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Scientific Paper

The scientific paper provides a succinct overview of the work performed and the re­
sults obtained. The purpose of the appendices is to expand some of the concepts
presented. The paper begins on the next page.
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Modeling and Detecting Anomalous Safety Events
in Approach Flights Using ADS-B Data

Alberto Bonifazi1, Junzi Sun1, Gerben van Baren2, Jacco Hoekstra1
1Control & Operations, Delft University of Technology, Delft, the Netherlands

2Inspectie Leefomgeving en Transport, Minister van Infrastructuur en Waterstaat, Den Haag, the Netherlands

Abstract—This paper shows that it is possible to produce
safety knowledge by mining Automatic Dependent Surveillance-
Broadcast (ADS-B) data. The methodology combines exceedance
detection and anomaly detection techniques to identify anomalous
safety events in approach flights. One of these events is unstable
approaches, which are identified with a rule-based algorithm
and a Gaussian Mixture Model (GMM). The first model relies
on the idea that an aircraft during the final approach needs to be
flying within a certain horizontal area. The second one extracts
the energy characteristics of the aircraft using ADS-B data, and
later trains the GMM which is used for anomaly detection. Also,
go-arounds are detected in the data using fuzzy logic with four S-
functions to model the dynamics of a go-around. After identifying
these events, indicators are constructed by aggregating the results
to monitor safety performance. These models are applied to
the ADS-B data from 2018 of the Schiphol Airport area in
Amsterdam. Thus, it is possible to derive insights for runways
and months, and it is possible to combine these indicators with
extra variables such as meteorological data.

Index Terms—anomalous safety event, safety monitoring, ADS-
B, Schiphol Airport, data mining and anomaly detection

I. INTRODUCTION

Air traffic management is one of the most complex systems
that humans have ever created. In this system, ensuring safe
aircraft operations has the utmost importance. For this reason,
operators perform Flight Data Monitoring (FDM) programs,
called Flight Operations Quality Assurance (FOQA) in the
United States. To enhance safety, aviation authorities around
the world have promoted safety information sharing report-
ing mechanisms. The most notable ones are the European
Co-ordination Centre for Accident and Incident Reporting
Systems (ECCAIRS), and the Aviation Safety Information
Analysis and Sharing (ASIAS) from the FAA. Although the
majority of stakeholders join these initiatives, much of the
safety knowledge they generate remains within the boundaries
of their organization. The reason is that only serious occur-
rences must be communicated. Furthermore, it is challenging
for researchers to work with because it is confidential, and
thus, not-easily and not-widely accessible.

In this context, authorities are responsible to ensure the
safety of operations in civil aviation. They monitor its perfor-
mance through the reporting system, and by building statistics
of relevant occurrences. This provides a high-level overview
because it is based on safety occurrences, rather than specific
aircraft data. Automatic Dependent Surveillance-Broadcast
(ADS-B) technology can complement this information, and it
is compulsory for all aircraft from 2020. The system consists

of a transmitter and a receiver. ADS-B Out, the transmitter,
broadcasts continuously, on average every second, the aircraft
position, velocity and track angle. [1]

Furthermore, ADS-B data are not encrypted, there are
no restrictions on its use, and the receiver is cheap. These
characteristics make these data easily retrievable and widely
accessible. Combining these data with data-mining techniques
allows producing safety knowledge. For safety monitoring, it
means that it can be used to gain an independent point of view
on aircraft operations.

This paper aims to contribute to the field of safety monitor-
ing with a concrete use case centered on the final approach op-
erations at Schiphol Airport in Amsterdam, The Netherlands.
The goal is to produce insights based on the safety knowledge
extracted from ADS-B data.

The final approach phase is selected because it is where
65% of accidents occurred between 2011 and 2015 [2].
Furthermore, within this flight phase, the research focuses
on detecting two types of anomalous safety events: unstable
approaches and go-arounds. The first event is a factor in 14%
of the accidents occurring during approach [2]. The second
one is a standard procedure that can be initiated by the pilot
or ATC for different reasons, such as an unstable approach,
conflicting traffic, or adverse weather. For this reason, there is
a strong link between go-arounds and anomalous safety events.

Extracting safety knowledge from aircraft data is an active
field of research. The industry follows it closely. Currently,
they extract safety knowledge from aircraft data using ex-
ceedance detection algorithms, which are dependent on some
thresholds. The main pitfall of this method is that it fails
in detecting unknown events. Instead, researchers focus on
anomaly detection techniques, which have the key advantage
of detecting those. [3] However, their disadvantage is a high
false-positive rate that is generally around 70%.

These two strategies are combined in this paper. Wang et al.
[4] focus on exceedance detection and develop a methodology
to detect unstable approaches using radar data. The rule-
based algorithm is designed using knowledge from safety
regulations. For the detection of go-arounds, Proud [5] offers
a strategy based on a set of rules defined on the attributes of
ADS-B data.

The most well-recognized technique in anomaly detection
is the Once Class Support Vector Machine (OC-SVM) vari-
ant called the Multiple Kernel Anomaly Detection (MKAD)
algorithm, which is developed at NASA by DAS et al. [6].
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This algorithm has been tested extensively for approximately
10 years for various phases of flight, and it is able to detect
unstable approaches and go-arounds. [7] [8]

However, its focus is on discovering flight level anomalies,
and it has shown the best results when used with a single
type of aircraft and FOQA data. In this paper, the use case
is different since the strategy is applied to ADS-B data and
on multiple types of aircraft at the same time. To overcome
these limitations, Puranik et al. [9] preprocess the data using
energy metrics [10], and instantaneous anomalies in general
aviation operations are detected using a Gaussian Mixture
Model (GMM).

This paper offers the basis for the development of an
independent safety monitoring mechanism. It shows how a
novel methodology can detect unstable approaches and go-
arounds in ADS-B data. A general overview is shown in Fig. 1.
In the following sections, it becomes clearer how all the pieces
interconnect. Section II covers aspects regarding the data in
use, the preprocessing strategy, and the postprocessing one.
Section III and section IV discuss the detection of anomalous
safety events using a rule-based algorithm, GMM, and fuzzy
logic. Section III is specific to the detection of unstable
approaches and section IV to the detection of go-arounds. The
findings are presented in section V and section VI. The result
consists of a set of safety indicators that can be aggregated in
different ways to produce insights.

Fig. 1. The work flow of this paper

II. DATA

This section provides an overview of the data and a descrip-
tion of the manipulation strategies before and after using the
anomalous safety events detection methods.

A. Data Overview

The data consist of flight data and weather data. Flight data
include ADS-B data, an aircraft database from OpenSky1, and
Schiphol’s Aeronautical Information Services (AIS) publuca-
tions2. While the weather data comprise of METeorological
Aerodrome Report (METAR) reports and Global Forecast

1opensky-network.org/aircraft-database
2en.lvnl.nl/information-for-airmen/publications-for-airmen

System (GFS) data from NOAA3. These data are all publicly
available and free to download.

ADS-B data constitute the backbone of this research and the
most valuable source of information. In this paper, the ADS-B
data are collected through the antenna positioned on top of the
Aerospace Faculty of Delft University of Technology. ADS-
B data provide the timestamp, the unique ICAO identifier of
the aircraft, its ground-speed, its rate of climb, its position,
and its track angle. [11] The source of most of this data is a
satellite radio-navigation system on-board of the aircraft. For
this reason, there is a direct relation between the accuracy of
this instrument and the accuracy of the ADS-B data.

The aircraft database contains more information on the
aircraft under consideration: the manufacturer, the model, the
national registration ID, the operator, the owner, and the
ICAO aircraft type. The database is particularly useful when
preprocessing the data. Also, Schiphol’s data from the AIS
publication are used during the preprocessing step, and in the
rule-based algorithm. In particular, the Instrument Approach
Charts and the specific information of the runways are of
interest.

METAR reports indicate the weather perceived at the airport
on any particular day. In this case, METAR reports from
Schiphol are downloaded from IOWA ASOS network4. These
reports are generated every 30 minutes, and they include many
weather variables. The ones that are used in this research are
the timestamp, the temperature, the dew point temperature,
the wind direction, the wind speed, the pressure, the visibility,
the wind gust, the cloud coverage, and the weather codes.
However, this information is provided only for the airport. This
means that wind speed and direction are accurate only at low
altitudes. The GFS data from NOAA is used to complement
this information for higher altitudes. This dataset offers wind
data at intervals of 700 ft with updates every 6 hours.

B. Preprocessing

In this step, the raw data are cleaned and combined to
obtain something ready for further analysis. It will become
clear how this research resolves some of the limitations of
ADS-B data. A preliminary procedure consists of removing
general aviation aircraft, helicopters, and ground vehicles
using OpenSky aircraft database.

It is possible to know exactly which aircraft communicated
the ADS-B data point because the message includes the
ICAO’s identifier. However, the same aircraft might land and
take-off multiple times on the same day. For this reason,
the data points of a particular aircraft are further divided
into trajectories. This is a crucial step as we will be using
trajectories later in the analysis. Given the fact that we only
use the area around Schiphol for the analysis, it is easy
to detect inbound and outbound traffic, which gets labeled
respectively as approaching, and taking-off traffic. In this way,
we can further refine the trajectories used for the analysis by

3ncdc.noaa.gov/data-access/model-data/model-datasets
4https://mesonet.agron.iastate.edu/request/download.phtml
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�R�I �U�X�O�H�V �W�K�D�W �L�V �D�F�F�R�X�Q�W�D�E�O�H �L�Q �W�K�H �$�'�6���% �G�D�W�D�� �7�K�H �F�R�U�H �G�U�L�Y�H�U �R�I �W�K�L�V �U�H�V�H�D�U�F�K �R�Y�H�U��
�O�D�S�V �Z�L�W�K �W�K�L�V �U�H�V�H�D�U�F�K �I�L�H�O�G�� �7�K�H �J�R�D�O �L�V �P�L�Q�L�P�L�]�L�Q�J �W�K�H �R�F�F�X�U�U�H�Q�F�H �D�Q�G �S�U�R�E�D�E�L�O�L�W�\ �R�I
�R�F�F�X�U�U�H�Q�F�H �R�I �D�F�F�L�G�H�Q�W�V�� �L�Q�F�L�G�H�Q�W�V�� �D�Q�G �S�U�H�F�X�U�V�R�U�V��

�,�Q �W�K�L�V �W�K�H�V�L�V�� �W�K�L�V �J�R�D�O �L�V �D�F�K�L�H�Y�H�G �Y�L�D �S�U�R�D�F�W�L�Y�H �U�L�V�N �D�V�V�H�V�V�P�H�Q�W�� �6�D�I�H�W�\ �U�L�V�N �D�V�V�H�V�V��
�P�H�Q�W �L�Q �D�Y�L�D�W�L�R�Q �L�V �H�[�S�H�U�L�H�Q�F�L�Q�J �S�U�R�I�R�X�Q�G �F�K�D�Q�J�H�V�� �7�K�H �W�H�F�K�Q�R�O�R�J�L�F�D�O �L�Q�Q�R�Y�D�W�L�R�Q�V��
�L�Q�W�U�R�G�X�F�H�G �Z�L�W�K �W�K�H �P�R�G�H�U�Q�L�]�D�W�L�R�Q �R�I �W�K�H �$�7�0�� �$�L�U �7�U�D�I�I�L�F �0�D�Q�D�J�H�P�H�Q�W�� �D�U�F�K�L�W�H�F�W�X�U�H��
�D�U�H �F�D�X�V�L�Q�J �D �V�K�L�I�W �I�U�R�P �U�H�D�F�W�L�Y�H �W�R �S�U�R�D�F�W�L�Y�H �U�L�V�N �P�D�Q�D�J�H�P�H�Q�W�� �:�L�W�K �W�K�H �U�H�D�F�W�L�Y�H
�D�S�S�U�R�D�F�K�� �U�L�V�N�V �D�U�H �L�G�H�Q�W�L�I�L�H�G �D�I�W�H�U �D �V�H�U�L�R�X�V �H�Y�H�Q�W �R�F�F�X�U�V�� �,�Q �W�K�L�V �F�D�V�H�� �P�L�W�L�J�D�W�L�R�Q
�V�W�U�D�W�H�J�L�H�V �D�U�H �L�G�H�Q�W�L�I�L�H�G �D�I�W�H�U �S�H�U�I�R�U�P�L�Q�J �L�Q���G�H�S�W�K �D�Q�D�O�\�V�L�V �W�R �U�H�F�R�Q�V�W�U�X�F�W �W�K�H �F�D�X�V�H�V
�X�V�L�Q�J �V�D�I�H�W�\ �P�R�G�H�O�V �V�X�F�K �D�V �W�K�H �6�Z�L�V�V �&�K�H�H�V�H �E�D�U�U�L�H�U �D�Q�G �W�K�H �%�R�Z�W�L�H�� �,�Q�V�W�H�D�G�� �S�U�R�D�F��
�W�L�Y�H �U�L�V�N �P�D�Q�D�J�H�P�H�Q�W �Z�D�Q�W�V �W�R �D�Y�R�L�G �W�K�H �R�F�F�X�U�U�H�Q�F�H �R�I �V�D�I�H�W�\ �H�Y�H�Q�W�V�� �7�R �D�F�K�L�H�Y�H �W�K�L�V
�U�H�V�X�O�W�� �L�W �V�W�X�G�L�H�V �Z�K�D�W �P�L�J�K�W �S�R�V�H �D �U�L�V�N �W�R �V�D�I�H �R�S�H�U�D�W�L�R�Q�V �E�H�I�R�U�H �D�Q�\ �D�F�F�L�G�H�Q�W �R�U
�L�Q�F�L�G�H�Q�W �R�F�F�X�U�V��

�3�U�R�D�F�W�L�Y�H �U�L�V�N �D�V�V�H�V�V�P�H�Q�W �L�V �S�R�V�V�L�E�O�H �E�H�F�D�X�V�H �R�I �W�K�H �D�Y�D�L�O�D�E�L�O�L�W�\ �R�I �O�D�U�J�H �D�P�R�X�Q�W�V �R�I
�G�D�W�D �D�Q�G �G�D�W�D �P�L�Q�L�Q�J �W�H�F�K�Q�L�T�X�H�V�� �'�D�W�D �P�L�Q�L�Q�J �L�V �D�Q�R�W�K�H�U �I�X�Q�G�D�P�H�Q�W�D�O �U�H�V�H�D�U�F�K �D�U�H�D

����
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�I�R�U �W�K�L�V �W�K�H�V�L�V�� �,�Q �I�D�F�W�� �S�U�H�S�U�R�F�H�V�V�L�Q�J�� �D�Q�R�P�D�O�\ �D�Q�G �S�U�H�F�X�U�V�R�U �G�H�W�H�F�W�L�R�Q �D�U�H �O�D�U�J�H�O�\
�U�H�V�X�O�W�L�Q�J �I�U�R�P �L�W�� �'�D�W�D �P�L�Q�L�Q�J �X�V�H�V �W�H�F�K�Q�L�T�X�H�V �I�U�R�P �V�W�D�W�L�V�W�L�F�V�� �V�L�J�Q�D�O �S�U�R�F�H�V�V�L�Q�J�� �P�D��
�F�K�L�Q�H �O�H�D�U�Q�L�Q�J�� �D�Q�G �S�U�R�F�H�V�V �F�R�Q�W�U�R�O�� �:�L�W�K�L�Q �G�D�W�D �P�L�Q�L�Q�J�� �W�K�H �P�R�V�W �L�Q�W�H�U�H�V�W�L�Q�J �I�L�H�O�G
�L�V �D�Q�R�P�D�O�\ �G�H�W�H�F�W�L�R�Q�� �7�K�H �U�H�V�H�D�U�F�K �I�R�F�X�V�H�V �R�Q �L�G�H�Q�W�L�I�\�L�Q�J �G�D�W�D �W�K�D�W �G�H�Y�L�D�W�H�V �I�U�R�P
�Q�R�U�P�D�O�L�W�\�� �%�H�F�D�X�V�H �$�'�6���% �G�D�W�D �L�V �X�Q�O�D�E�H�O�H�G�� �W�K�H �I�R�F�X�V �R�I �W�K�L�V �U�H�V�H�D�U�F�K �L�V �R�Q �X�Q�V�X��
�S�H�U�Y�L�V�H�G �O�H�D�U�Q�L�Q�J �D�O�J�R�U�L�W�K�P�V�� �7�K�H �N�H�\ �D�V�V�X�P�S�W�L�R�Q �R�I �W�K�H�V�H �L�V �W�K�D�W �R�Q�O�\ �D �I�H�Z �V�D�P�S�O�H�V
�D�U�H �D�Q�R�P�D�O�R�X�V�� �D�Q�G �W�K�L�V �L�V �D�O�V�R �W�K�H �F�D�V�H �I�R�U �D�Q�R�P�D�O�R�X�V �D�Y�L�D�W�L�R�Q �V�D�I�H�W�\ �H�Y�H�Q�W�V���>���@

�7�K�H�V�H �G�D�W�D���G�U�L�Y�H�Q �D�O�J�R�U�L�W�K�P�V �F�D�Q �E�H �X�V�H�G �E�H�F�D�X�V�H �R�I �W�K�H �D�G�Y�D�Q�F�H�P�H�Q�W�V �P�D�G�H �L�Q �W�K�H
�X�V�D�J�H �R�I �$�'�6���% �G�D�W�D���>���@ �7�K�H�U�H �L�V �D �J�U�R�Z�L�Q�J �I�L�H�O�G �R�I �H�[�S�H�U�W�V �W�K�D�W �Z�D�Q�W�V �W�R �D�S�S�O�\ �W�K�L�V �G�D�W�D
�W�R �G�L�I�I�H�U�H�Q�W �D�U�H�D�V �R�I �D�Y�L�D�W�L�R�Q �U�H�V�H�D�U�F�K�� �7�K�H �U�H�D�V�R�Q �L�V �W�K�D�W �D�Y�L�D�W�L�R�Q �G�D�W�D �K�D�V �J�H�Q�H�U�D�O�O�\
�E�H�H�Q �H�[�S�H�Q�V�L�Y�H �D�Q�G �G�L�I�I�L�F�X�O�W �W�R �D�F�F�H�V�V�� �,�Q�V�W�H�D�G�� �$�'�6���% �K�D�V �R�S�S�R�V�L�W�H �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V
�E�H�L�Q�J �H�D�V�L�O�\ �U�H�W�U�L�H�Y�D�E�O�H �D�Q�G �F�K�H�D�S�� �,�Q �I�D�F�W�� �D�Q�\�R�Q�H �Z�L�W�K �W�K�H �F�R�U�U�H�F�W �U�H�F�H�L�Y�H�U �V�H�W���X�S
�F�D�Q �U�H�F�R�U�G �W�K�L�V �G�D�W�D�� �7�K�H�V�H �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V �I�D�F�L�O�L�W�D�W�H �W�K�H �L�Q�G�H�S�H�Q�G�H�Q�W �P�R�Q�L�W�R�U�L�Q�J �R�I �D�L�U
�W�U�D�I�I�L�F��

�%�������$�'�6���% �'�D�W�D
�$�'�6���% �V�W�D�Q�G�V �I�R�U �$�X�W�R�P�D�W�L�F �'�H�S�H�Q�G�H�Q�W �6�X�U�Y�H�L�O�O�D�Q�F�H���%�U�R�D�G�F�D�V�W�� �´�D�X�W�R�P�D�W�L�F�´ �E�H�F�D�X�V�H
�L�W �W�U�D�Q�V�P�L�W�V �G�D�W�D �Z�L�W�K�R�X�W �D�Q�\ �L�Q�S�X�W �R�I �W�K�H �S�L�O�R�W �D�Q�G �´�G�H�S�H�Q�G�H�Q�W�´ �E�H�F�D�X�V�H �L�W �G�H�S�H�Q�G�V �R�Q
�W�K�H �D�L�U�F�U�D�I�W�¶�V �Q�D�Y�L�J�D�W�L�R�Q �V�\�V�W�H�P�� �)�X�U�W�K�H�U�P�R�U�H�� �L�W �L�V �D �´�V�X�U�Y�H�L�O�O�D�Q�F�H�´ �W�H�F�K�Q�R�O�R�J�\ �F�R�P��
�S�R�V�H�G �R�I �W�Z�R �G�L�V�W�L�Q�F�W �L�Q�V�W�U�X�P�H�Q�W�V�� �D �W�U�D�Q�V�P�L�W�W�H�U �D�Q�G �D �U�H�F�H�L�Y�H�U�� �$�'�6���% �R�X�W�� �W�K�H �W�U�D�Q�V��
�P�L�W�W�H�U�� �D�O�O�R�Z�V �D�Q�\ �H�T�X�L�S�S�H�G �D�L�U�F�U�D�I�W �W�R �´�E�U�R�D�G�F�D�V�W�´ �F�R�Q�W�L�Q�X�R�X�V�O�\ �L�W�V �S�R�V�L�W�L�R�Q �H�Q�D�E�O�L�Q�J
�D�Q�\�R�Q�H �Z�L�W�K �$�'�6���% �L�Q�� �W�K�H �U�H�F�H�L�Y�H�U�� �W�R �N�Q�R�Z �Z�K�H�U�H �L�W �L�V �O�R�F�D�W�H�G���>���@

�$�'�6���% �G�D�W�D �L�V �W�K�H �P�D�L�Q �G�D�W�D �V�R�X�U�F�H �I�R�U �W�K�L�V �P�D�V�W�H�U �W�K�H�V�L�V�� �D�V �V�X�F�K�� �L�W �K�D�V �D �F�U�L�W�L�F�D�O
�S�R�V�L�W�L�R�Q �I�R�U �W�K�H �R�X�W�F�R�P�H �R�I �W�K�H �S�U�R�M�H�F�W�� �)�R�U �W�K�L�V �U�H�D�V�R�Q�� �L�W �L�V �L�P�S�R�U�W�D�Q�W �W�R �X�Q�G�H�U�V�W�D�Q�G
�W�K�H �O�L�P�L�W�D�W�L�R�Q �D�U�L�V�L�Q�J �I�U�R�P �W�K�L�V �W�H�F�K�Q�R�O�R�J�\�� �%�D�F�N�J�U�R�X�Q�G �L�Q�I�R�U�P�D�W�L�R�Q �D�U�H �S�U�H�V�H�Q�W�H�G �L�Q
�6�H�F�W�L�R�Q �%���������� �:�K�L�O�H�6�H�F�W�L�R�Q �%���������G�H�V�F�U�L�E�H�V �S�R�V�V�L�E�O�H �L�Q�D�F�F�X�U�D�F�\ �L�Q �W�K�H �G�D�W�D�� �)�L�Q�D�O�O�\��
�6�H�F�W�L�R�Q �%���������D�G�G�U�H�V�V�H�V �Z�K�\ �W�K�H �O�L�P�L�W�H�G �D�Y�D�L�O�D�E�L�O�L�W�\ �R�I �G�D�W�D �D�W �S�D�U�W�L�F�X�O�D�U �D�O�W�L�W�X�G�H�V �L�V �D
�S�U�R�E�O�H�P �D�Q�G �K�R�Z �L�W �F�D�Q �E�H �R�Y�H�U�F�R�P�H��

�%�����������%�D�F�N�J�U�R�X�Q�G
�$�'�6���% �U�H�S�U�H�V�H�Q�W�V �R�Q�H �R�I �W�K�H �N�H�\ �W�H�F�K�Q�R�O�R�J�L�F�D�O �H�Q�D�E�O�H�U�V �W�R �P�R�G�H�U�Q�L�]�H �W�K�H �$�7�0 �D�U��
�F�K�L�W�H�F�W�X�U�H �D�O�O �R�Y�H�U �W�K�H �Z�R�U�O�G�� �D�Q�G �L�W �L�V �D �S�L�O�O�D�U �L�Q �W�K�H �(�X�U�R�S�H�D�Q �D�Q�G �$�P�H�U�L�F�D�Q �$�7�0
�0�D�V�W�H�U �3�O�D�Q�� �6�L�Q�F�H �W�K�H �(�O�H�Y�H�Q�W�K �,�&�$�2 �$�L�U �1�D�Y�L�J�D�W�L�R�Q �&�R�Q�I�H�U�H�Q�F�H �R�I ���������� �U�H�J�X�O�D��
�W�R�U�V �U�H�F�R�P�P�H�Q�G�H�G �W�K�H �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q �R�I �W�K�H �$�'�6���% �W�H�F�K�Q�R�O�R�J�\ �I�R�U �W�K�H �F�R�V�W���H�I�I�H�F�W�L�Y�H
�L�P�S�U�R�Y�H�P�H�Q�W �R�I �V�D�I�H�W�\ �D�Q�G �F�D�S�D�F�L�W�\���>���@ �)�R�U �L�Q�V�W�D�Q�F�H�� �L�W �K�D�V �E�H�H�Q �H�P�S�O�R�\�H�G �L�Q �D�U�H�D�V
�Z�K�L�F�K �Z�H�U�H �S�U�H�Y�L�R�X�V�O�\ �Q�R�W �F�R�Y�H�U�H�G �E�\ �D�Q�\ �V�X�U�Y�H�L�O�O�D�Q�F�H �W�H�F�K�Q�R�O�R�J�\ �E�H�F�D�X�V�H �L�W �Z�D�V �Q�R�W
�H�F�R�Q�R�P�L�F�D�O�O�\ �R�U �S�K�\�V�L�F�D�O�O�\ �I�H�D�V�L�E�O�H�� �V�X�F�K �D�V �W�K�H �$�X�V�W�U�D�O�L�D�Q �L�Q�O�D�Q�G �R�U �R�Y�H�U �+�X�G�V�R�Q �%�D�\
�L�Q �&�D�Q�D�G�D�� �)�U�R�P ���������� �$�'�6���% �2�X�W �H�T�X�L�S�P�H�Q�W �E�H�F�D�P�H �F�R�P�S�X�O�V�R�U�\ �I�R�U �D�O�O �D�L�U �W�U�D�I�I�L�F �L�Q
�G�H�V�L�J�Q�D�W�H�G �D�L�U���V�S�D�F�H �L�Q �(�X�U�R�S�H �D�Q�G �8�6��

�,�Q �(�X�U�R�S�H�� �$�'�6���% �R�X�W �X�V�H�V �W�K�H �����������(�6 �,�&�$�2 �G�D�W�D���O�L�Q�N �V�W�D�Q�G�D�U�G�� �$�P�R�Q�J �W�K�H �� �H�[�L�V�W��
�L�Q�J �V�W�D�Q�G�D�U�G�V�� �W�K�L�V �L�V �W�K�H �P�R�V�W �F�R�P�P�R�Q �R�Q�H �D�Q�G �L�W�V �Q�D�P�H �V�W�D�Q�G�V �I�R�U �´���������´ �L�V �W�K�H �0�+�]
�I�U�H�T�X�H�Q�F�\�� �Z�K�L�F�K �L�V �W�\�S�L�F�D�O�O�\ �X�V�H�G �E�\ �D�Y�L�D�W�L�R�Q �V�X�U�Y�H�L�O�O�D�Q�F�H �V�\�V�W�H�P�� �´�(�´ �L�V �H�[�W�H�Q�G�H�G �E�H��
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�F�D�X�V�H �L�W�V �P�H�V�V�D�J�H �F�R�Q�V�L�V�W�V �R�I ������ �E�L�W�V�� �Z�K�H�U�H�D�V �W�K�H �$�&�$�6�� �K�D�V ���� �E�L�W�V�� �´�6�´ �L�V �V�T�X�L�W�W�H�U
�I�R�U �W�K�H �D�X�W�R�Q�R�P�R�X�V �E�U�R�D�G�F�D�V�W�L�Q�J �F�D�S�D�E�L�O�L�W�\��

�(�Y�H�U�\ �$�'�6���% �P�H�V�V�D�J�H �F�R�Q�W�D�L�Q�V �W�K�H �X�Q�L�T�X�H �,�&�$�2 �L�G�H�Q�W�L�I�L�H�U �R�I �W�K�H �D�L�U�F�U�D�I�W �W�R�J�H�W�K�H�U �Z�L�W�K
�D �S�L�H�F�H �R�I �V�S�H�F�L�I�L�F �L�Q�I�R�U�P�D�W�L�R�Q�� �7�K�H�U�H �D�U�H �� �G�L�I�I�H�U�H�Q�W �W�\�S�H�V�� �,�Q �S�D�U�W�L�F�X�O�D�U�� �W�K�H �W�\�S�H �R�I
�L�Q�I�R�U�P�D�W�L�R�Q �L�V �U�D�Y�H�O�H�G �W�K�U�R�X�J�K �D �F�R�G�H �H�Q�F�R�G�H�G �D�W �E�L�W�V ���� �� ���� �R�I �W�K�H �$�'�6���% �P�H�V�V�D�J�H��
�7�K�L�V �F�R�G�H �L�V �V�K�R�Z�Q �L�Q�7�D�E�O�H �%�����W�R�J�H�W�K�H�U �Z�L�W�K �W�K�H �U�H�V�S�H�F�W�L�Y�H �H�Q�F�R�G�H�G �F�R�Q�W�H�Q�W�� �>���@
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�X�V�H �R�W�K�H�U �R�Q���E�R�D�U�G �L�Q�V�W�U�X�P�H�Q�W�V �V�X�F�K �D�V �W�K�H �L�Q�H�U�W�L�D�O �S�O�D�W�I�R�U�P �R�U �W�K�H �D�O�W�L�P�H�W�H�U�� �)�R�U �W�K�L�V
�U�H�D�V�R�Q�� �W�K�H�U�H �L�V �D �G�L�U�H�F�W �U�H�O�D�W�L�R�Q �E�H�W�Z�H�H�Q �W�K�H �D�F�F�X�U�D�F�\ �R�I �W�K�H�V�H �L�Q�V�W�U�X�P�H�Q�W�V �D�Q�G �W�K�H
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�F�D�Q �E�H �X�V�H�G �D�V �W�K�H �S�U�L�P�D�U�\ �P�H�D�Q �R�I �V�X�U�Y�H�L�O�O�D�Q�F�H�� �W�K�X�V �I�R�F�X�V�L�Q�J �R�Q �G�D�W�D �T�X�D�O�L�W�\ �D�Q�G
�V�L�J�Q�D�O �T�X�D�O�L�W�\�� �+�L�V �U�H�V�H�D�U�F�K �L�V �H�[�W�U�H�P�H�O�\ �U�H�O�H�Y�D�Q�W �E�H�F�D�X�V�H �K�H �X�V�H�G �$�'�6���% �G�D�W�D �F�R�O��
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x
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x i � min (X )

max(X ) � min (X )
� smax ���%������
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x
0

i =
x i � mean(X )

var(X )
���%������
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�V�P�D�O�O �P�H�D�V�X�U�H�P�H�Q�W �H�U�U�R�U�V �D�Q�G���R�U �I�O�X�F�W�X�D�W�L�R�Q�V�� �&�R�P�P�R�Q �P�H�W�K�R�G�V �L�Q�F�O�X�G�H �O�R�Z���S�D�V�V
�I�L�O�W�H�U�V�� �P�R�Y�L�Q�J �D�Y�H�U�D�J�H�� �D�Q�G �V�S�O�L�Q�H�V��

�$�Q�R�W�K�H�U �L�P�S�R�U�W�D�Q�W �S�U�H���S�U�R�F�H�V�V�L�Q�J �V�W�H�S �L�V �G�L�Y�L�G�L�Q�J �D�L�U�F�U�D�I�W �R�S�H�U�D�W�L�R�Q�V �L�Q �G�L�I�I�H�U�H�Q�W �I�O�L�J�K�W�V��
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�E�H �D�S�S�U�R�[�L�P�D�W�H�G �W�R �E�H �������� �7�K�H �D�X�W�K�R�U �U�H�Y�H�D�O�V �W�K�D�W �0�.�$�' �Z�R�U�N�V �E�H�V�W �Z�L�W�K �G�L�V�F�U�H�W�H
�G�D�W�D�� �Z�K�L�O�H �&�O�X�V�W�H�U�$�' �Z�R�U�N�V �E�H�V�W �Z�L�W�K �F�R�Q�W�L�Q�X�R�X�V �G�D�W�D�� �,�W �L�V �Q�R�W�H�Z�R�U�W�K�\ �W�K�D�W �&�O�X�V�W�H�U�$�'
�G�R�H�V �Q�R�W �S�U�R�Y�L�G�H �D �V�F�R�U�H �I�R�U �W�K�H �D�Q�R�P�D�O�\ �D�Q�G �W�K�D�W �D�O�O �D�Q�R�P�D�O�L�H�V �K�D�Y�H �W�K�H �V�D�P�H �´�V�F�R�U�H�´��
�Z�K�L�O�H �0�.�$�' �G�L�I�I�H�U�H�Q�W�L�D�W�H �E�H�W�Z�H�H�Q �D�Q�R�P�D�O�L�H�V �X�V�L�Q�J �D �V�F�R�U�L�Q�J �F�U�L�W�H�U�L�D�� �7�K�L�V �L�V �L�P�S�R�U�W�D�Q�W
�E�H�F�D�X�V�H �Z�L�W�K �0�.�$�' �L�W �L�V �S�R�V�V�L�E�O�H �W�R �O�L�P�L�W �W�K�H �V�H�D�U�F�K �W�R �D�Q�R�P�D�O�L�H�V �Z�L�W�K �D�Q �K�L�J�K �V�F�R�U�H��

�&�K�X�U�F�K�L�O�O �H�W �D�O�� �>���� �@ �S�U�H�V�H�Q�W �D �'�%�6�&�$�1 �F�O�X�V�W�H�U�L�Q�J �V�W�U�D�W�H�J�\ �E�D�V�H�G �R�Q �D �W�Z�R �V�W�H�S�V �D�S��
�S�U�R�D�F�K �W�R �G�H�W�H�F�W �D�Q�R�P�D�O�L�H�V �L�Q �D�L�U�F�U�D�I�W �J�U�R�X�Q�G �P�R�Y�H�P�H�Q�W�V�� �)�L�U�V�W�� �W�K�H�\ �F�O�X�V�W�H�U �W�U�D�M�H�F�W�R�U�\
�L�Q �V�S�D�F�H �D�Q�G �W�K�H�Q �W�K�H�\ �F�O�X�V�W�H�U �L�Q �W�L�P�H �W�R �R�E�W�D�L�Q �G�L�I�I�H�U�H�Q�W �N�L�Q�G�V �R�I �L�Q�V�L�J�K�W�V�� �7�K�H�L�U �L�G�H�D
�L�V �W�R �I�L�Q�G �V�W�D�Q�G�D�U�G �S�D�W�K�V �X�V�L�Q�J �W�K�H �'�%�6�&�$�1 �D�O�J�R�U�L�W�K�P �Z�K�L�O�H �L�G�H�Q�W�L�I�\�L�Q�J �D�Q�R�P�D�O�L�H�V �D�V

����



�%������ �$�Q�R�P�D�O�\ �'�H�W�H�F�W�L�R�Q

�D �E�\���S�U�R�G�X�F�W�� �7�K�L�V �D�S�S�U�R�D�F�K �F�R�X�O�G �E�H �G�L�U�H�F�W�O�\ �D�G�D�S�W�H�G �I�R�U �W�K�H �X�V�H �F�D�V�H �R�I �6�F�K�L�S�K�R�O
�D�L�U�S�R�U�W �W�R �H�[�W�U�D�S�R�O�D�W�H �X�V�H�I�X�O �V�D�I�H�W�\ �L�Q�G�L�F�D�W�R�U�V �L�Q �J�U�R�X�Q�G �P�R�Y�H�P�H�Q�W�V�� �D�V �W�K�H�\ �X�V�H �$�'�6��
�% �G�D�W�D�� �7�K�L�V �P�H�W�K�R�G �L�V �W�H�V�W�H�G �I�R�U ������������ �I�O�L�J�K�W�V �D�W �&�K�D�U�O�R�W�W�H �'�R�X�J�O�D�V �,�Q�W�H�U�Q�D�W�L�R�Q�D�O
�$�L�U�S�R�U�W��

�$ �G�L�I�I�H�U�H�Q�W �N�L�Q�G �R�I �F�O�X�V�W�H�U�L�Q�J �L�V �X�V�H�G �E�\ �,�Y�H�U�V�R�Q �H�W �D�O���>���� �@�� �W�K�L�V �W�L�P�H �W�K�H�\ �E�X�L�O�G �D�Q �,�Q�G�X�F��
�W�L�Y�H �0�R�Q�L�W�R�U�L�Q�J �6�\�V�W�H�P ���,�0�6�� �E�D�V�H�G �R�Q �F�O�X�V�W�H�U�L�Q�J�� �Z�K�L�F�K �L�V �X�V�H�G �I�R�U �V�D�I�H�W�\ �P�R�Q�L�W�R�U�L�Q�J
�I�R�U �W�K�H �,�Q�W�H�U�Q�D�W�L�R�Q�D�O �6�S�D�F�H �6�W�D�W�L�R�Q ���,�6�6���� �7�K�H �N�H�\ �G�L�I�I�H�U�H�Q�F�H �Z�L�W�K �W�K�H �H�D�U�O�L�H�U �H�[�D�P�S�O�H�V
�L�V �W�K�D�W �W�K�H�\ �W�U�D�L�Q �D �P�R�G�H�O �R�Q �Q�R�U�P�D�O �V�D�I�H �R�S�H�U�D�W�L�R�Q�V �R�I �W�K�H �,�6�6�� �:�K�L�O�H �L�Q �W�K�H �S�U�H�Y�L�R�X�V
�F�D�V�H�V�� �D�Q�R�P�D�O�L�H�V �D�U�H �L�Q�F�O�X�G�H�G �L�Q �W�K�H �W�U�D�L�Q�L�Q�J �G�D�W�D�V�H�W�� �$�I�W�H�U�Z�D�U�G�� �W�K�H �W�U�D�L�Q�H�G �P�R�G�H�O
�G�H�W�H�F�W�V �D�Q�R�P�D�O�L�H�V �E�D�V�H�G �R�Q �W�K�H�L�U �G�L�V�W�D�Q�F�H �I�U�R�P �W�K�H �F�O�X�V�W�H�U �F�H�Q�W�U�R�L�G�� �7�K�H �G�R�Z�Q�V�L�G�H �R�I
�W�K�L�V �D�S�S�U�R�D�F�K �L�V �W�K�D�W �� �V�W�H�S�V �D�U�H �U�H�T�X�L�U�H�G �D�Q�G �W�R �J�H�Q�H�U�D�W�H �W�K�H �W�U�D�L�Q�L�Q�J �G�D�W�D�V�H�W �D�Q�R�W�K�H�U
�W�H�F�K�Q�L�T�X�H �Q�H�H�G�V �W�R �E�H �X�V�H�G �W�R �F�O�H�D�U �L�W �I�U�R�P �D�Q�R�P�D�O�L�H�V��

�7�K�H �P�D�L�Q �G�R�Z�Q�V�L�G�H �R�I �W�K�H�V�H �P�H�W�K�R�G�V �L�V �W�K�D�W �W�K�H�\ �V�X�I�I�H�U �I�U�R�P �W�K�H �F�X�U�V�H �R�I �G�L�P�H�Q�V�L�R�Q��
�D�O�L�W�\ �W�K�D�W �L�V �W�K�H�\ �G�R �Q�R�W �V�F�D�O�H �Z�H�O�O �Z�L�W�K �K�L�J�K �G�L�P�H�Q�V�L�R�Q�D�O �G�D�W�D���V�H�W�� �)�R�U �D�S�S�O�L�F�D�W�L�R�Q�V
�Z�L�W�K �I�O�L�J�K�W �G�D�W�D �Z�K�L�F�K �L�V �J�H�Q�H�U�D�O�O�\ �K�L�J�K �G�L�P�H�Q�V�L�R�Q�D�O�� �L�W �P�H�D�Q�V �W�K�D�W �I�H�Z�H�U �G�L�P�H�Q�V�L�R�Q�V
�D�U�H �X�V�H�G�� �L���H�� �R�Q�O�\ �D �V�X�E�V�H�W �R�I �W�K�H �D�Y�D�L�O�D�E�O�H �R�Q�H�V �R�U �W�K�H �G�L�P�H�Q�V�L�R�Q�D�O�L�W�\ �Q�H�H�G�V �W�R �E�H
�U�H�G�X�F�H�G �X�V�L�Q�J �W�H�F�K�Q�L�T�X�H�V �V�X�F�K �D�V �3�&�$�>���� �@�� �W���6�1�(�>���� �@ �R�U �D�X�W�R�H�Q�F�R�G�H�U�V ���G�L�V�F�X�V�V�H�G
�O�D�W�H�U���� �>���@

�%�����������%�R�X�Q�G�D�U�\ �%�D�V�H�G �0�H�W�K�R�G�V
�7�K�H�V�H �P�H�W�K�R�G�V �X�V�H �D �W�U�D�L�Q�L�Q�J �G�D�W�D�V�H�W �W�K�D�W �U�H�S�U�H�V�H�Q�W�V �W�K�H �Q�R�U�P�D�O �G�D�W�D �I�U�R�P �Z�K�L�F�K
�E�R�X�Q�G�D�U�L�H�V �R�I �U�H�J�X�O�D�U �R�S�H�U�D�W�L�R�Q�V �D�U�H �O�H�D�U�Q�H�G�� �7�K�H �I�D�P�R�X�V �S�\�W�K�R�Q �S�D�F�N�D�J�H �6�F�L�N�L�W��
�O�H�D�U�Q �R�I�I�H�U�V �D �Z�D�\ �W�R �H�D�V�L�O�\ �L�P�S�O�H�P�H�Q�W �W�K�H�V�H �D�O�J�R�U�L�W�K�P�V�� �Z�K�L�F�K �D�U�H �R�I�W�H�Q �X�V�H�G �L�Q
�D�Q�R�P�D�O�\ �G�H�W�H�F�W�L�R�Q���)�L�J�X�U�H �%�����R�I�I�H�U�V �D�Q �L�Q�W�X�L�W�L�Y�H �H�[�S�O�D�Q�D�W�L�R�Q �R�I �W�K�H �G�L�I�I�H�U�H�Q�W �D�O�J�R�U�L�W�K�P�V
�D�S�S�O�L�H�G �W�R �D ���' �G�D�W�D�V�H�W�V���>���� �@

�)�L�J�X�U�H �%�������2�Y�H�U�Y�L�H�Z �R�I �F�O�D�V�V�L�F�D�O �D�Q�R�P�D�O�\ �G�H�W�H�F�W�L�R�Q �D�O�J�R�U�L�W�K�P�V���>���� �@
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�$�P�R�Q�J �W�K�H�V�H �D�O�J�R�U�L�W�K�P�V�� �W�K�H �R�Q�H �W�K�D�W �I�L�Q�G�V �Z�L�G�H�U �X�V�D�J�H �L�Q �L�G�H�Q�W�L�I�\�L�Q�J �V�D�I�H�W�\ �U�L�V�N�V �L�Q
�D�Y�L�D�W�L�R�Q �L�V �R�Q�H���F�O�D�V�V �V�X�S�S�R�U�W �Y�H�F�W�R�U �P�D�F�K�L�Q�H ���2�&���6�9�0���� �Z�K�L�F�K �L�V �W�K�H �Y�D�U�L�D�Q�W �R�I �6�9�0
�G�H�V�L�J�Q�H�G �W�R �G�H�W�H�F�W �R�X�W�O�L�H�U�V�� �7�K�L�V �W�H�F�K�Q�L�T�X�H �I�L�Q�G�V �D �K�\�S�H�U�E�D�O�O �L�Q �K�L�J�K �G�L�P�H�Q�V�L�R�Q�D�O �V�S�D�F�H
�W�K�D�W �F�R�P�S�U�L�V�H�V �R�Q�O�\ �J�R�R�G �R�E�V�H�U�Y�D�W�L�R�Q �O�H�D�Y�L�Q�J �W�K�H �R�X�W�O�L�H�U�V �R�X�W�V�L�G�H �W�K�L�V �E�R�U�G�H�U�� �Z�K�L�F�K �L�V
�G�H�V�F�U�L�E�H�G �E�\ �W�K�H �I�R�O�O�R�Z�L�Q�J�(�T�X�D�W�L�R�Q �%�������>���� �@
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�:�K�D�W�(�T�X�D�W�L�R�Q �%�����H�[�S�U�H�V�V�H�V �F�R�Q�F�U�H�W�H�O�\ �L�V �I�L�Q�G�L�Q�J �W�K�H �V�P�D�O�O�H�V�W �S�R�V�V�L�E�O�H �K�\�S�H�U�E�D�O�O �E�\
�P�L�Q�L�P�L�]�L�Q�J�5�� �W�K�H �U�D�G�L�X�V �R�I �W�K�H �K�\�S�H�U�E�D�O�O�� �D�Q�G� �� �W�K�H �V�O�D�F�N �Y�D�U�L�D�E�O�H�� �6�X�F�K �W�K�D�W�� �W�K�H
�V�T�X�D�U�H �(�X�F�O�L�G�H�D�Q �G�L�V�W�D�Q�F�H �R�I �W�K�H �S�R�L�Q�W�[�� �Z�K�L�F�K �L�Q �N�H�U�Q�H�O �V�S�D�F�H �L�V�E�� �W�R �W�K�H �F�H�Q�W�H�U �R�I
�W�K�H �K�\�S�H�U�E�D�O�O�� �L�V �V�P�D�O�O�H�U �R�U �H�T�X�D�O �W�R�5�� + � i �� �:�K�H�U�H� i � 0�L�V �Q�H�F�H�V�V�D�U�\ �W�R �D�O�O�R�Z �I�R�U
�R�X�W�O�L�H�U�V �G�H�W�H�F�W�L�R�Q�� �,�Q��/ �Y�Q�� �W�K�H �Z�H�L�J�K�W �I�D�F�W�R�U�Q�U�H�S�U�H�V�H�Q�W�V �W�K�H �Q�X�P�E�H�U �R�I �V�D�P�S�O�H�V �D�Q�G
�L�W �L�V �X�V�H�G �W�R �Q�R�U�P�D�O�L�]�H �D�Q�G �P�D�N�H �W�K�H �U�H�V�X�O�W �L�Q�G�H�S�H�Q�G�H�Q�W �R�I �W�K�H �W�U�D�L�Q�L�Q�J �V�L�]�H���Y�L�V �W�K�H
�X�V�H�U �G�H�V�L�J�Q �S�D�U�D�P�H�W�H�U �X�V�H�G �W�R �G�H�W�H�U�P�L�Q�H �W�K�H �D�P�R�X�Q�W �R�I �V�O�D�F�N���>���� �@

�%�D�V�H�G �R�Q �2�&���6�9�0 �L�V �W�K�H �0�X�O�W�L�S�O�H �.�H�U�Q�H�O �$�Q�R�P�D�O�\ �'�H�W�H�F�W�L�R�Q ���0�.�$�'�� �D�O�J�R�U�L�W�K�P �G�H�Y�H�O��
�R�S�H�G �E�\ �'�D�V �H�W �D�O�� �D�W �1�$�6�$���>���� �@ �,�Q �W�K�L�V �W�H�F�K�Q�L�T�X�H�� �P�X�O�W�L�S�O�H �N�H�U�Q�H�O�V �D�U�H �H�P�S�O�R�\�H�G �W�R
�D�Q�D�O�\�]�H �G�L�V�F�U�H�W�H �D�Q�G �F�R�Q�W�L�Q�X�R�X�V �G�D�W�D �D�W �W�K�H �V�D�P�H �W�L�P�H�� �,�W �I�L�Q�G�V �D�S�S�O�L�F�D�W�L�R�Q �L�Q �W�K�H �D�Q�D�O��
�\�V�L�V �R�I �)�2�4�$�� �V�X�U�Y�H�L�O�O�D�Q�F�H �G�D�W�D�� �D�Q�G �H�Y�H�Q �R�F�F�X�U�U�H�Q�F�H �U�H�S�R�U�W�V�� �,�Q �W�K�L�V �S�D�S�H�U�� �R�X�W �R�I
�W�K�H ������ �S�D�U�D�P�H�W�H�U�V �L�Q �W�K�H �)�O�L�J�K�W �2�S�H�U�D�W�L�R�Q�V �4�X�D�O�L�W�\ �$�V�V�X�U�D�Q�F�H ���)�2�4�$���� �W�K�H ���� �P�R�V�W
�P�H�D�Q�L�Q�J�I�X�O �I�H�D�W�X�U�H�V �D�U�H �V�H�O�H�F�W�H�G�� �,�W �F�D�Q �G�H�W�H�F�W �D�S�S�U�R�D�F�K �D�Q�R�P�D�O�\�� �K�L�J�K �D�L�U�V�S�H�H�G��
�J�X�V�W�\ �Z�L�Q�G �D�Q�R�P�D�O�\�� �D�Q�G �J�R���D�U�R�X�Q�G��

�'�D�V �D�W �D�O�� �L�Q �>���� �@ �D�Q�G �0�D�W�W�K�H�Z�V �H�W �D�O�� �L�Q �>���� �@ �W�H�V�W �0�.�$�' �R�Q �D �O�D�U�J�H�U �G�D�W�D�V�H�W �P�D�G�H
�R�I �P�X�O�W�L�S�O�H �D�L�U�F�U�D�I�W�� �,�W �F�D�Q �G�H�W�H�F�W �K�L�J�K �H�Q�H�U�J�\ �D�S�S�U�R�D�F�K�H�V�� �G�X�H �W�R �K�L�J�K �V�S�H�H�G �R�U �K�L�J�K
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�W�R �S�U�R�Y�L�G�H �V�H�J�P�H�Q�W �Q�R�Q���F�R�P�S�O�L�D�Q�F�H �V�F�R�U�H �E�\ �X�V�L�Q�J �D �V�O�L�G�L�Q�J �Z�L�Q�G�R�Z �D�Q�G �D�S�S�O�\�L�Q�J
�U�H�F�X�U�V�L�Y�H�O�\ �W�K�H �D�O�J�R�U�L�W�K�P�� �7�R �F�R�P�S�X�W�H �W�K�H �Q�R�Q���F�R�P�S�O�L�D�Q�F�H �V�F�R�U�H�� �+�L�H�U�D�U�F�K�L�F�D�O �'�%��
�6�&�$�1 ���+�'�%�6�&�$�1�� �L�V �X�V�H�G �D�I�W�H�U �Z�K�L�F�K �W�K�H �*�O�R�E�D�O���/�R�F�D�O �2�X�W�O�L�H�U �6�F�R�U�H �I�U�R�P �+�L�H�U�D�U��
�F�K�L�H�V ���*�/�2�6�+�� �D�O�J�R�U�L�W�K�P �L�V �D�S�S�O�L�H�G �W�R �R�E�W�D�L�Q �D �V�F�R�U�H �E�H�W�Z�H�H�Q �� �D�Q�G ����

�+�'�%�6�&�$�1 �F�R�Q�V�W�U�X�F�W�V �W�K�H �P�L�Q�L�P�X�P �V�S�D�Q�Q�L�Q�J �W�U�H�H �D�P�R�Q�J �W�K�H �G�D�W�D �D�Q�G �F�R�P�S�X�W�H�V �D
�G�H�Q�V�L�W�\ �G�H�Q�G�U�R�J�U�D�P �E�D�V�H�G �R�Q �W�K�H �V�L�]�H �R�I �W�K�H �H�G�J�H�V �E�H�W�Z�H�H�Q �W�K�H �G�D�W�D�� �&�O�X�V�W�H�U�V �D�U�H
�V�H�O�H�F�W�H�G �I�U�R�P �W�K�H �G�H�Q�G�U�R�J�U�D�P �E�D�V�H�G �R�Q �W�K�H �Q�X�P�E�H�U �R�I �S�R�L�Q�W�V �S�H�U �H�D�F�K �V�X�E���H�O�H�P�H�Q�W��
�$�F�F�R�U�G�L�Q�J �W�R �W�K�H �D�X�W�K�R�U�V�� �W�K�L�V �D�S�S�U�R�D�F�K �L�V �Y�H�U�\ �V�H�Q�V�L�W�L�Y�H �W�R �D �F�K�D�Q�J�H �L�Q �V�O�L�G�L�Q�J �Z�L�Q�G�R�Z
�V�L�]�H�� �-�D�U�U�\ �H�W �D�O�� �>���� �@ �H�[�W�H�Q�V�L�Y�H�O�\ �W�H�V�W�H�G �W�K�L�V �D�S�S�U�R�D�F�K �D�W �P�X�O�W�L�S�O�H �D�L�U�S�R�U�W�V �Z�L�W�K �J�R�R�G
�U�H�V�X�O�W�V�� �7�K�H �U�H�D�V�R�Q �I�R�U �W�K�H �G�H�Y�H�O�R�S�P�H�Q�W �R�I �W�K�L�V �P�H�W�K�R�G �D�U�L�V�H�V �I�U�R�P �W�K�H �I�D�F�W �W�K�D�W �D�Q
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�H�[�F�H�H�G�D�Q�F�H �G�H�W�H�F�W�L�R�Q �P�H�W�K�R�G�R�O�R�J�\ �K�D�V �D �K�L�J�K �I�D�O�V�H���S�R�V�L�W�L�Y�H �U�D�W�H�� �,�Q �W�K�L�V �S�D�S�H�U�� �W�K�H
�D�X�W�K�R�U �P�H�Q�W�L�R�Q �D �V�\�V�W�H�P �I�U�R�P �W�K�H �)�U�H�Q�F�K �J�R�Y�H�U�Q�P�H�Q�W �F�D�O�O�H�G �(�/�9�,�5�$ �Z�K�L�F�K �K�D�V �D
�I�D�O�V�H �S�R�V�L�W�L�Y�H �U�D�W�H �R�I ���� ���� �:�K�L�O�H �W�K�H �)�3�&�$ �P�H�W�K�R�G �K�D�V �D �I�D�O�V�H �S�R�V�L�W�L�Y�H �U�D�W�H �R�I ���� ����

�,�Q�G�H�S�H�Q�G�H�Q�W �&�R�P�S�R�Q�H�Q�W �$�Q�D�O�\�V�L�V
�,�Q�G�H�S�H�Q�G�H�Q�W �&�R�P�S�R�Q�H�Q�W �$�Q�D�O�\�V�L�V ���,�&�$�� �L�V �D �V�W�D�W�L�V�W�L�F�D�O �W�H�F�K�Q�L�T�X�H �W�K�D�W �F�R�Q�V�L�V�W�V �R�I �D �O�L�Q��
�H�D�U �W�U�D�Q�V�I�R�U�P�D�W�L�R�Q �R�I �V�R�P�H �R�E�V�H�U�Y�H�G �G�D�W�D �W�R �D �Q�H�Z �I�H�D�W�X�U�H �V�S�D�F�H�� �,�&�$ �D�V�V�X�P�H�V �W�K�D�W
�W�K�H �R�E�V�H�U�Y�H�G �G�D�W�D �R�U�L�J�L�Q�D�W�H�V �I�U�R�P �D �P�L�[ �R�I �Q�R�Q���*�D�X�V�V�L�D�Q �D�Q�G �P�X�W�X�D�O�O�\ �L�Q�G�H�S�H�Q�G�H�Q�W
�O�D�W�H�Q�W �Y�D�U�L�D�E�O�H�V�� �,�&�$ �U�H�Y�H�D�O�V �W�K�H �O�D�W�H�Q�W �Y�D�U�L�D�E�O�H�V�� �R�U �L�Q�G�H�S�H�Q�G�H�Q�W �F�R�P�S�R�Q�H�Q�W�V�� �Z�K�L�F�K
�P�D�[�L�P�L�]�H �I�H�D�W�X�U�H �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q �V�X�F�K �W�K�D�W �L�W �L�V �S�R�V�V�L�E�O�H �W�R �S�U�H�G�L�F�W �W�K�H �Q�H�Z �I�H�D�W�X�U�H �I�U�R�P
�W�K�H �R�U�L�J�L�Q�D�O �R�Q�H�� �D�Q�G �Y�L�F�H���Y�H�U�V�D�� �-�L�D�Q�J �H�W �D�O�� �>���� �@ �D�S�S�O�L�H�G �,�&�$ �L�Q �W�K�H �D�Y�L�D�W�L�R�Q �V�H�F�W�R�U��
�,�Q �S�D�U�W�L�F�X�O�D�U�� �W�K�H�\ �X�V�H �D �F�R�P�S�O�H�[ �Q�H�W�Z�R�U�N �D�S�S�U�R�D�F�K �E�D�V�H�G �R�Q �,�&�$ �W�R �P�R�Q�L�W�R�U �D�L�U �W�U�D�I�I�L�F
�F�R�Q�J�H�V�W�L�R�Q �R�X�W�V�L�G�H �W�K�H �7�H�U�P�L�Q�D�O �0�D�Q�H�X�Y�H�U�L�Q�J �D�U�H�D�� ��

�5�H�J�U�H�V�V�L�R�Q �P�R�G�H�O �E�D�V�H�G
�7�K�L�V �D�S�S�U�R�D�F�K �F�R�Q�V�L�V�W�V �R�I �W�U�D�L�Q�L�Q�J �D �U�H�J�U�H�V�V�L�R�Q �P�R�G�H�O �D�Q�G �K�L�J�K�O�L�J�K�W�L�Q�J �D�Q�R�P�D�O�L�H�V
�E�D�V�H�G �R�Q �W�K�H �G�L�V�W�D�Q�F�H �E�H�W�Z�H�H�Q �W�K�H �H�[�S�H�F�W�H�G �Y�D�O�X�H �S�U�R�G�X�F�H�G �E�\ �W�K�H �U�H�J�U�H�V�V�L�R�Q �P�R�G�H�O
�D�Q�G �W�K�H �D�F�W�X�D�O �Y�D�O�X�H�� �,�Q �W�K�H �F�D�V�H �R�I �D�L�U�F�U�D�I�W �G�D�W�D�� �W�K�H �Y�H�F�W�R�U �D�X�W�R�U�H�J�U�H�V�V�L�Y�H ���9�$�5��
�P�R�G�H�O �L�V �X�V�H�G �W�R �W�D�N�H �L�Q�W�R �D�F�F�R�X�Q�W �P�X�O�W�L�S�O�H �W�L�P�H �V�H�U�L�H�V �Y�D�U�L�D�E�O�H�V �X�V�L�Q�J �D �V�L�Q�J�O�H �P�R�G�H�O��

�0�H�O�Q�\�N �H�W �D�O�� �>���� �@ �>���� �@ �P�R�G�H�O�V �W�K�H �I�O�L�J�K�W�V �X�V�L�Q�J �D �G�\�Q�D�P�L�F �%�D�\�H�V�L�D�Q �Q�H�W�Z�R�U�N �F�R�P�E�L�Q��
�L�Q�J �G�L�V�F�U�H�W�H �D�Q�G �F�R�Q�W�L�Q�X�R�X�V �Y�D�U�L�D�E�O�H�V �W�D�N�H�Q �I�U�R�P �W�K�H �)�2�4�$ �G�D�W�D�E�D�V�H�� �7�K�H �P�R�G�H�O
�L�V �D �V�H�P�L �0�D�U�N�R�Y �V�Z�L�W�F�K�L�Q�J �Y�H�F�W�R�U �D�X�W�R�U�H�J�U�H�V�V�L�Y�H �P�R�G�H�O ���6�0�6���9�$�5�� �D�Q�G �L�W �Z�R�U�N�V �D�V
�I�R�O�O�R�Z�V�� �$ �V�L�Q�J�O�H �9�$�5 �P�R�G�H�O �E�X�L�O�W �X�V�L�Q�J �F�R�Q�W�L�Q�X�R�X�V �G�D�W�D �G�R�H�V �Q�R�W �U�H�S�U�H�V�H�Q�W �W�K�H �H�Q�W�L�U�H
�I�O�L�J�K�W�� �)�R�U �W�K�L�V �U�H�D�V�R�Q�� �G�L�I�I�H�U�H�Q�W �9�$�5 �P�R�G�H�O�V �D�U�H �X�V�H�G �G�H�S�H�Q�G�L�Q�J �R�Q �W�K�H �I�O�L�J�K�W �S�K�D�V�H��
�Z�K�L�F�K �L�V �U�H�Y�H�D�O�H�G �E�\ �D �F�R�P�E�L�Q�D�W�L�R�Q �R�I �W�K�H �I�O�L�J�K�W �V�Z�L�W�F�K�H�V ���F�K�D�Q�J�H �L�Q �D�X�W�R�S�L�O�R�W���� �7�K�H
�I�O�L�J�K�W �S�K�D�V�H �L�V �Q�R�W �R�E�V�H�U�Y�H�G �L�Q �G�D�W�D �D�Q�G �L�W �L�V �P�R�G�H�O�H�G �D�V �D �O�D�W�H�Q�W �S�D�U�D�P�H�W�H�U ���K�L�G�G�H�Q
�0�D�U�N�R�Y �S�U�R�F�H�V�V���� �$�Q �H�[�D�P�S�O�H �R�I �I�O�L�J�K�W �S�K�D�V�H�V �L�G�H�Q�W�L�I�L�H�G �I�R�U �J�R���D�U�R�X�Q�G�� �G�H�V�F�H�Q�G�L�Q�J��
�O�H�Y�H�O�L�Q�J���R�I�I �D�W �D �F�H�U�W�D�L�Q �D�O�W�L�W�X�G�H�� �I�L�Q�D�O �D�S�S�U�R�D�F�K�� �V�X�G�G�H�Q �W�D�N�H���R�I�I�� �D�Q�G �F�L�U�F�O�L�Q�J��

�$�I�W�H�U �W�U�D�L�Q�L�Q�J �W�K�H �P�R�G�H�O �R�Q �W�K�H �I�X�O�O �G�D�W�D�V�H�W�� �L�W �I�L�Q�G�V �D�Q�R�P�D�O�L�H�V �E�\ �S�U�H�G�L�F�W�L�Q�J �W�K�H �Q�H�[�W
�V�W�D�W�H �J�L�Y�H�Q �W�K�H �F�X�U�U�H�Q�W �R�Q�H�� �7�K�H�Q�� �L�W �F�R�P�S�X�W�H�V �W�K�H �G�L�V�V�L�P�L�O�D�U�L�W�\ �X�V�L�Q�J �.�/ �G�L�Y�H�U�J�H�Q�F�H
�E�H�W�Z�H�H�Q �W�K�H �W�Z�R �V�W�D�W�H�V�� �7�H�V�W�L�Q�J �W�K�H �D�O�J�R�U�L�W�K�P �R�Q �V�L�P�X�O�D�W�H�G �G�D�W�D �V�K�R�Z�V �W�K�D�W �W�K�H �P�R�G�H�O
�Z�R�U�N�V �Z�H�O�O �Z�L�W�K �D �S�H�U�F�H�Q�W�D�J�H �R�I �D�Q�R�P�D�O�L�H�V �X�S �W�R �������� �D�I�W�H�U�Z�D�U�G �W�K�H �P�R�G�H�O �V�W�D�U�W�V
�W�R �O�H�D�U�Q �W�K�H �D�Q�R�P�D�O�L�H�V �D�Q�G �W�K�H �P�R�G�H�O �I�D�L�O�V�� �7�H�V�W�L�Q�J �D �9�$�5�� �6�0�6���9�$�5 �D�Q�G �0�.�$�'
�R�Q ������������ �I�O�L�J�K�W�V �D�Q�G �W�D�N�L�Q�J �W�K�H ������ �P�R�V�W �V�W�D�W�L�V�W�L�F�D�O�O�\ �D�Q�R�P�D�O�R�X�V �I�O�L�J�K�W �U�H�Y�H�D�O�V �W�K�D�W
�9�$�5 �G�H�W�H�F�W�V ���� �R�S�H�U�D�W�L�R�Q�D�O �D�Q�R�P�D�O�L�H�V�� �6�0�6���9�$�5 ������ �D�Q�G �0�.�$�' ������ �$�O�W�K�R�X�J�K �W�K�L�V
�D�S�S�U�R�D�F�K �V�H�H�P�V �W�R �S�H�U�I�R�U�P �E�H�W�W�H�U �W�K�D�Q �0�.�$�'�� �L�W �Z�L�O�O �Q�R�W �E�H �X�V�H�G �L�Q �W�K�H �S�U�H�V�H�Q�W �W�K�H�V�L�V
�E�H�F�D�X�V�H �L�Q �R�U�G�H�U �W�R �D�F�K�L�H�Y�H �W�K�H �V�D�P�H �O�H�Y�H�O �R�I �S�H�U�I�R�U�P�D�Q�F�H �I�O�L�J�K�W �V�Z�L�W�F�K�H�V �L�Q�I�R�U�P�D�W�L�R�Q
�V�K�R�X�O�G �E�H �X�V�H�G �D�V �Z�H�O�O�� �2�W�K�H�U�Z�L�V�H�� �W�K�L�V �Z�R�X�O�G �E�H �D �V�L�P�S�O�H �9�$�5 �P�R�G�H�O �W�K�D�W �S�H�U�I�R�U�P�V
�Z�R�U�V�H �W�K�D�Q �0�.�$�'��

�%�����������1�H�X�U�D�O �1�H�W�Z�R�U�N �%�D�V�H�G �0�H�W�K�R�G�V
�7�K�H �S�U�L�Q�F�L�S�O�H �R�I �W�K�H �Q�H�X�U�D�O �Q�H�W�Z�R�U�N �L�V �W�R �U�H�V�H�P�E�O�H �W�K�H �Z�R�U�N�L�Q�J �P�H�F�K�D�Q�L�V�P �R�I �W�K�H �K�X��
�P�D�Q �E�U�D�L�Q�� �,�W �L�V �D �V�L�P�X�O�D�W�L�R�Q �L�Q�Y�R�O�Y�L�Q�J �L�Q�W�H�U�F�R�Q�Q�H�F�W�H�G �Q�H�X�U�R�Q�V�� �,�Q �J�H�Q�H�U�D�O�� �W�K�H�V�H �D�U�H
�R�U�J�D�Q�L�]�H�G �L�Q �O�D�\�H�U�V�� �D�Q�G �H�D�F�K �Q�H�X�U�R�Q �R�I �D �O�D�\�H�U �L�V �F�R�Q�Q�H�F�W�H�G �W�R �D�O�O �Q�H�X�U�R�Q�V �R�I �� �Q�H�L�J�K��
�E�R�U�L�Q�J �O�D�\�H�U�V�� �7�K�H �I�L�U�V�W �O�D�\�H�U �U�H�F�H�L�Y�H�V �W�K�H �L�Q�S�X�W �G�D�W�D�� �D�Q�G �W�K�H �O�D�V�W �O�D�\�H�U �F�R�Q�W�D�L�Q�V �W�K�H
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�R�X�W�S�X�W �R�I �W�K�H �Q�H�W�Z�R�U�N�� �,�Q �E�H�W�Z�H�H�Q�� �W�K�H�U�H �D�U�H �W�K�H �K�L�G�G�H�Q �O�D�\�H�U�V�� �Z�K�L�F�K �D�O�O�R�Z �J�D�L�Q�L�Q�J
�D �G�H�H�S�H�U �¶�X�Q�G�H�U�V�W�D�Q�G�L�Q�J�¶ �R�I �W�K�H �G�D�W�D�� �7�K�L�V �V�W�U�X�F�W�X�U�H �L�V �V�K�R�Z�Q �L�Q�)�L�J�X�U�H �%������ �´�8�Q�G�H�U��
�V�W�D�Q�G�L�Q�J�´ �P�H�D�Q�V �I�L�Q�G�L�Q�J �D �U�H�O�D�W�L�R�Q�V�K�L�S �E�H�W�Z�H�H�Q �G�D�W�D�� �7�K�X�V �D �Q�H�X�U�D�O �Q�H�W �U�H�S�U�H�V�H�Q�W�V �D
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B.7. Summary

Table B.5: This table shows a summary of the strategy identified to achieve the objective. In the
table, ”/” means that different models are developed based on the same strategy depending on the
flight phase. When talking about A/C type, ”multiple” refers to a single model that can be used at the
same time with multiple A/C models. False positive data is not specified when absent in the paper.

Strategy Technique: citation (data, flight phase, A/C type, false positive[%])
Exceedance detection ­ Rule­based: [13] (radar data, approach, multiple)

Distance based methods
­ k­NN: [14](FOQA, approach, A320, 84)
­ DBSCAN: [17](FOQA, approach, B777/A320, 80)

[20](ADS­B, ground movements, multiple)

Boundary based methods
­ OC­SVM: [26](FOQA/radar, take off/approach, multiple, 65­75)

[31](FOQA, approach, general aviation)
[34](ADS­B, approach, multiple)

Statistical based methods

­ GMM: [36](FOQA­radar, take off/approach, general aviation)
[37](FOQA, take off/approach, A320, 70)

­ PCA: [39](radar, approach, multiple)
­ SMS­VAR: [42](FOQA, approach, multiple, 50)

Neural Network based methods
­ RNN: [45](simulated FOQA, approach, multiple)
­ Autoencoders: [46](ADS­B, en­route, multiple)
­ ELM: [48](radar, approach, multiple, 70)

Precursor detection

­ RL: [49](labeled data, approach/take­off, multiple)
­ DT­MIL: [50](labeled data, approach, multiple)
­ OC­SVM: [51](labeled data, approach, multiple)
­ PCA: [52](existing fault tree + ADS­B, ground movements, multiple)

ADS­B data because it is highly dependent on the pilot button switches. The algorithm
works in such a way that when it detects a switch it changes its dynamics.

There is an important consideration to make about the false positive rate. The values
provided are not exact because it heavily relies on expert judgment. The concept of
what is operational significant varies depending on the expert. This is shown by LI et
al. in [37] where 4 experts could not agree on which situation poses safety concerns.

Table B.5 shows that researchers have mainly focused on detecting anomalous safety
events in the approach phase. This is crucial as 50% of the accidents happen in this
phase of flight including airborne loss of control, runway excursion, or controlled flight
into terrain.4

Interestingly, distance based methods are generally less applicable to multiple aircraft
at the same time. The reason is that these models, such as Oehling et al.[14] and
Li et al.[17], use features directly and identify anomalies based on the distance from
cluster. On the other hand, all other anomaly detection models implicitly project the
feature in other spaces where anomalies are computed taking into account also the
inter­relations of the features. It is important to underline that these researchers used
FOQA data, which provides features that are more aircraft dependent.

Furthermore, the applicability of a single model to multiple aircraft types grows when
features are preprocessed in a meaningful way. Puranik et al.[31] [36], Deshmukh

4data from:
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et al.[34] and Jarry et al.[39] augment the set of features available with some energy
metrics[32]. This is more important when ADS­B and radar data are used, as it en­
riches the limited amount of features available.

Techniques that have been recently developed to identify anomalies include Neural
Networks, different types of networks have been implemented by different researchers:
Naduri et al.[45] works with Recurrent Neural Networks, Olive et al.[46] with Autoen­
coders, and Janakiraman et al.[48] with Extreme Learning Machines. Results from
these methods are promising, and many researchers are working with Autoencoders.
Although, as it is possible to see from the table, the false positive rate remains in
line with more classical approaches for the moment. Goel et al. [54] test VAR, RNN­
LSTM, and autoencoder­LSTM in reconstructing time series of aircraft data. They
perform some experiments on real and synthetic data. It shows that VAR performs
better than both LSTMs. When a value can be predicted by looking at a few previous
steps, a linear model (VAR) is better.

Precursor detection techniques are mainly semi­supervised approaches that use the
identified anomalous aviation events as labeled data, such as Janakiraman et al.[49]
[50] and Deshmukh at al.[51]. A very different approach is used by Olive et al.[52].
Instead of having an algorithm looking for precursors autonomously, the idea is to
use an existing fault tree model developed by Future Sky Safety and estimate the
probabilities of contributing factors using PCA with ADS­B data.
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C
Preprocessing

This chapter provides an overview of the data used and the preprocessing strategy ex­
perimented with. Preprocessing is a required activity when dealing with large amounts
of data. Often data contains outliers and noise that can jeopardize the result of the
analysis. Outliers are erroneous data points, and noise is an oscillation in the recorded
data. The reasons for these phenomena are errors in the raw data captured with the
antenna and possible errors in processing the raw data.

C.1. Manual Cleaning
In this phase, the intuition of possible useless data and possible outliers is used to
delete and modify data. The steps are removing duplicates, change in measurement
units, and merging the Open Sky and the Delft databases Furthermore, operations out
of the limits of the Schiphol Airspace are removed. Trajectories with few points are
removed because they can’t be analyzed. Also, trajectories belonging to a particular
type of vehicle are removed such as ground vehicles and helicopters. Finally, the
trajectory is divided into different pieces depending on the aircraft operation: landing,
take­off, and ground movements.

C.2. Divide Flights
This section describes the divide flights function. This function assigns to each aircraft,
identified through the ICAO code, its flight phases. In fact, the same aircraft might
land and take­off multiple times on the same day. There are 4 possible phases: land
(L), take­off(T), unidentified(C), and ground operations(G). The unidentified phase is
a special case that includes aircraft cruising and aircraft taking off and landing without
exiting Schiphol Airspace. These are identified based on 2 steps:

• Identify changes in phase
• Identify ground movements

Identify changes in phase assumes that if data is not received within 20 minutes, it
must have changed. Once these breaking points are collected in a list, phases are
assigned as follows:
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Identify groundmovements assumes that groundmovements are all the ones taking
place below 100ft, and it assigns G to all these points in the phase_attribute list.

C.3. Normalization
Normalization is used to prepare the data for the following steps. Normalizing the data
ensures that all data is uniformly scaled between 0 and 1. In this way, it is possible to
use the same algorithms for data that have different statistical characteristics. For
instance, altitude has values ranging from 10,000 ft to 0, while speed has values
between 500 kts and 0 kts. When a threshold­based algorithm is used, a different
threshold value would be required. While if the data is standardized the same value
can be used. The standardization procedure is shown in Equation C.1.

x
0

i =
xi � mean(X)

var(X)
(C.1)

Every trajectory is analyzed separately, and every feature of the trajectory is normal­
ized. Now the data is ready for the remotion of outliers.

C.4. Deletion of Outliers
Removing outliers improves the quality of the analysis. First of all, it improves the
accuracy of the smoothing procedure. It will also improve the result of the overall
result of the research when performing the analysis. Batista et al. [55] use a Hampel
filter to remove outliers from radar data. Hampel filter is based on the 3� rule, which
assumes the data to be normally distributed and the outlier to be a point further than
3 standard deviations.

MAD = median (jX � median(X)j) (C.2)

The Hampel filter runs a moving window through the data and replaces outliers with
the median of the sample based on a robust 3 � rule. Instead of using the mean of the
window, it uses themedian. While instead of the standard deviation, it used themedian
absolute deviation (MAD) calculates as shown in Equation C.2. The algorithm has two
tuning parameters: the size of the window size, and the threshold for outlier removal,
expressed in the number of median absolute deviations. Limitations of this technique
are themasking effect means, outliers are undetected because there aremultiple ones
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next to each other, and the swamping effect, a good data point is considered an outlier
because of the presence of multiple outliers in its proximity.

C.5. Smoothing
The purpose of smoothing the data is to remove noise. Different techniques are ex­
perimented with and researched. It follows an overview of the discarded techniques:

• Forward­backward filter is excluded because it provides sub­optimal results that
vary considerably the behavior of data.

• Savitzky­Golay filter is a low­pass filter that runs a moving average over the data.
It is found to change the behavior of data.

• Kalman smoother relies on a Kalman filter to determine the most probable posi­
tion of the aircraft given the sensor data available. A shortcoming of this tech­
nique is that an acceleration needs to be assumed to construct the aircraft mo­
tion matrix. This research analyzes operations in the Terminal Schiphol Airspace
that are all operations with variable acceleration. For this reason, this method is
excluded as it is required to define a possible function of the acceleration.

• Generalized additive models (GAM) are linear combinations of base functions
used to fit a set of data. There is an optimization routine that runs to produce a
result with little least square error. This approach works quite well, but it uses a
complex model that requires some time to optimize.

After some tuning, splines are found to produce the most efficient result. A spline is
a piecewise polynomial and knots are the points where the different parts join. In this
case, 3rd order B­splines are used. The main challenge is tuning the knots parame­
ter. A basic choice would be choosing equally spaced knots, this offers sub­optimal
solutions. Then Dung et al. [56] propose a method that places the knots at variable
positions while minimizing the least square error of the current segment. The imple­
mentation works as follows. Serial bisection is applied to the data to find the largest
segments for which the least square error is lower than a certain threshold.

The result of the smoothing procedure is a set of spline functions where noise is re­
moved, as can be seen in the next section. Having a set of functions describing every
feature is particularly advantageous because it allows resampling at any frequency,
and it can be stored extremely efficiently. Instead of storing thousands of rows per tra­
jectory, now a single row containing the spline coefficients is enough. This method
showed to be unreliable. Smoothing has the side-effect of removing too much
information from the data, as can be seen in Figure C.1. The result is for a trajec­
tory selected randomly on 1st January 2018. It shows that the preprocessing strategy
can effectively remove noise and compute smooth polynomials.

C.6. Track Angle
Track angle data has shown to be a valuable source of information, but its accuracy is
highly susceptible to rapid aircraft movements. It is observed that sometimes when an
aircraft performs a go­around, or after landing when it moves along the taxiways, its
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(a) Longitude (b) Latitude

(c) Altitude (d) Heading

(c) Ground Speed (d) Rate of Climb

Figure C.1: The figure shows the output of the smoothing strategy for a single trajectory. Data fit with
a spline is in blue and the original one is in orange.
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track angle indicator doesn’t follow the aircraft movements. The track angle communi­
cated via ADS­B data doesn’t change whereas it is clear it should have. To solve this
issue, an algorithm has been developed such that the track angle information commu­
nicated from the ADS­B data is compared to an estimate of it computed using latitude
and longitude information. If the difference between the two is higher than 60 deg, the
estimate is used as track angle data. To limit the influence of poor measurements in
the track angle estimation, a window of 40 s is considered and a minimum amount of
5 points.

C.7. AIP the Netherlands
Information from AIP Netherlands produced by LVNL is used to define the ILS inter­
cept on a map, useful for detecting unstable approaches. In particular, information
is collected from the instrument landing procedures charts. The intercept is defined
as the line connecting the Final Approach Fix (FAF), Runway Threshold (THR), and
Runway Localizer (LOC). Table C.1 has an overview of these values for runways with
an ILS procedure in place.

This information is used to define the allowed horizontal bound for all runways with an
ILS intercept procedure in place: 06, 18C, 18R, 22, 27, 36C, 36R.

C.8. METAR Data
METAR reports can be used to have an idea of how the weather was like on a particular
day. In this case, METAR reports from Schiphol are downloaded from IOWA ASOS
network1. In particular, information about wind speed and direction is collected for
each trajectory. Furthermore, using METAR reports is possible to determine if an
aircraft is flying in VMC or IMC. This is performed using Table C.2.[57]

Table C.2: This table shows the definition of VMC and IMC condition.

Altitude [ft] VMC IMC

<3000
­ Visibility � 5km
­ In sight of the surface
and clear of clouds

­ Visibility < 5km
­ Not clear of clouds

�3000
­ Visibility � 5km
­ Distance from clounds: 1500m
horizontally and 1000ft vertically

­ Visibility < 5km
­ Not clear of clouds

>10000
­ Visibility � 8km
­ Distance from clounds: 1500m
horizontally and 1000ft vertically

­ Visibility < 8km
­ Not clear of clouds

1https://mesonet.agron.iastate .edu/request/download.phtml
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Table C.1: This table shows an overview of the waypoints used to define the ideal intercept.

Runway Wpt_type Lat Lon AMSL [ft] Hdg True [deg]
6 EH609 ­ FAF 52°14’04”N 004°35’45”E 2000 057.92
6 EH616 ­ INT 52°15’13”N 004°38’43”E 1310 057.92
6 THR06 52°17’20.78”N 004°44’14.01”E 50 057.92
6 LOC06 52°18’25.71”N 004°47’03.10”E ­11,1 057.92
22 EH661 ­ FAF 52°23’28”N 004°54’49”E 2000 221.27
22 EH651 ­ INT 52°21’51”N 004°52’29”E 1310 221.27
22 THR22 52°18’50.51”N 004°48’10.89”E 46 221.27
22 LOC22 52°17’55.25”N 004°46’51.82”E ­13,7 221.27
18C EH630 ­ FAF 52°26’01.7”N 004°44’58”E 2000 183.22
18C EH626 ­ INT 52°23’52.6”N 004°44’45.3”E 1310 183.22
18C THR18C 52°19’53.03”N 004°44’24.11”E 50 183.22
18C LOC18C 52°18’00.50”N 004°44’13.78”E ­12 183.22
18R EH621 ­ FAF 52°27’45.7”N 004°43’16”E 2000 183.20
18R EH622 ­ INT 52°25’36.2”N 004°43’04.1”E 1310 183.20
18R THR18R 52°21’36.93”N 004°42’42.21”E 50 183.20
18R LOC18R 52°19’32.22”N 004°42’30.93”E ­13 183.20
27 EH639 ­ FAF 52°19’26”N 004°57’50”E 2000 266.82
27 EH640 ­ INT 52°19’19”N 004°54’19”E 1310 266.82
27 THR27 52°19’06.15”N 004°47’48.81”E 50 266.82
27 LOC27 52°18’59.67”N 004°44’39.71”E ­12,1 266.82
36C EH632 ­ FAF 52°12’12”N 004°43’42”E 2000 003.22
36C EH633 ­ INT 52°14’22”N 004°43’54”E 1310 003.22
36C THR36C 52°18’20.99”N 004°44’15.66”E 50 003.22
36C LOC36C 52°20’02.33”N 004°44’24.97”E ­12 003.22
36R EH636 ­ FAF 52°11’18”N 004°46’04”E 2000 003.25
36R EH635 ­ INT 52°13’28”N 004°46’16”E 1310 003.25
36R THR36R 52°17’26.97”N 004°46’38.45”E 50 003.25
36R LOC36R 52°19’24.61”N 004°46’49.34”E ­11,1 003.25
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C.9. Obtaining Altitude Above Ground and Airspeed
ADS­B data provide respectively ground speed and barometric altitude. Ground speed
is dependent on the windspeed. Barometric altitude assumes standard temperature
and pressure. These two values can be adjusted using the METAR reports. In Equa­
tion C.3, it is possible to compute the altitude of the aircraft knowing pISA, TISA, pMET AR,
TMET AR and the constants.

TACISA
= TISA + a � hACISA

pACISA
= pISA �

�
TACISA

TISA

� �g
a�R

pACISA
= pACMETAR

TACMETAR
= TMET AR �

�
pACMETAR

pMET AR

�a�R
�g

hACMETAR
=

TACMETAR
� TMET AR

a

(C.3)

However, the data from the METAR report is obtained at ground level, and at higher
altitudes, there might be large differences in wind speed and direction. For this reason,
METAR reports are used to correct speed up to an altitude of 100 m, where the differ­
ence in wind speed is estimated to be approximately 1.5 m/s. 2 After this point, data
is extracted from the National Climatic Data Center (NCDC), a department of NOAA.3
This dataset offers wind data at intervals of 700 ft with updates every 6 hours.

For both the METAR and NOAA datasets, the direction is expressed, in tens of de­
grees, from which the wind is blowing with respect to the true north.4 While aircraft
direction is expressed in terms of where it is going to. For this reason, the correction
is, as follows:

TrueAirSpeed = GroundSpeed � WindSpeed (C.4)

C.10. Weather Algorithm
It is important to establish a way to assess the severity of the weather to determine
its contribution to a go­around. This section describes an algorithm that attaches a
numerical score to the quality of the weather. The METAR reports are the input data
for the algorithm. These reports are generated every 30 minutes at Schiphol airport,
and they contain many weather features (i.e. precipitation type, visibility, cloud base,
wind speed). Much of the content of this chapter is based on the technical report
”Algorithm to describe weather conditions at European airports” published in 2011 by
EUROCONTROL.[58]

The objective of this technical report is to describe the ATMAP weather algorithm,
which ”assesses the weather conditions independently from traffic congestion”.[58]
The algorithm described by EUROCONTROL works as follows:

2http://euanmearns .com/high­altitude­wind­power­reviewed/
3https://www.ncdc.noaa .gov/data­access/model­data/model­datasets/global­forcast­system­gfs
4https://www.wmo.int/pages/prog/www/WDM/Guides/Guide­binary­2.html

50



C.10. Weather Algorithm

1. Each METAR report is evaluated considering weather class
2. The scores of each class are summed, and the overall score is obtained for a

single METAR report
3. The quality of a given day is evaluated averaging the values of all METAR scores

The end goal of EUROCONTROL’s algorithm is to determine the overall quality of the
weather in a single day. They assume that if the score is higher than 1.5 the day is bad.
Shultz et al. [59] work with METAR reports from Frankfurt airport and they recommend
to increase the threshold to 2.8. From this description, it is clear that for this thesis
we are interested specifically in points number 1 and 2. After a description of how the
score for each METAR is calculated, a new threshold is defined to assess the overall
severity of a single report.

There are 5 weather classes to assess the severity score for a METAR report: ceil­
ing & visibility, wind, precipitations, freezing conditions, and dangerous phenomena.
Each class analyses certain elements of the METAR reports (i.e. wind speed), and it
associates a coefficient indicating the level of severity to a set of thresholds. These
thresholds are decided by experts at EUROCONTROL. The coefficient constitutes the
score obtained by a METAR report for that weather class. The tables below show how
the thresholds are linked to a given coefficient. Each weather class has a single table,
except for the dangerous class. For this class, coefficients are calculated for all the
tables, and the final score for this class is the highest of them. Table C.3 explains the
symbol found in the following tables, which are also the ones found in METAR reports.

Table C.3: This table explains the symbols present in the weather class tables.

­ = slight + = Heavy BC = Patches BL = Blowing FEW = Few
BR = Mist DR = Low Drifting DS = Dust Storm DU = Widespread Dust SCT = Scattered
DZ = Drizzle FG = Fog FC = Funnel Cloud FU = Smoke BKN = Broken
FZ = Freezing GR = Hail GS = Small Hail HZ = Haze OVC = Overcast
IC = Ice Crystals MI = Shallow PL = Ice Pellets PO = Dust Devils CB = Cumulonimbus
RA = Rain SA = Sand SG = Snow Grains SH = Shower TCU = Tower Cumulus
SN = Snow UP = Unid. Precip. SS = Sandstorm TS = Thunderstorm VA = Volcanic Ash

Table C.4: Ceiling & visibility class ATMAP algorithm.

coefficient visibility [m] OR (vertical visibility [ft] AND octas [­])
0 >800 >300 OVC, BKS
2 >550 >200 OVC, BKS
4 >350 >100 OVC, BKS
5 <= 350 <= 100 OVC, BKS
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Table C.5: Wind class ATMAP algorithm.

coefficient (with gust) wind speed [kt]
0 (+1) <= 15
1 (+1) >15
2 (+1) >20
4 (+1) >30

Table C.6: Precipitations class ATMAP algorithm.

coefficient type of precipitations
0 no precipitation
1 RA, UP, DZ, IC
2 ­SN, SG, +RA
3 FZ, SN, + SN

Table C.7: Freezing class ATMAP algorithm.

coefficient (temperature [C] AND type of precipitations (Notes: TT means True
Temperature [C], and DP Dew Point [C]))

0 >3 any

1 <= 3 DZ, IC, RA, UP, FG, GR, GS, PL,
TT ­ DP <3

3 <= 3 ­SN, SG, +RA, RASN, BR
4 <= 3 SN, +SN, SHSN, FZ
4 <= ­15 any

Table C.8: Dangerous phenomena class 1: CB and TCU condition without precipitation ATMAP
algorithm.

octas coefficient CB coefficient TCU
FEW 4 3
SCT 6 5
BKN 10 8
OVC 12 10
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Table C.9: Dangerous phenomena class 2: CB and TCU condition with shower precipitation ATMAP.

(octas TCU OR octas CB) coefficient ­SH coefficient SH
FEW ­ 4 6
SCT FEW 8 12
BKN SCT 10 15
OVC BKN 12 20
­ OVC 18 24

Table C.10: Dangerous phenomena class 3

coefficient type of precipitations
18 GS

24 FC, DS, SS, VA,
SA, GR, PL, TS

30 +TS

Once theMETAR report score for each class is obtained, the overall score is computed.
The weather of a METAR report is considered to be bad if its overall score is equal or
higher than 4. The reasons for this value rely on the explanation of each class present
in EUROCONTROL’s report[58]. For instance, coefficient 4 is associated with:

• Ceiling & visibility class: With these conditions operations become more com­
plex, CAT II approaches should be conducted, Low Visibility Operations are ac­
tivated and the landing intervals between aircraft will increase.

• Wind class: With wind speeds higher than 30kts, it starts having a severe im­
pact on airport operations (higher impact on ground speed and more and more
aircraft reach the crosswind airworthiness limits).

• Freezing class: Freezing conditions become very harsh and difficult to mitigate,
even for Scandinavian airports.

Performing an analysis on METAR reports from January 2018 reveals that 207 reports
have a value higher than 4, which represents 14% of the total number of reports. In
terms of time, this means approximately that 4.5 days had severe weather conditions.
Table C.11 shows an overview of how the number of severe METAR reports changes
with different thresholds.
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Table C.11: This table shows how the number of severe reports depends on the threshold for January
2018.

Threshold # severe reports % total
3 221 15
4 207 14
5 122 8
6 99 6.6
10 81 5.5
12 54 3.6
14 29 2.6
20 10 0.7

Note: Values in Table C.11 are computed considering METAR reports received at any
time of the day (incl.nights).

C.11. Aircraft Database
An aircraft database is a collection of ICAO24 codes, registration numbers, vehicle
type, type of aircraft, manufacturer, operator, and owner. This database is very useful
to distinctly identify an aircraft given an identification parameter. Basically the ICAO
provided by the ADS­B data is enriched with more information that can be useful in
the analysis. For this thesis, the aircraft database from OpenSky is used because
during some experiments it seemed to be the most complete one.5 Table C.12 shows
an overview of the available data.

Table C.12: This table shows the features offered by OpenSky aircraft database.

Icao24 National registration Manufacturer Model
Operator Owner Status Year built
Engines First flight Seat configuration Icao aircraft type

C.12. Results
This section presents the result of the preprocessing performed on the data. Ta­
ble C.13 shows a comparison of the data available between the Delft database and the
combined Delft­Open Sky database. The tables are produced after the same manual
cleaning procedures are applied to these two databases. This is the average data of
a day taking a sample of four days. There is a clear improvement in the data available
when comparing the two tables: more than 1.5X data at all altitudes, and 4 times more
for ground movements.

Examining the number of usable trajectories, approximately 10% more trajectories at
all altitudes and approximately 1.5X more ground trajectory. A trajectory is defined
as a series of continuous data points with a distance of less than 5 minutes between
each other. The ratio column represents the average amount of points per trajectory.

5https://opensky­network.org/aircraft­database
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Table C.13: These tables show a comparison of the average data available per day between the 9th
and 12th of January 2018. The same preprocessing techniques are applied to obtain these two

tables, namely only manual cleaning. The table on the left shows the data available from Delft. The
one on the right shows the data available combining the two databases.

Altitude [ft] # traj # of points ratio
10000 ­ 8000 1138.0 72058.0 63.32
8000 ­ 6000 1133.0 98771.25 87.18
6000 ­ 4000 1124.0 111976.5 99.62
4000 ­ 2000 1114.75 176721.0 158.53
2000 ­ 1000 1082.5 76064.75 70.27
1000 ­ 500 1052.25 34341.25 32.64
500 ­ 100 1008.0 16817.75 16.68
100 ­ 0 403.0 11162.0 27.7

Altitude [ft] # traj # of points ratio
10000 ­ 8000 1282.67 126080.67 98.3
8000 ­ 6000 1277.67 164209 128.72
6000 ­ 4000 1260 190615.67 151.28
4000 ­ 2000 1238.33 306796 247.75
2000 ­ 1000 1206 152605 126.54
1000 ­ 500 1164 51704 44.42
500 ­ 100 1148.67 30520.16 26.57
100 ­ 0 641.33 44232 68.97

Looking at the ratio column, it is clear that by merging the two databases the number
of points per trajectory increases considerably at all altitudes, and as for the other
parameters, the highest increase happens at the ground level. This is likely a direct
consequence of the fact that OpenSky adds crowdsource antennas spread across the
Netherlands. Considering the trajectories present both above 9000ft and below 500ft
reveals that on average operations at Schiphol Airport from 100FL to 100 ft take 580 s,
approximately 10 minutes. The average latency is 0.85s. It is possible to estimate an
average traveling time per altitude range knowing the latency. For Delft only data is
450 s, while for combined data, it is 700 s. It is possible to conclude that for operations
between 100FL and 100ft even using only Delft data offers a reasonable amount of
data and combining the two datasets offers a clearer picture. For ground operations,
data seems to be scarce even when combing the two datasets. More knowledge
regarding operations at Schiphol is required to confirm these findings.

Note that a trajectory might have more points than the one shown in the table. The
reason is that the analysis is per altitude level and the same trajectory might appear
in multiple altitudes because it has points at different levels.

Verification for tables
To test that duplicates between the two databases are removed the preprocessing
process applied to produce these tables is performed merging the same database.
The Delft database is used to perform this test. The result is exactly the one presented
with the table on the left meaning that all duplicates are removed successfully.

Density maps
Figure C.2 shows the point density over Schiphol operational area. As expected, with
growing altitude operations get further from the airport. Looking at the subfigures a
and b, it shows that there were certain runways particularly used on the day of the
analysis.
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