in WP2 D2.ZFARO project, 2021)hese models can be conceptually extrapolated to the
airspace, considering different characteristics: the geometry of the routes followed by the aircraft, the
volume of traffic, the mix of traffic and its dynamic variables,ghemetryof the encounters biveen
aircraft, the severity or magnitudef Separation Minima Infringemenbetween aircraft, the
complexity of the airspace structures, the size and characteristics of the sectors where the aircraft are
flying, the complexity of the organization and maeagent of the airspace, etc. One @ main
applications focuses on the analysisfafspace Separation Minima InfringemeB8eparation Minima
Infringement(SMI)is a situation in which prescribed separation minima were not maintained between
aircraft. Theoccurrence ofSMisthat could lead to Mid Air Collisions (MAC) is of major concern to Air
Traffic Management.

According to this approachgsie projectshave extended the concept Safety Performance Functions
to ATM to develop models capable of explagiand predictinghe occurrence oSMIs considering
different precursorsAt (R Arnaldo, 2019 frequentist statisticabpproach is used to characterise the
SMisbetween aircraft as count data with an excess of zeros and digpersion. Subsequently, the
relationships between the number of aircraft conflicts in a particular route segment and the airspace
design and traffic flow characteristics are modelled using -Ztdtated models. Based on the
characteristics of the routeegment, the distribution that most closely matches observations of the
number of conflicts in airspace segments is a 4deflated negative binomial probability distribution.

It alsotakesinto accountof the large amount of null values that characterigsdesy occurrences in
aviation.However, this first attempt did not exploit some of the potential of tBayesian Network
technology toutilise causality inference and prediction in ATM.

A more complete alternative will be to use empirical Bayesian modatwpifical Bayes, EB). These
models allowaddressingwo common problems associated with predietisafety models(Hauer,
2002)

(1) on the one hand, the consideration of regression to the mean (RTM); and, on the other,

(2) the lack of data when there is an insufficient historical period or with a very low number of
occurrences

Regression to the mean is a common bias when evaluating a network in terms of accident rate or
safety, since a point or element in the network caavé high occurrence frequencies in a year and,
nevertheless, can present a frequency of occurrersragller and more characteristic the following
year. The EB method will allow a better estimation of the safety of a part of the air transport system,
taking into account not only the number of safety occurrences at that location, but also the
occurrences observed in similar environments, naturally incorporating the knowledge of the experts
on the causes that could have produced th@sdauer, 2002)
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However, although there are good applications of BN in ANwil, 2003)(Gomez Comendador,
Arnaldo Valdés, Villegas Diaz, Puntero Parla, & Zheng, @j®) 2016)(Chen F., 2012jts potential
to explain and predict the occurrence of safety events as SMIs has not yet been assessed

To better understand the potential of Bayesian Networks and to sustain the complex nrogekpd
in this document, the following section provides a first outl@skthe main concepts involved in the
constructionof a BN and how the BN outcomes can be exploited.
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3 Principles ofBayesian Network Analysis

3.1 Definition of Bayesian Networks

Bayesian networks are graphical representations that constitute directed acyclic graphs. A graph is a
set of nodes and edges (or arcs); acyclic means that this set is linear or open, not circular; and directed
that it has a unique direction, which marksetharcs. In the network, nodes are random variables; and
arcs represent the direct dependency relationship between variables.

The structure of the network gives information on the relationships between variables, which can be
causeeffect relationships. lfhere is an arc from node X to node Y, X is said to be the parent of Y. The
network also represents the conditional independence between variables; in this case, given the
parents of a variable, the child is independent of the rest of the nodes in theankt

These networks are based on Bayes' theorem and Bayesian infeages' theorem calculates the
probability of an event A under the condition of another event B, so that the probability of A varies
according to whether the event B occurs or note &hpriori probability of A is belief, and the event B

is evidence. Bayesian inference makes use of Bayestem and is the process of updating beliefs
when evidence is known. Evidence can come fthendataobtained or from the knowledge of an
expert. his modifies the initial assumptions and results in posterior probabilities.

The graph gives a lot of information about the structure of the network, but not about its numerical
properties. Therefore, it is necessary to construct conditional probability tables associated with nodes.
The information needed to build the network, ontge parameters and the connections between
them have been identified, is as follows:

1 The a priori probability of nodes without parents
1 The conditional probability of nodes having parents

To define the probabilities, one must follow the ancestral ordethe graph, knowing which values
the parents take from a given parameter, and then the value of the child given his parents. With these
data, the following information can be obtained:

9 The a priori probability of a child node
1 The posterior probability foany node givethe observedevidences

When a piece of evidence is introduced into the network, the information travels both upwards and
downwards and the probabilities of the other nodes are updated. The model can be fed with both data
and expert knowlede.

3.2 Mathematical Foundations of Bayesian Networks: Bayes
Theorem

Bayesian networks are based on the conditional probability, in particular the Bayesian theorem and
the Bayesian inference. Conditional probability is one of the main ideas of probabdiyythThe
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concept of probability considers that the only information is the sample space, however, in the concept
of conditional probability there is additional information, with which the probabilities change.

The conditional probability is the probabylithat an event A occurs knowing that an event B occurs. It
is given by the following expression:

. 0O, 0 1)

o
LOS & —

From the above expression one deduces the joint probability, that is, the probability of the
intersection:

06 6 O0!g D" o"d ! @)

For any set of random variables, this expression can be generalized to calculate the joint probability
from the conditional probabilities, using the chain rule.

Given nevents) ¥ oX 3t is verified:

Vo, 6,8.0 VOYH .8, 0 VOH, 8,0 BPDO ©)

Equation (3) is the rule of multiplication, which is to be rewritten as a production:

4)

Each joint probability distribution of n random variables can be factored into n! different forms, and is
the product of the probability distributions of each variable conditio@dther variables.

For example, in equation (2) there are two variablethst the two forms that appear can be factored.
Three variables could be factored into 3! different shapes.

Continuing with the concept of conditional probability, the total probability theorem and Bayes'
theorem are defined: Letnevente! m X~ X Zich brg disjoiatkvo by two, i.e., the intersection of
these is the empty set, and the union of n events is the sample space; and given an event B of which
the conditioned probabilities are knowlh 6 Fthe probability of the event B is given by:

©)

And Bayes' theorem is given by the following expression:
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Where0 6 is the a priori probability) 0% s the conditional probability, P(B) is the probability
of observing B, the marginal probability, andd ¥ is the posterior probability.

Il F $AyY3 YIRS (KSaS RSTAYAGAZ2YA | yhé&wokis diffited: v S R

idKS

Given an acyclic graph directed G and a set of variables A, A is a Bayesian network of G if it meets that

the joint probability is the product of the individual probability of a variable given by its parents. This

is written as follows

v

The dissimilarity between thexpressiong7) and (4) is the conditional independence of the variables

of any node other than itparent, given its parents. That is, it is the chain rule simplified given a series

of conditional independence relationshig&ucar, 2015)

To better understand theoncept a Bayesian network constituted by two evemtdl be seen These
are:

1 Event A: To be born in Winter
T EventB: To be born in December

Figurel represensthe relationships considered in this case between the two events.

Born in

Born in Winter
° € December

Figurel: Example of a simple Bayesian network

Asit has been explained before, it is necessary to fill in the a priori probability of tempaodes and
the conditional probability of the children.

9 To be born in winter: Considering thisie winterlasts 90 days and that the year has 365 days,
one obtains:

0 A priori probability that a person was born in winter is:
P (to be born in winter) = 9865 = 0.2466
0 A priori probability of not being born in winter: this is the complementary case:
P (not to be born in winter) =0.24657 = 0.75343

Next,the conditional probability of the child node:
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I To be born in December: Considering that winter has 90 days, 11 of them ar®é&oembey
and the remaining 20 days of December belong to autumn, the following probabilities are
obtained:

0 The pobability that a person was born in December knowing he vaae i winter:
P (to be born in December|born in winter): 11/90 = 0.1222

0 The pobability that a person was not born in December knowing he was born in
winter: thisis complementarygase to the previous one:

P (not to be born in December|born in winter)¢10.1222 = 0.8777

o0 The pobability that a person was born in December knowing that he was not born in
winter:

P (to be born in December|not born in winter): 20/275 = 0.072727

0 The probabilitythat a person was not born Decemberknowing that he was notdrn
in winter, is complementary to the previous one:

P (not to be born in December|not born in winter): 0.072727 = 0.9272727

With the results obtained from these calculations, the conditional probability table for the child node
can becompleted,as ca be seen irFigure2:

Bom in Winter Tes Mo
b |fes 01222 0.07273
Mo 08778 0.92727

Figure2: ConditionalProbability Table for the node Born in December
The a priori probability of being born ecember is calculated with the equation (5)
P (to be born in December) = 0.1222 - 0.2465 + 0.07272 - 0.7534246 =0.0849

It shows what intuition would have said. If the year has 365 days and December 31, the a priori
probability of being born in Decemberd&/365 = 0.0849This results is also obtained by the software
GeNle, as can be seenFigure3:

O value

(' Born in Winter () Born in Deceml Yes= 00850 |
Mo = 0.915 I
Yes 8%|

Yes 25% [
No 75% 0 = No 92% (I H(

Figure3: A priori probability for the nodes

¥

Giventhe evidence, and making use of the Bayes' theorem, one can know the subsequent probability
of the rest of variablesSuppose the evidence given is that one was born in December. The posterior
probability ofan eventA (to be born in winter) is ¢eulated with equation (6) and the following is
obtained:

J s 8 08

o'!g = 5 =0.3545
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InFigure4 it can be seen th sameresult graphically:

(O Born in Winter () Born in December
Yes35%[E]
No 65%

Figure4: Conditional probability that a person was born in winter having evidence

This example with two node=an be extended ttarger networks. However, the number of valubatt
must be completedn the probability table inceases exponentially with the number of parents of a
node. For this reasoinig work efficiently with Bayesian networks in more complex cases, suttfisas
safety studyit is necessary to use computational tools.

3.3 Methods of constructing Bayesian networks

As mentioned irthe previoussections, a Bayesian network can be built from expert knowledge, from
real data, or as a mixture of both.

This section will explain how a network should be created depending on the method used.

T 9ELISNI & Q Thy expgettsSheIcSdécide the variables to include in the model and
establish the causal relationships between them. They also have to complete the conditional
probability tables for each child node.

I Real Dataln the case othe constructionof Bayesian networks dictly from data, the causal
relationships will be extracted from these data, as well as the conditional probability tables.

I Mixed caseln this case, causal relationships created directly fthendatacan be modified
by addingremoving, or changing théirections of the arcs.

In the case that concerns in this document, for the study to be caoigcthe method chosen is the
mixed one.

3.4 Bayesian Network Construction

The creation of a Bayesian network from a database and using a software must be dwoee isteps
shown inFigureb:
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Data Structure Parametric
Preprocessing Learning Learning

Figureb: Steps for the creation of a Bayesian Network

9 Datapreprocessingln this step, the variables to be used to model the problem are selected.
A data cleaning is carried out to detect possible failures and correct them, if necessary. This
step isessential because if datare not correct orhavea fault, the learning of te network
will not be optimal, and therefore the results obtained frahem will not be valid.

9 Structure Learningtn this step, the network structure @etermined, that is, the dependency
and independence relationships between the varialdes establishedThis learning can be
done directly from the data provided, or as in this studsipr knowledge can be introduced
into the model.

I Parametric LearningThe last step consisbf obtaining the required a priori and conditional
probabilities given the structure previoustiefined These probabilities are obtained from the
observedfrequencyof the data.

3.5 Example of construction of a Bayesian Network

In this section, a Bayesian netwavkl be built using the mixed method, that sy combiningdata and
SELISNIQa 1y26ftSRISO ¢KA& ySig2N] Aa tbdestady 6 KS &
case of thislocument,but it has been considered a useful examfmebetter understand whait is

expected to be doneThis networkwill be created from a database, combihg A i K G KS SELIS!
knowledge. The database has been obtained from a platform called K&gmgle, s.f.Xaggle is an

online platformfor conductingData Miningcontests and it provides arepository for companies to

publish their data. The dataset includes personal informatorsymptoms and risk factors of the

disease for 1000 patients. The structure of this database can be seenkhigine6t:

Patient Id ‘Age ‘Gender ‘A'lr Pollution ‘Alcohol use‘Dust Allergy ‘OccuPationaI Hazards ‘Genetic Risk ‘chronic Lung Disease ‘Balanced Diet ‘Obesity ‘Smoking ‘Passive Smoker
P1 33 2 4 4 3 2 2
P10 17
P100 35
P1000 37
P101 46
P102 35
P103 52
P104 28
P105 35
P106 46
p107 44
P108 64
P109 39
P11 34

NN N N R e e e e e
(=B == R I = S AR — i B IR = V)
NOUT 00N WU R s U000 U
NN N RO RN Oy
NN NN W RN N W
U N N RN WOy
~NOE OO W U W N RO N R NN
NN N W AN NN
~NO N N WU W s NN N NN
NN NN O P W 0N NN W
~N O 00 00 W AN W SN N W

Figure6: Structure of the database from Kaggle
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The first step for building the network is tipee-processingf the data. In this case, it is not necessary

to clean the data since no errors were found in the database. Next, the variables that are believed to
be the mostrepresentative are selected to model the level of severity of lung cancer. The selected
varigbles areage, alcohol use, air pollution, smoking, obesity, genetic risk, coughing of [digde,

and the output node, severity level. Finally, it will be necessary to mattiscaetisationof these
variables. This consists of converting the contirugariables into variables grouped by intervals. This
step is necessary since most algorithms are optimized for discrete variableslisEnetisationof
variables can be based either on statistical characterizatioonogxpert knowledgeDiscretisation
should ensure that no information is lost or considered as an excess of states.

In Table2, it can be seen thdiscretisationthat has been done for the selected variesl

Table2: Variable discretisation

T Low:1
Severity level T Medium:2
1 High: 3
1 State 1: Below 28
Age I State 2: 2845
i State 3: 450
1 State 4: 60 up
Alcohol use T Low:1,2and3
Air pollution 1 Medium: 4, 5 and 6
Smoking 1 High: 7and 8
. T Low:land?2
G;foc"téisk 1 Medium: 3,4 and 5
1 High:6and 7
. T Low:1,2and3
COUQ:QQ%SLMOM T Medium: 4,5 and 6
1 High:7,8and 9

For example, for the variablage it has beendiscretisa in 4 states that are: under 28 years old,
between 28 and 45 yeardd, between 45 and 60 years qldnd over 60 years old.

The next steps to obtainthe structure for the network. This structurelsarnedin the first instance
directly from the data, sing GeNle software, with an algorithm called Bayesian Search. The Bayesian
Search structure learning algorithm is one of the earliest and the most popular algorithms used. It was
introduced by(Cooper, 1992and was refined byHeckerman, 1995)Iit essentiallyfollows a hill
climbing procedure (guided by a scoring heuristic, which in GeNle is thi&dblgood function) with
random restarts.

This structure is shown Figure?:
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> Alcohol use

Age =

Fatigue

Figure7: Structure of the Bayesian Network directly obtained from data

Whenanalysingthe relationships created by the algorithm, sowithemthat do not make sense are
detected For examplethe variablesshown in orange are external factors. Therefore, it is not logical
that these factors are children of other nodes.

It is at this timewhen the knowledge of the experts plags essentiakole. They must decidehether
to add,remove,or change the directions of the causal relationships created directly from data.

Links that have been deemed meaningless, and that should be removed or chdingettbn are
shownin Figure8:

Coughing
of Blood

Alcoholuse

@

o Smoking Fatigue

Figure8: Combination of expert knowledge and the data provided

Once these decisions have been made, the final structure of the network is obtained, which is the
result of a combination of expert knoadge and the data providedhis final structure is shown in
Figure9:
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Air Pollution

Figure9: Network structure created as a combination of data and expknowledge

The next step is parametric learning. As already mentioned, it consists of obtainingptteria
probabilities of the parent nodes and the conditional probabilities of the child nodes.

In Figurel0, it can be seerthat theseprobabilitiesare obtaineddirectly from the frequency of the

Obesity

| Alcohol use

Smoking

data for each of the states of the variables.

High  5%l]

(@] Air Pollution

Obesity

Low_ 52%|l]

Medium44%|

_ |Low_ 29%HH]
" |Medium379% ||
33%

Coughing
of Blood

A

Fatigue
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O Coughing of Blood

C) Genetic Risk

A

Alcohol use

Low_ 25%
Medium31%|| |
High  43%

[@] Age

s1_below _... 25%|[l]
s2_28 45  48%|
s3 45 60 20%|]

Low_ 56%| ]
Medium13% |||
32%

Smoking

Low_ 33%|HE]
Medium34% ||

High  33%

A

(:) Fatigue

s4 60 up 7%l

In turn, in thisstep,the conditional probability tables for the child nodes are also obtained Fignere
11 shows the conditional probability table for the output node of thetwork (the severity level
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Coughing of Blood| = Low_ = Medium = High
Fatigue Low_ Medium High Low_ Medium High Low_ Medium High
» |Low 062229807 0.16666667: 0.03030303 0.81547619 0.0625: 0.333333330.076923077: D.0033670034: 0.0023930815
Medium 0.37656428 0.82795655: 0.03030303 0.18154762 0756251 0.33333333! 0.23076523! 0.0033670034! 0.0023980815
High 0.0011376564 | 0.0053763441! 0.935353394: 0.002595761305 0.181251 0.33333333! 065230769 0.99326559 0.95520384

Figurell: Conditional Probability Table for the nod8everity Level

The conditional probability tables are thesultsthat it is wanted to obtain from the training of the
network, since they will help to carry out the subsequent analysis.

Conditional probability tables grow exponentially with the numberpafents of a node. For this
reason,if the table is to be populatedith knowledgeof a domain expert then the magnitude of the
taskconstitutesa considerable cognitive barrier.

Once the network is created, tferrespondinganalysiscanbe carried out o it.

3.6 Analysis carried out on the network

The analy®s that will be carried out with the BNire: sensitivity analysis, backward analysis and
forward analysis.

I Sensitivity analysisSensitivity analysis is used to investigate the effect of small changes in
numerical parameters (i.eprior probability on the output parameters (e.g., posterior
probabilities). Highly sensitive parameters affect the reasoning results more significantly
Identifying them allows for a directed allocation of effdaa obtain accurate results of a
Bayesian network model. GeNle implements an algorithm proposed by Kjaerulff and van der
GaagKjaerulff, 2000)hat performs simple ensitivityanalygsin Bayesian networks. Roughly
speaking, given a set of target nodes, the algorithm calculates efficiently a complete set of
derivatives of the posterior probability distributions over the target nodes over each of the
numerical parametss of the Bayesian network. These derivativiedicate importance of
precision of network numerical parameters for calculating the posterior probabilities of the
targets. If the derivative is large for a parameter p, then a small deviation in p may lead to
large difference in theposterior of the targets. If the derivative is small, then even large
deviations in the parameter make little difference in {hesterior. The results of the sensitivity
analysis are presented graphicallg a scale of red tonesThe colouring of the individual
elements of the definition shows those individual parameters that are important.

1 Backward analysistThe model is used to deliver a particular configuratbthe parent nodes

by setting the outcome node (uncertainty lex#lthe severity level) to a target value. In this
analysis, the severity level is settled to a higiedium, or low value. Then, the network
provides understanding about the main contributors to severity level uncertainty, or what
configuration of uncertanty might be admittedn the various input variables to provide the
target outcome uncertainty. This case study is useful to answer the following quegtigns:
how much will it be necessary to improve uncertainty in iftygut nodes to achieve a certain
uncertainty level in the outcome node?; ¢2) what will be the probability of any fault
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(uncertainty level of the input nodes) given a set of symptoms or results (uncertainty level of

the outcome)? This is a typical fault diagnosis scenario.

I Forward analyss: The model is used to predict the effects, that is, the uncertainty level in the

severity level (outputhild node) by setting the probability distribution of the parenput
nodes. This case study is useful to answer the following research quesiien e

probability distribution of the uncertainty of the various input nodes, how these uncertainties
propagate through the networkauses probability distribution for the uncertainty (% of high

uncertainty,% of medium uncertainty or % of low unceartty) in the outcome of the network,

Ghe severitf S@St ¢ K ¢KAA Aa | G@LAOIE LINBRAOGAZY

The results of these threanalysesare presented below for the lung cancer example.

In the sensitivity analysis, the node "severity level" has been marketieatarget node Sensitivity
analysis is used to detect highly sensitive parameters for the target hdelatifying these parameters
allowsto focusour effortson these variables.

The softwareshows on a scale of red tones, the masnsitive parameters to the target nodes can
be seen irFigurel2. For this particular example, they woué Air pollution and Genetic Risk.

cemm= T
-__I.r.lw 3%

" |mediumaase | Node

Fatigue

Low_ 48%
Nedium25% | |
High 22% (I

Figurel2: Sensitivity analysis

The Backward analysis is used to deliver a particular configuratithe parent nodes by setting the
output node (Severity Level) to a target value. For this case, a severity léwelinfa 100%s settled
and a cafigurationof parent nodego achevethis targetis obtained
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In Figurel3, it can be seen how the probabilities of the states have changed. For example: the low
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Medumaase( |
High 3]

() GenetcRik
Low_ 27|l

Mediumass| |
High 2a%|l]

- Fatigue

Low_ o ]
Medium 73]
High 5%l

Figurel3: Backward Analysis

state of fatigue has gone from 49%88%.

The Forward Analysshown inFigurel4is usedo obtain the probabilitie®f the output node. Imagine
that there is evidence abowwomefactors of a particular patient, faxample,t isknown that he lives

in a zone withhigh air pollution, his genetic risk is low, he is 65 years old, he is obese, he drinks a lot

of alcohol and smokes a lot. Withabeevidencesis possible to predict the severity level of the patient.

(O Air Folution
Low 0%

Medum 0%
High 100% =

(O Coughing of Blood

O obesiy

low_ 0%

Medium 0%

High 100% =

\

i
IO GeneticRsk O Akcholse (O severity Leval
Low 1o0%( | Low_ 0% Low 7%l
Medium 0% " |nedum 0% Medium13% [
High 0% = High 100%
a2
//\\‘
(@] Age £
Srroki Fati
5 1_below 0% O EEl O =
- - low_ 0%
52 28 45 0% I -
hMedium 0%
53 45 60 0% digh  100%
il
s4 60 up  100% | = Low_ 32l
Medium2286 [ |
tigh 325 I

Figurel4: Forward Analysis

3.7 Main reasons for selecting Bayesian network methods
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Once it has been seen with the practical example how Bay#&&amorks work and the various studies
that can beconductedon them, the reasons why it was decided to use &&n networksn for
fulfilling FARO QZ his is because any change in the systeperations, procedures, ef;can reflect
a change in the prior / posterior distributions, and the caussfects can be analysed’he main
reasons why Bayesidfietworks have been selected are explained below:

- BayesianNetworks are very useful for capturing and analysing causality and influence
relationships. They are very effective at diffusing uncertainty and updating systems with new
data. They are also applizi@ when the structure of the system is too complex. They provide
an intuitive and efficient way to represent a considerable field, making complex systems
modelling feasible.

- BayesianNetworks are mainly used to update the probability distribution of thates of
hypothetical variables (variables that cannot be observed directly). This probability
distribution helps decision makets determine the appropriate course of action.

- BayesianNetworks provide a convenient and consistent way to express unceytaimt
uncertainty models and are increasingly being used to express knowledge of uncertainty. They
are used for qualitative and quantitative modelling of uncertainty and its causes.

- Due to the conditional dependence of variables in the network, BN provitesbility to
predict or diagnose (i.e., they can determine impact aadse}. BayesiaiNetworks are used
to model multidirectional uncertainties forward and backward.

BayesiaiNetworks can perform qualitativeauseandeffectevaluations and can quanditively update
the probability distribution of unobservable variables.

Qualitative analysis: Given a scene, the Bayedtwork graphically represents the causal
relationship between the various elements of the scene.

Quantitative analysis: update the rgbability distribution. Given the hypothetical variables
representingpossibleactions and the prior probability distribution, the Bayeshatwork provides the
function of updating this probability distribution when new data and information are acquired.
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4 Data Management

This section discusses the main data management tasks performed. The process of identifying the key
information to perform the model is presented firstly, followed by the data exploratory analysis
conducted to examine the characteristiobthe available data, and finalising with data filtering and
datatransformation

As specifiedn the previoussectionsthe aim of this work is to define the ATM Safety Performance
Functions by usingrganisationaltechnical,human,and procedural prearsors to characterise and
predict airspaceseparation minima infringemeras a function of those precursors.

The identification of those precursors, as well as the data and variables to support its characterization
and quantification will determine the optimalset of information thatit would be desirable for the
model.

In this section, this optimal set of information is analysed from a knowlsdged perspective.
Unfortunately, not all the necessary data will be available for usednmodel.

First of all, a brainstorming exercise was carried lmetiveen all partnersvith the aim ofidentifying

all possible variables that could affect the occurrence of a violation of the minimum separation
distance between emoute aircraft(FARO project, 2021; FARO project, 2020gse variables were
then grouped into different causal factQend these causal factors were in turn grouped into different
analysis areadp establish a general and more visual franork of the information requiredThe
following 12 analysis areas were obtained in a first attempt

- Traffic demand

- Airspace

- Organization and Management of Human Resources
- Human Resources

- ATFCM Regulations

- Planning Compliance

- Operations

- Potential Conflict

- Safety Management

- Economic Management and Results
- Aeronautical Information

- CNS/ATM Systems

In paralleljndicatorswere identified for each of these variables, with the objective of converting them
into quantifiable variablesOnce all this information &as availablea selection process had to be
carried out to decide which of them were the most realistic and achievable. All girtiissswvas set
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out in the Progress Meeting of B(November 2020 ands compiledin the FARO data description
document.

Intable 3 it can be viewed a fragment of the aforementioned document, which includes the traffic
demand analysis area, the causal factors into whichdivisled,and the parameters that make it up,
as an example.

Table3: Fragment of the FARO data description document.

Potential Precursors or causal
factors

Analysis area Parameter to characterise any event

Instantaneous demand of a sector / Instantenous workload

measures or traffic loading
Total volume hourly demand

# [Variations in peaks of traffic

A/c in sector above the declared capacity

Seasonality of traffic

Hourly entry counts

Traffic complexity

Distribution of flight time per aircraft under ATCO responsibility in
the given timeframe
Percentage of flights out of standard flows
Number of AC passing through a node
Traffic Flow density
Traffic demand Distribution/dispersion of traffic in volume
En-route flows
Ascent flows
Descent flows
Ascent-descent flows
Altitude AC changes
Altitude AC distribution
Speed AC distribution
Number of interactions
Time difference at crossing points

ASMT or SMF output for all interactions recorded for the sector.
Height/level to be determined

Vertical and horizontal convergence (diverging, constant or
converging)

However, data limitations were also encountered that prevented access to the information that would
ideally be desired in this first approximatiomhese limitations were due to the impossibilitf
obtaining part of the informationor because it was felt that the effort involved in obtaining the
variable was not worth the information it would provid®ther limitations were the difficulty of
quantifying some variables or their loss of relevabeeause tey could not becompared withdata

from other Air Navigation Servideroviders(ANSP) than ENAIREor these reasons, the following
analysis areas and their related variables wimally discarded

- CNS/ATM Systems
- Aeronautical Information
- Safety Managment

- Economic Management and Results

4.1 Exploratory analysis of available data
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After being provided with theavailabledata by the ENAIRERIDA data warehouse (DWH), the next
step was to previsualie the data andrun an exploratory analysis

In this context, the first aim was to understand the structthrat wasfollowed in each type of file, so
that was possible tknowwhat information was included in each one

The content and structure of each type of file prowddey the ENAIRERIDA data warehouse (DWH)
is detailed below(GARCIA, GARGWIES, VERDONK, & GARCIA, 2020)

9 Flights:This filegathersthe invariant information related to the dimension Flight such as the
flight key or the origin and destination airport.dlso includes information about the aircraft
modeland the flight ruks, among others, despite being all of them parameters not uséte
analyses performedt includes two relevant variabldsr each flight keythe cruise speed and
the cruise flight level. Both were taken as reference values when comparing them to the speed
and flight level of each flighttany point in its trajectory, being very useful parameters in
several stages of the analyses conducted

9 Tracks:This kind of file is one of the most relevant, as it was very useful in all stages of the
developed studyThe file contains information about the aircraft state wactlt includes
trajectoryinformation such as latituddongitude,and flight level of all the flights analysedd,
intervals of time of 5 seconds. This means thatisbeen possible to locate each flight at any
moment in the Spanish airspace.

The heading of each aircraft, its speed in the three axspate(X, Y, Z) and its speed module
each 5 seconds are also available. Therefore, apart fh@mocation information about the
motion of each aircraft during its flight could be also used.

Studying the location andhotion of each aircraft ithe precisemoments such as the instae

of CPA (Closest Point of Approach), thetance an aircrafenters or exits a sector or the
instarce when an ATC instruction wassuedhas been possible thanke the information in

this file. Knowing the conditions of each aircraft was crucial in all stages of the analyses
performed.

I Sector EntryThis filewas expected to providthe geographical transition of flights between
sectors that is, the times and pots of entry and exit from ATC sectors for each airciidie
purpose of using them was initially &mcesshe exact time each flight enters theT Csectors
as well as théme it leaves the sectorin addition, location and motion variables were in&dd
associated to each registallowingto know all these aircrafts characteristics at the exact time
they enterleave each sector.

However,data in theSector Entry filesvere not finally fed into the model becauseveral
recordswere duplicatedor induded inaccurate informationsome flights were not registered

in the file, andsome difficulties were encountered to locate flights coming from outside the
Spanish airspace

1 LoSThis file provides information for eadrcraft pairwhose separation was registto be
below the separation minima during at leastinstanceof time. Loss of Separation Minima is
defined as less than 5NM and 1000lIftincludesthe vertical, horizontal and 3D separation
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duringthe duration of theSM| the sectomwhere it happened and the coordinates of the point
where the Closest Point of Approach took plagengitude, latitude and flight levil

I ATC Eventit consists of the register Gector Tactical Controlle@ctionsor clearances on the
ATCo working position. Actions adentified as evergassociatedvith aflight andto the ATC
workingposition involvedATCo actions are manually entered by the controller in the system.
The file records the date and time when thentroller records each action.

This file has been very useful to recognisecislearancediave beenssued to ach aircraft
However, it was not possible to associate clearances tair@naft pair, just to the flight that
received the clearance. Thisaate analysis of conflict solving strategies difficult.

Apart from ths, the information in this file has also been used to deseetor characteriscs,
ATCoworkload and theassociation between ATCo workipgsitionsand ATC sectordsased
on counting tehniques.

I Separation:This file filters all pairs of aircraft that, at any given time, have been at a distance
equal to or less than 20NM. This limit of 20NM was determined by CRIDA based on previous
work, considering technical needs for the developmerit tbe Automatic Safety and
Monitoring Tool of ENAIRE.

For every one of these pairs of aircraft, vertical (ft), horizontal (NM), and 3D (NM) separations
are provided, as well as the latitude, longitude, and flight level of each air€redtfile includes
a record every 5 seconds.

This file has been the key to knowing, at any time, the separation between the aircraft involved
in a possible conflict. It gives the opportunity to assess how a conflict evolves and provide
evidence of its resolution. Thiide has been used repeatedly.

I STCA AlertA shortterm conflict alert is a grountbased safety net intended to assist the
controller in preventing SMI between aircraft by generating an alert of a potential
infringement of separation minima

This file povides the log of STCA alerts detected in the system. Each STCA is associated with
an individual aircraft so ®me data processings necessary to identify theaircraft pais
affected by each STCA.

Apart from the flight key to whicthe STCA alelis rebhted, its location information (latitude,
longitude, flight level andector),and the exact time in which the STCA alert has started and
finished are also provided.

1 Route:The information providedh this fileconsists of the definition of the route folwed by
the aircraft in each sector of theg8&nish airspaceThe time of entry and exit in each sector is
also included. However, these files did not incladidlights. These discrepancies discouraged
the use of this file.

4.2 Data filtering

A prefilteringof all original data files has been developed to reduce the size of the files to work with.
As only dew sectos relative to the study cases selectak analysed, those flights that have been
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found at some point in the sectors of interest are filteredsadrding all additional information of no
interest. This process has been necessary due to the large size of the files available initially. Many of
these original files include irrelevant information that has therefore been removed.

The filter was not atmightforward processand has involved the development of an elaborate
heuristic.Despite not being useful fahe processes followed later, the Sector Entry filese used to
identify all flights whosetrajectorieshave crossed theector2 ¥ Ay G SNBad i az2yvy$sS L2
keys were stored and then used to obtain the informatiorthadir complete trajectory, contained in
all other available files.

For Tracks and Separations files, due to their large sibasitbeen necessary to create a code to
automatically import long lists of files, filter them by fliglide,and store them in separate files, one
for each day of collected data.

4.3 Data processing

The models developed in the project are sector specifitias been developedne model for
LECNSAN, one fot EBQIC and one fot EBCCU. Each model considers only the data of flights in its
corresponding sector.

The elementary piece of analysis in ttata is everyaircraft paircloser than 20NM. The different
variables considered in the model are assessed for eachaft pair

We have processed around 40.000 pairs of aircraft per sector, 120.000 in total. The time frame
considered in the analysisdse and a half years. Data correspond to 80 days spread between one and
a half years. Those days were selected by CRIDA as on these days there were SMis.

It has been necessary to generate a specific ad hoc file for the training of each subnetwork included
the model, as well as for each scenario and type of analyses. Therefore, the objective of the data
processing has been to generate each single file needed in each stage of the model training, with the
required combination of variables for all flightyseconsidered in each case, and in the needed formats.

In this section, some of the tasks conducted to process the data and generate all files needed for the
different stages of the modelling are summarised. It is focused on the most complex taskswhat ha
been developed through data processing, showing some of the methodologies followed and the
difficulties that have been faced in each stage of the project.

9 Definition of entries and exits in sectord’he information on the Sector Entry files was not
entirely reliable so it had to be recalculated from the basic radar flight trajectories.

Sector entry time, exit time and its corresponding coordinates were recalculated by crossing every
aircraft trajectory with the geographical boundary of each sectorryetrajectory was correlated with

the actual entry point at the sector boundary. As the aircraft positions were provided every 5 seconds,
their trajectories were drawn together with the coordinates of the geographical limits of the sectors
of interest, obaining the entry and exit instances for each aircraft, those associated with the closest
points to the limits of the sectors in the drawn plan

9 Aircraft conditions in a giverinstance Anotherdata transformatiorthat required a complex
process wasssigning specific characteristics of each aircraft in terms of position and motion
at specifidimes. This exercise has been necessary in multiple parts of the analyses to generate
specifictrainingfiles. For a given timénstanceand flightkeyit has been necessatyg obtain
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the flight and position characteristics of each aircraft at that moment, merging data from
different fileshas been of great importance

Aircraft trajectories and flight parameters were provided each 5 seconds. Howéestinte stamps
in the different files did not always match. Time differences between 1 and 4 seconds sometimes make
time interpolation necessary.

With the aim of dealing with this difficulty, the merging of data from different files was made using
time intervals instead of single time stamps. That has added a certain complexity to the calculations.

For this purpose, the data of the Tracks files has been sorted by Keglaind time, generating time
intervals between consecutive data rows thfe sameflight key. In this way, specifimstances
associated witha flight key in the defined time intervals have been inscribed, treating those specific
instancesas time intervals that start and finistt the same timanstance

I ATC working position for each sectdkn additional calculation required was the identification
of the Sector Tactical Controller working position (or air traffic controller) responsible for each
sector in each hour of operation. This information was not available in the files and it has bee
necessary to calculate it indirectly to correctly attribute the ATC events.

Additionally, the time of entry or exit of the aircraft from the sector will not necessarily coincide with
the time of the first and last action of the controller over the aaitr The first ATC action over an
aircraft may occur before or after it has crossed the geographical limits of the sector. It may be said
that the geographical and operative boundaries of the sector are not necessarily the same. Transfer of
control may begiven before the aircraft has reached the defined transfer of control point. And also
transfer of communication may take before the transfer of Communication or control points. Some of
these are defined in the letter of agreement or standing agreements.

The ATC event files have been used for this task. A preliminary filtering saves the ATC actions on the
flights of interest throughout their entire trajectory. For each ATC sector, a list is generated with all
possible operationahTC working positiora/eryhour. Possible operational positions are identified by
filtering the ATC events file for each flight by its time of entry and exit in the ATC sector. The most
probableATC workingperational position is selected as the one from which most ATC cleararces a
recorded each hourAn ATC sector can be associated with different ATC working positions depending
on the configuration of the ATC control room.

The accuracy of this information determines the quality of certain derived parameters, such as the
hourly caint of ATCcclearances in each sector, or the time of the first and AaREcaclearance before
the CPA.

9 Identification of STCASThe lastdata processing task wahe identification of the STCAs and
the association of this type of alerts to pairs of fligiht

The system is supposed to registar@l CA two minutes befothke SMI. Although there will be at least
two aircraft involved in an STCA, the alert is registered individiogtlye flightkey. An STCA has been
defined only if there are at least two fligs for which an STCA is registered in the same itirsiance
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5 Model development methodology.
Conceptual framework

The proposed methodology aims to derive a model able to characterise and predict the occurrence of
separation minimainfringemens (SMIs) between eroute aircraft (level flight and climbing and
descending as well)raditional statistical approaches aretruseful in this case due to the scar
number of SMIsWith a much reduced number skparatiorminima infringements in the totadample

of flights conventional approaches will not have statistical relevaiideas beempted foratechnique

with high predictive capacitythat allows integrating knowledge modelling with data inference, and
have proven to be useful to estimate low probability eveitayesiarNetworks (BN)

To develop a BayesiaNetwork model for such a complex problem &Ml prediction is not
straightforward It has been necessary to set up a conceptual framework that integrates the current
available knowledgabout SMis causalignd precursors with the hindsight derived from the analysis
of the type of data available in the projectaicularly those that reflect théTCdnterventions.

This section describes the overall methodology followed to develop this conceptual framework and
the structure of the SPF model.

5.1 Initial approach to SPHocus on the Closed®oint of Approach
CPA

The conceptual framework thditacksup theproposed BNnodel considers the general scenaribere
aircrafttrajectoriesevolve and focuses on the analysis of the Closest Point of Approach f@RAY
possibleaircraft pairin an air traffic sector, andnthe understandingndquantification of the process
that leads to such CPA.

The three main elements in the conceptual framework will be considdfegirel5 illustrates the
interaction between two aircraft pairig a sectorand their respective CPAs, which are represented by
a red circle. The actual final CPA betweenaacraft paircan beinterpreted as the outcome of a
process wher¢he expected aircraft trajectories become modifiedlas resultsof the ATCalearance
Then the CPA between an aircraft pair may be considered asraraft pairas the actual shortest
distance between those two aircraft, expressed as vertical separaiial horizontal separatiofThis
magnitudeis called'final CPA"It canbe also calculatd what the CPAvould have been between this
aircraft pairif both had followedtheir planned trajectories without any modification orATCo
intervention. Thismagnitudeis named"prior CPA".The difference between both magnitudes, final
CPA and prior CR#s attributedto alterations of the expected trajectory that are induced by ATCo
intervention.
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Figurel5: Representation of a gesral scenario and the CPAs of two interactions.

Based on this approach, the framework considers three main elemertteeimteraction of each
aircraft pairwithin the area of responsibility of a specific trafficcontroller, represented irFigurel®.

- Distance Closest Point of Approach prior (dCpror): This concept corresponds to the
distanceat whichtwo aircraft would cross considering their planned trajectoridss distance
will be measuredhorizontallyin Nautical MilegNM) and vertically in feet (ft).

- Time of Last Clearance (TLThis term refers to th&me elapsed since the last ATCo clearance
to any of the aircraft in the pair and thastancein which the CPA occur$his time will be
measured in seconds.

- Distance Closest Point of Approach final (dCPA fin@his last concept corresponds to the
final shortest distance thaircraft paircrossafter receivinga clearancdrom the controller
Units of measurement are the same as d@PAprior.

Figurel6: Relationship between the three subnets

Figure1l7 shows a diagram with the concepts explained abovée two blue dots in the diagram
correspond toan aircraft pair, Ai and Aj. In tisfigure,the dCPAorior is symbolised imed. dCPA prior
correspond to the distance at whichihe two aircraft would cross considering only their planned
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between thisaircraft pairand acting on them to prevent it. The distance between the aircraft at the
time the controller issues the last clearance on them is shown in the diagrahag$LCThe aircraft
will eventually cross each other at a distance call€dPA finalwhich is represented in thigigurel?.
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Figurel7: Comparison of the CPA without ATCo action and with ATCo action

dCPA prior

datTLC

Ajat TLC

Figurel8illustratesthe concept of the 3 subnetworks (CPA prior, TLC and CPA fiealprecursors,
and the causal interrelationshipi the diagram it can be seen that someecursorsmay have an

influence on more than one network. In turn, it is seen that three networks are connected to each
other, forming a single final model.

Figurel8: 3 subnetworks integrated into a single final model

CPA Hor. The subnetworkindicated by theCPA priotbubble will estimate, based on a set of
selected precursors, the vertical and horizontal separation probability distribution between any

aircraft pairat their CPA prior, which is the predicted CPA between the two aircraft if they only
follow their plan tajectories without any outside oATCdntervention.
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Possible precursors to be considered in this subnetwork might be those retatadmporal
distribution of demand, traffic density, flows and airspace structure, ATFCM Measures, changes in the
Flight Pan, adherence to the trajectory, among others.

Figure 19 represents the outome of the subnetwork It shows the diagram of the separation
probability distribution thatcould be obtained for all pairs of aircraft in an ATC sector considering their
previous CPA. By comparing this separation distribution with the applicable separation minima, the
probability of potential conflicts can be derived.Rigurel9, the red bars represent thaircraft pais
whose CPA prior distance is expected to be below the appliGbteute separation minima. By
drawing a frequency diagram for just thosases, the graph on the right side of the figure represents
the distribution of the expected number of "potential conflicts".

5 NM separation
minima

0.6

04

02

0.0

BB ERRNEREROA)
1 4 7 10 14 18 22

CPA prior subnet and its _ Probability distribution of Number of
precursors distance between every pair of poten_tlal
aircraft at the CPA prior. conflicts

Figurel9: CPA Prior Separation probability distribution Potential conflict frequencydiagram

I TLCThesubnetworkindicated by the TLC bubble accounts for &leCcaclearancdor eachaircraft
pairin the sector and its precursors. The roleAdfCa is to ensure a safe and efficient flow of air
traffic in the airspace for which they have pemsibility.

Possible precursors to be considered in this subnetwork might be those rétathd performance of

the controller athisg 2 NJ LJX I OSE aLISOAFAOIffe SOSNEOKAY3I (K
parameters will be those related torganization andmanagement ofhuman resources,human
resourcesinformation, automation, complexity, operations, precursors related wde shifts, among

others.

Figure 20 represents the outome of the subnetwork, indicated as thetime distribution of the
controller'sclearance®n the aircraft pairs.
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TLC subnet and Probability distribution of the! ¢ / 2 Q
its precursors clearance on every pair of aircraft in the
sector

Figure20: TL; ATC®a Of SIF NI yOS LINRPoloAfAGe RAAG

1 CPA FinalThe same concept applies to tisebnetworkindicated by theCPA finabubble The
ClosestPoint of ApproachiRal refers to the final shorter distance at which thiecraft pais
crossafter receiving the last clearance from the air traffic controller.

Possible precursors to be considered in this subnetwork might be thiwae could impair the
application of operational solutions or the effectiveness of #feCcclearances, as well as the reaction
of the aircraft pilot.

InFigure2l, it can be seen how the distribution will shift to the right compared to the CPA prior figure,
as there will be fewer aircraft violating the minimum separation.

The following figure represasthe outomeof the subnetwork It shows the diagram of the separation
probability distribution that could be obtained for all pairs of aircraft in an ATC sector considering their
final actualCPA. By comparing this separation with the applicable separatinima, thenumber of
Separation Minima InfringementsSMIs can be derived. In the figure, the red bars represent the
aircraft pais whoseactual CPAturned to be below the applicablen-route separation minimaAs
controllers are the most effectiveT&Cbarrier, it is expected that CPA distances are safer a{f€éC@ a
clearancehan before, and the number of resulting true SMis are lower than the numbepotential
conflictsidentified in the CPA prior.

5 NM separation
minima

06

04

02

0.0

1 4 7 10 14 18 22

Probability distribution of Number of
distance between every pair of Airspace SMI
aircraft at the final actual CPA

CPA final subnet and its
precursors

Figure21: CPAFinat Actual ®paration probabilitydistribution ¢ Airspace SMI frequency diagram
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Finally,Figure22illustratesthe integration of he three subnets and the interrelationship between
their outcomes
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Figure22: Model integration

To translate the conceptual framework into a set of causal subnetworks;dheeps of ATM barrier
modelandevent treeshave been incorporatedrhe following sections describe these elements of the
model in detail.

5.2 ATM Barrier Model: An abstraction of thdircraft Separation
Provision function

The barrier model ifrigure23is an adaptation of the one proposed by EurocontRerrin &Kirwan,
2007)1, taken into account the knowledge and data driven approach followed in the prdijeain be

seen the main barriers identified, the areas of analysis to which they belong, the order in which they
occur and the direction of the flow.

Based upon the applicatioof the Swiss cheesmodel, the ATM barrier modelexplicitly preserdgthe
progression ofa safetyincident and can be used as a "live" modelpi@vent future breaches of
separation or to intervene in an incidetu stop its develpment. The ATM Barrier Model presented
is an abstraction of the ATC separation provision function.

It divides the aircrafiseparation provisiorprocess into different stages where safety barriers are
identified. In particular, iteflects stages and barrig in the progress of an SMI that could be studied
and analysed with the data available in the projebb. build this model for a specific incident, the
analyst needs to identify thiarriers, and then their failures.

Although it will be covexd it in detail later,it outlinesthe mainATMbarriersthat can be quantified
from the available datathe areas of analysis to which they belong, the order in which they occur and
the direction of the flow.
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ATM System
Boundary Conflict Separation
~— detection provision

Avoidance

Potential
conflict

Separation
infringement

Interaction

STCA alert
ATC Recovery

GENERAL ENTRY
CONDITIONS

Resolution after STCA

Conflict identification
Conflict resolution by ATCO

Figure23: Barrier nodel

The process of identifying the sequence of barriers that occur before a loss of separation occurs is
carried out(Figure24):

- Interaction identification: The firststep is to find out whether the two aircraft constitute an
interaction.AnlInteractionhas been defined as two aircraft within 20 NM of each otkénen
two aircraft constitute an interaction, they are considered to be a fiaile to the data nature,
the scope of FARO safety model is aircraft pairs.

- Assessment of potential conflicif two aircraft constitute a pair, the probability that the pair
constitutes a potential conflict under the conditions of the situation existing at that moment
must beevaluated, that is, without the action of the controller.

- Conflict identification: Again, in the case of a potential conflict, it will have to be assessed
whether it is detected by th&TCo

- Conflict resolution in identified conflictsThe probability ofconflict resolution by theéATCoof
those cases that ARE potential confliehd are detected by thATCo

- STCA alertFinally, an assessment is made of the probability of triggering the STCA alert for
conflicts not identified by théTCo

- Conflict resolition: For detected conflicts buthat are not resolved and the probability of
conflict resolution after the activation of STCA alert.
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JOINT UNDERTAKING

Conflict
resolution by
ATCO

Conflict
identification

Potential
conflict

Interaction
identification

Figure24: Sequence obarriersidentified

5.3 Event tree analysis (ETA)

We use the principles @vent tree analysigFigure25) to effectivelytranslate this barrier model into
acausal network representatioftvent tree providea top-down logic modeling technique for success
and failure that explores responses thgiu a single initiatingevent. It establishes a pathwato
evaluate the probabilities of outcomes and overall system analysibie output of each node
represents a Boolean logic

| Initiating Event Event1 Event 2 Event 3 Event 4 | Outcome ‘

Success (4s)
Success Qutcome A

Pa=( Pie) ( Pas) { Pzs) { Ps)  Pas)

Success (3s)

Failure Qutcome B

Ps=( Pie) ( P1s) ( Ps) ( Pss) ( Par)

Success (2s) Failure (4f)

Success (4s)
Success [1s) ——— Success Outcome C

Pe=( Pig) { P1s) { Pas) ( Psr) ( Pa)

Failure (3f)

Initiating event (IE}

Failure {4f)

Failure Outcome D

Po=( Pig) ( Puc) ( Pac) ( Pas) ( Par)
Failure (2f)

Failure Qutcome E

Pe=( Pig) ( Ps:) ( Pz)
Failure (1f)

Failure Qutcome F

Pe=( P} ( Pag)

Figure25: Event tree analysis example

This model provides a very visual approactcamseand-effect relationships as well as exploring all
possibilities. In addition, it allows complex models to be simplified and approached in a more
understandable wayThe initiating challenge must be idengtl by the analyst anduccessor failure
probabilities areusuallydifficult to find.

Figure26 shows how the ATM barriers and the event tree are combineair con@ptual framework.

The sequence of barriers can be identified in the upper bar. The probabilities of each event occurring
or not, the bifurcation lines of each decision and, finally, the consequences of each of the branches
can also be observed.
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Figure26: Integrated model

In addition, the probability of each of the exits can be expressed as a conditional probability of each of
the branchef the tree, as indicateth Figure27.

Figure27: Conditional probability
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