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Resumo

Melhorar a eficiéncia da aviacao comercial ¢ um importante fator econémico e ambiental.
Os custos de combustivel de aviacao representam pelo menos 30% dos custos operacionais
das companhias aéreas, que acabam sendo repassados aos passageiros. Ao analisar as tra-
jetorias de voo em busca de eventos, nao conformidades e anomalias, é possivel entender
melhor como esses fatores contribuem para o aumento do custo das operagoes aéreas e as
emissoes associadas de dioxido de carbono. Também devem ser realizados estudos para
entender a correlagao entre essas nao conformidades e outros fatores conjunturais, como
condicoes climaticas adversas, medidas restritivas de gerenciamento de trafego ou eventos
de degradacao de capacidade. Este trabalho apresenta um algoritmo baseado em regras e
o processo de validacao para detectar o padrao de espera em voo em dados de trajetéria
4D. Além do método, um monitor de padrao de espera quase em tempo real foi avaliado
e aplicado pelo Centro Brasileiro de Gerenciamento de Navegacao Aérea (CGNA), que
aprimora a consciéncia situacional no gerenciamento do fluxo de trafego aéreo e cria um
banco de dados histéricos do Controle do Espago Aéreo Brasileiro Sistema (SISCEAB).
Com esta base de dados, estao sendo propostos trabalhos futuros para aumentar a pre-
visibilidade dos horarios de chegada das aeronaves, a correlacao com a previsao do tempo

e a previsao de ocorréncias de esperas para planos de voo.



Abstract

Improving the efficiency of commercial aviation is an important economic and environ-
mental factor. Jet fuel costs account for at least 30% of airlines’ operating costs, which
are consequently passed on to passengers after all. By analyzing flight trajectories for
events, nonconformities, and anomalies, it is possible to gain a better understanding of
how these factors contribute to increases in the cost of air operations and associate carbon
dioxide emissions. Studies should also be undertaken in order to understand the correla-
tion between these nonconformities and other situational factors, such as adverse weather
conditions, restrictive traffic management measures, or events of capacity degradation,
should also be undertaken. This paper presents a rule-based algorithm and the valida-
tion process to detect the in-flight holding pattern in 4D trajectory data. In addition to
the method, a near-real-time holding pattern monitor has been evaluated and applied by
the Brazilian Air Navigation Management Center (CGNA), which enhances situational
awareness in air traffic low management and creates a historical database of the Brazilian
Airspace Control System (SISCEAB). With this database, future work is being proposed
to increase the predictability of aircraft arrival times, the correlation with the weather

forecast, and the prediction of occurrences of holdings for flight plans.
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1 Introduction

1.1 Motivation

Modernization of airspace control methods and technologies has been the focus of
several global initiatives, such as Sesar in Europ8dLt; RAVENHILL , 2021), or NextGen
in USA (ACHARYA et al, 2021) and SIRIUS Program in Brazil. Such initiatives aim
to ensure safety, improve economics, and reduce environmental impact, or to enable the
introduction of new emerging technologies such as Unmanned Aircraft Systems (UAS) and
electrical Vertical Takeo and Landing (eVTOL). One of the most promising initiatives
is the concept of Trajectory Based Operations (TBO) {ORATANI , 2019), which aims to
optimize tra ¢ management through more accurate time management.

Therefore, it is important to develop solutions to optimize air navigation based on
time, whether it be by better prediction of demand, events, and weather conditions, or
by improving automation in order to accommodate the newly developed air transport
vehicles preparing to start operating.

With the application of techniques that allow the gain of knowledge about current air
tra c operations, it is possible to understand the correlation between events and actions.
This will enable us to produce predictors capable of improving estimates for each ight
(TORATANI , 2019). After that, air operations can be switched to TBO, which can provide
operations with better predictability and e ciency.

Flight ine ciency is any change that causes a di erent trajectory from the optimal
one in terms of fuel consumption KEYNOLDS, 2014), with di erent potential impacts
depending on the phases of ight. Thus, when analyzing ight phaseREYNOLDS, 2014)
came up with relevant results about ight ine ciency, such as approximately 20 to 25% of
all lateral ight ine ciency occurs in situations of in- ight holding and vectoring (results
for domestic aviation in the USA and Europe), which represents about 20% additional
fuel burn.

Dhief et al. (2020) PHIEF et al., ) argue that there is a lack of methodological ap-
proaches to transfer ight delays from the approach phase to the cruise phase, where the
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economic and environmental impacts are lower because of the better aircraft e ciency in
cruise. For instance, we can say that the approach phase requires some actions for air
tra ¢ sequencing and spacing with a signi cant impact on ight e ciency, being in- ight
holdings a measure that should be avoided because of excessive additional fuel burning.

Air Tra c Control (ATC) services have used holdings as a tactical delay for balancing
demand in situations such as airspace or airport saturation, bad weather or spacing for
approach sequencing. In Brazil, in the second half of 2021, there were 2062 in- ight
holdings that were equivalent to 30.100 minutes (502 hours) and approximately 1.090
tons of additional fuel consumption. These numbers can re ect a gap in performance
improvements in the ight e ciency area. Thus, identifying non-conformities in ight
trajectories and their correlations with other factors or events supports understanding
how they a ect the operational cost and the environment, in terms of associated gas
emissions.

Daily, air transportation produces large volumes of heterogeneous data, raw and pro-
cessed, from several areas, such as radar surveillance, ight plans, statistics, delays, fuel
consumption, demand, and meteorological observations and forecasts. Because data has
distinct natures, owners and purposes they are stored in di erent locations and technolo-
gies, often without maintain a historical storage.

Finding patterns in aircraft trajectory data is arduous because of the high volume
of data and the large number of factors that can a ect an aircraft trajectory QLIVE;
BASORA, 2020). Among these factors that can generate uncertainty in the trajectories, are
weather, logistics/economic conditions, and human factors. However, Olive and Basora,
(2020) (OLIVE; BASORA , 2020) argue that identifying signi cant events in the trajectory
data is essential for discovering knowledge and extracting information.

1.2 Research Goals

1.2.1 General Goal

By analyzing and processing readily available data, this research work proposes tools to
enhance situational awareness for air navigation service providers and regulatory agencies.
Identifying and, where possible, understanding operational ine ciencies is the focus of this
study, in order to generate insights that can guide future research into their root causes.
The research aims to contribute to the enhancement of aviation operations and to foster
greater e ectiveness and sustainability in air transportation.
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1.2.2 Specic Goal

Considering that, according to Reynolds (2014), a signi cant portion of ight inef-
ciency arises during holdings situations, this study will delineate the following specic
objectives:

1. Seeking or proposing an algorithm for detecting holding.

Reviewing the literature for approaches to detect patterns or holdings in the data
currently employed in air tra ¢ control; if deemed necessary, formulating an ap-
proach for such detection.

2. Validate the reliability of the algorithm.
3. Build a historical database.

4. Show ways to promote knowledge acquisition and situational awareness using data.

To achieve its objective, this research comprises the following actions:

" Performing a literature review using systematic literature mapping techniques;
Implementing an algorithm for detecting ight holding patterns;

Evaluating the computational complexity and potential applications;

Validating this implementation;

Compiling a historical database enabling the exploration of correlations between
holdings and other events for future research;

Presenting cases that can guide new studies in identifying the causes of ight hold-
ings and subsequently addressing them.

1.3 Research contribution

This work presents a rule-based algorithm for detecting in- ight holdings in trajectory
data. This algorithm is used in the Tactical Monitor of in-ight holdings, a module
of the Operational Data Integrator (ODIN). ODIN is the data warehouse which makes
possible the integration of airspace control data being developed for the Air Navigation
Management Center, the operation unit responsible by the Air Tra ¢ Flow Management
(ATFM) service in Brazil. We will soon publish more details on the architecture and
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implementation of ODIN and its modules in future work. Future work will provide more
details on the architecture and implementation of ODIN and its modules.

The main contribution of this paper is an algorithm that uses radar surveillance data
or ADS-B to identify holdings in trajectories, their start and end points, and their dura-
tion. Thus, the implementation of the algorithm using near-real-time capture of informa-
tion allows air navigation service providers (ANSPS) to increase situational awareness of
their operations or, when using historical data, to uncover the signi cant factors causing
holdings. An example of these factors is the runway changes at Guarulhos International
Airport in Sao Paulo (SBGR), whose preliminary studies will be published soon. It was
observed that changes in the runway's con guration increased the probability of in- ight
holdings by around 300%, representing on average 13.7 minutes of arrival delay and 342.5
kg of additional fuel burning for the rst hour after the change. These observations will
be discussed in future works.

Concerning the application of the algorithm to a historical database, such use is similar
to that of the cruise speed control approach proposed by Dhief et @HIEF etal., ). In such
a work, a holding detector is used as the initial phase of a predictor for the decision-making
process to adjust aircraft speeds, or to develop predictors to show which ight intentions
it may perform holdings and, with this knowledge, improve the Estimated Landing Time
(ELDT) or even assist the aircraft dispatch service in the decision-making process of fuel

supply.
Thus, techniques for detecting and identifying patterns such as in- ight holdings in
air operation data, despite being an arduous taskO{IVE; BASORA , 2020), given the

possibility of increasing situational awareness, gaining knowledge about the air operations
and the development of predictors with the use of data-driven approaches.

1.4 Organization of the work

The structure of this work is as follows: In Chapter 2, we provide a Background section
that o ers an introduction to air trac ow management and a detailed explanation of
the in- ight holding process. Moving on to Chapter 3, we delve into the state-of-the-art
techniques for detecting and identifying anomalies or events in ight trajectories. This
chapter also introduces the systematic literature mapping technique employed during the
bibliographic survey. Chapter 4 is dedicated to describing the algorithm we've proposed
and the validation process it underwent.

Chapter 5 focuses on presenting the results achieved through the implementation of the
real-time monitor, analysis of the holdings historical database, and outlines the details of
our future work. Finally, in Chapter 6, we o er our conclusions regarding the application
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of the proposed method and the bene ts it has delivered.



2 Background

2.1 Air Tra c Management: An Overview

For Decea PUARTE et al., 2019), the ATM objective is to ensure safe, e cient, punc-
tual, and regular ights, while adhering to meteorological conditions and the existing
aeronautical operational infrastructure. This approach allows for achieving a balance
between the service capacity of the control system and ight demand.

The Global Air Navigation Plan (GANP), the highest strategic document in air navi-
gation by ICAO(DUARTE et al., 2021), asserts that ICAO member states are tasked with
accommodating all airspace user operations in a safe and economically viable manner,
while concurrently striving to mitigate the aviation industry’'s environmental impact.

In this regard, global advancements have been made since the 1980s, including the in-
ception of the Air Tra c Management (ATM) concept. This concept brought together Air
Tra ¢ Services (ATS), Airspace Management (ASM), and Air Tra ¢ Flow Management
(ATFM) into an integrated framework (DECEA, 2021).

" ATS: Its purpose is to ensure the safety of separations between aircraft in the
airspace, as well as between aircraft and obstacles, to prevent collisions. Addi-
tionally, it aims to provide secure access to critical information for the operations of
aircraft, aerodromes, and controllers. It is also responsible for notifying competent
authorities about aircraft in emergency situations.

ASM: Its objective is to design the allocation and structuring of airspace to meet the
needs of various users. In this phase, optimal routes, procedures, and investments
In necessary communication infrastructure are devised.

" ATFM: Its goal is to adjust air tra c ows to balance demand and capacity.

Typically, these services require the following resources/macrosystems from the states
(DECEA, 2021).:

" Air tra c controllers: Human resources responsible for providing ATM services;
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Communication systems: Enable air-to-ground, ground-to-ground, and air-to-air
communication through voice or data transmission;

Surveillance systems: Generate real-time positional information for air tra ¢ con-
trollers, enabling aircraft tracking and tra c control;

Navigation system: Provide real-time information to a given aircraft about its po-
sition and assist in navigating through airspace;

Information systems: Compile and distribute aeronautical and meteorological infor-
mation to various users;

Automation systems: Aid human decision-making in the safe management of air
trac ow.

Due to the physical nature of ight, as evidenced in Figure 2.1, a ight consists of
phases such as ground operations, approach and departure, and cruise/en route. These
resources are categorized into three types of entities:

Aerodrome Control Tower (TWR): Responsible for the airspace in the vicinity of an
aerodrome, including ground operations, internal airport tra ¢, and maneuvering
areas.

Approach Control Center (APP): In charge of the region of airspace known as the
Terminal Maneuvering Area (TMA), encompassing arrival and departure procedures
around aerodromes.

" Area Control Center (ACC): Responsible for the en-route airspace.

Each of these entities organizes and employs resources and macrosystems to ful Il their
purposes and carry out ATS, ASM, and ATFM activities. While in the ASM, the activities
are focused on planning and organizing the airspace, aiming to create a spatial design
that accommodates the projected demand, ATS activities are directly related to tactical
actions, managing the separation between aircraft and obstacles, as well as providing real-
time information to ights. As for ATFM, actions can take place both in planning and
during operation, with the responsibilities of this service addressed in section 2.1.1.

Each of these entities will follow its demand forecast and carry out ASM activities,
resulting in the implementation of an airspace control capability. This capability will di-
rectly stem from the e ciency of route and procedure design, installation and deployment
of instruments and aids, control positions, and installed radio frequencies. Ultimately, ca-
pacity will be in uenced by the quantity of skilled personnel allocated to the designated
functions.
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FIGURE 2.1 { Phases of ight and associated control facilities.
(LETONDAL et al., 2013)

In the context of air tra ¢ management, a complex issue arises regarding the distri-
bution of demand throughout the day. This is due to the fact that both airports and
airspace have a limited capacity to accommodate a speci ¢ number of aircraft simultane-
ously. However, inherent factors within the aviation industry, of both human nature and
business-related aspects, lead to the occurrence of peak hours for arrivals and departures
at certain locations.

These peak hours characterize a scenario of competition for available resources. Con-
sequently, even if an air tra c management entity has the capacity to handle a certain
number N of ights throughout the day, it can become a bottleneck during these demand
peaks, where instantaneous capacity is exceeded. On the other hand, at other times, there
may be unused capacity due to the uneven distribution of demand.

This challenging dynamic calls for e cient strategies to optimize the distribution of
ights throughout the day, in order to avoid congestion during peak hours and maximize
available capacity during periods of lower demand. Striking a balance between operational
capacity and demand is crucial to ensuring the safety, e ciency, and quality of air trac
management services.

2.1.1 Air Tra c Flow Management

The Air Tra c Flow Management service aimed at ensuring an orderly and e cient
ow of aircraft in both airspace and airports. This service is focused on monitoring and
controlling the demand for air tra c, in alignment with the available capacity of the air
transportation system.

The need to manage capacity and demand arises from the physical limitations of
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airports and airspace in accommodating a speci ¢ number of aircraft simultaneously and
safely. Additionally, factors such as peak hours, weather variations, and unforeseen events
can lead to signi cant uctuations in air tra ¢ demand, potentially resulting in conges-
tion, delays, and operational ine ciencies OECEA, 2018).

The goal of air tra ¢ ow management is to align available capacity with demand, op-
timizing resource utilization and minimizing disruptions in the air transportation system.
This process is divided into three distinct phases: strategic, pre-tactical, and tactical,
each with its own speci ¢ steps and objectives. As described iDECEA, 2018)

n the strategic phase of ATFM, the focus is on process improvement, shifting from a
reactive to a proactive approach. This involves planning the redirection of trac ows,
reprogramming ights as needed, and creating contingency measures. The primary out-
come of this phase is the development of a plan containing hypotheses, capacity forecasts,
and appropriate response actions. Some information from this plan can be disseminated
through aeronautical information publications, providing guidance to stakeholders.

In the pre-tactical phase, the goal is to update the planning established in the strate-
gic phase, considering more accurate information about capacity and ight intentions.
This includes meteorological data, infrastructure considerations, special events, and other
relevant factors. This update allows the plan to be adjusted based on the most recent
conditions, contributing to the e ectiveness of the actions to be taken.

Finally, the tactical phase of ATFM takes place on the actual day of operation. In this
stage, the actions planned in the previous phases are executed to ensure a balanced ow
of air tra c. This involves implementing the tactical measures de ned in the daily ATFM
plan to maintain operational e ciency and safety. Furthermore, constant monitoring of
the air tra c situation is conducted to ensure that ATFM actions are producing the
desired outcomes.

During this tactical phase, details such as weather conditions, availability of equipment
and air tra c controllers, impacts on airport infrastructure, and other factors a ecting
capacity and ow are closely monitored.

The ATFM service encompasses various strategic, pre-tactical, and tactical measures,
as de ned by the DECEA (DECEA, 2018) standard. These measures are essential to bal-
ance the capacity and demand of the air transportation system, improving the utilization
of available resources and minimizing delays and congestion. As some listed below:

1. Miles in Trail (MIT): A tactical measure that expresses the number of miles required
between aircraft to meet speci c criteria, such as separation, airport, X, altitude,
sector, or route. MIT is used to organize tra c into manageable ows, providing
space to accommodate additional tra c.
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2. Minutes in Trail (MINIT): A tactical measure that establishes the number of minutes
between successive aircraft.

3. Entry/Exit Balancing of Terminal Maneuvering Area (TMA): A tactical measure
where an aircraft is instructed to use a di erent entry or exit point from the ight
plan, usually due to adverse weather conditions.

4. Minimum Departure Interval (MDI): A tactical measure applied when a departure
ow rate is established between aircraft. Typically used during periods of high
demand.

5. Tra c Orientation Scheme (TOS): Involves de ning preferred or alternate routes
for specic trac ows.

6. Ground Delay Program (GDP): A tactical measure that delays departures on the
ground to align demand with capacity.

7. Ground Stop (GS): A measure that keeps aircraft on the ground, with departures
conditioned on the reduction of the event causing the impact.

8. Airborne Holding: A tactical measure where an aircraft holds at a xed waypoint.
It may be used in response to an unexpected increase in demand or adverse weather
conditions.

9. Altitude Restriction: A tactical measure to separate tra c ows or distribute air-
craft to di erent sectors of airspace.

10. Sequencing Program: A strategic, pre-tactical, or tactical measure that assigns a
speci c interval between aircraft to optimize the ow.

11. Dynamic Sectorization: A tactical measure that transfers tra c ows between ad-
jacent sectors to avoid congestion.

There are various types of ATFM measures, as listed above, which can be used indi-
vidually or in combination, according to operational needsDECEA, 2018) . The priority
is to employ measures with the least impact on airspace users.

The goal of implementing ATFM measures is to ensure an organized and e cient
ow of aircraft in both airspace and airports, thereby reducing congestion and delays.
These measures are applied in a proactive manner, seeking to minimize disruptions and
maximize available capacity while maintaining safety and operational e ciencyECEA,
2018) .
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Among the available measures, the focus is on selecting those with the least possible
Impact on operators and passengers. This approach aims to minimize interference with
air operations and to facilitate a continuous and secure ow of aircraft.

In summary, the application of ATFM measures represents a proactive approach to
addressing air tra ¢ demand. By enabling aviation authorities to control and optimize
aircraft ow, these measures contribute to overall operational e ciency while minimizing
disturbances in the aviation system.

Among the described ATFM measures, one of them is known as "Airborne Holding,"in
which the air tra ¢ controller can instruct certain aircraft to perform holding maneuvers
around a reference point known as FIX/WAYPOINT. This measure is characterized by
an elliptical or circular movement around the FIX, as illustrated in Figure 2.2, and aims
to delay the aircraft's progress until conditions allow it to resume its route.

FIGURE 2.2 { Holding Pattern Entry Procedure ( DECEA , 2018)

However, it is important to note that the use of Airborne Holding may lead to an
increase in the complexity of the air tra ¢ control service. Additionally, the additional fuel
burn during the holding period can have a signi cant environmental impact. Furthermore,
this measure has the potential to saturate the sector of airspace where it is being applied,
which can propagate impacts to adjacent sectors.

The aforementioned observations regarding the use of holding patterns align with
studies on ine ciency conducted by Reynolds REYNOLDS, 2014), which found that the
utilization of holding patterns leads to an approximate 20% increase in fuel consumption.

In contrast to an automobile that can halt its motion at an intersection while awaiting
the tra c signal to indicate the moment to proceed, aircraft generally lack the capability
to cease their ight. However, this impact becomes noticeable only when ights have
entered the approach phase, operating at lower altitudes where aircraft performance is



CHAPTER 2. BACKGROUND 28

more compromised. This phenomenon, as emphasized by DhiBHIEF et al., ), stems
from the absence of a robust methodology to anticipate delays and transfer the needs of
Air Tra ¢ Flow Management (ATFM) measures to the cruise phase.

In summary, Reynolds' studiesREYNOLDS, 2014) underscore the relationship between
the use of holding patterns and ine ciency in fuel consumption, whereas Dhief'©HIEF
et al., ) considerations highlight that in- ight holding becomes particularly critical during
the approach phase due to the lack of predictive strategies to address delays and e ectively
transfer Air Tra ¢ Management measures.

In this context, as outlined in the objectives of this study, our endeavor aims to
enhance the understanding of in- ight holding patterns within the Brazilian airspace. This
will be achieved through the implementation of a pattern recognition method applied to
trajectory data and the establishment of a comprehensive database. Such initiatives will
facilitate studies that seek to identify causal relationships, thus contributing to address
the methodological gap highlighted by Dhief's research.

2.2 Airspace Control Data

Airspace control is a complex task that requires the use of various types of data to
ensure the safety and e ciency of aerial operations. These data are crucial for decision-
making at all levels, from strategic planning to real-time operationS(OREIRA et al., 2018).
The data can be categorized into three main categories, each with its own characteristics
and update frequency.

The rst category of data comprises aeronautical information, which includes details
about airports, air routes, waypoints, approach and departure procedures, airspace re-
strictions, and other geographical and infrastructural featuresMOREIRA et al., 2018).
The current systems heavily rely on aeronautical publications, known as aeronautical
charts. These are digital documents that store georeferenced information and are con-
sistently updated systematically in AIRAC cycles. The AIRAC cycle is a regular period
for updating aeronautical information, occurring every 28 days. This ensures that pilots
and air tra c controllers are always working with accurate and up-to-date information,
contributing to the safety and e ciency of operations.

Since these publications are originally created for human consumption, they o er
greater exibility to the entity that publishes them. However, this feature presents signif-
icant challenges in data processing for data-driven approaches. To accurately reconstruct
the layout of the airspace, precise interpretation of various publications is required, which
can be a complex and time-consuming process.
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The second category of data involves strategic-level planning information. This in-
cludes data on air tra c forecasts, route planning, ight schedules, and airport capacity
(ZHANG et al., 2018). These data are used by aviation authorities and airlines to optimize
the use of airspace and resources, ensuring that ights are scheduled and routed in a way
that minimizes delays and maximizes e ciency.

The third category of data is related to operations. These are the data that feed air
tra c control systems and provide real-time information about aircraft location, altitude,
speed, and intentions JACOB et al., 2016). In addition, this data includes meteorological
information such as wind, visibility, and runway conditions, which are necessary for the
safety of aerial operations JACOB et al., 2016). ADS-B and radar are commonly used
sources of surveillance data in air tra ¢ StrohmeierCho.

Radar, speci cally primary surveillance radar (PSR) and secondary surveillance radar
(SSR), has been traditionally used for air tra c surveillance. PSR uses radio waves to
detect the presence of aircraft by measuring the time it takes for the radar signal to bounce
back after hitting an aircraft. SSR, on the other hand, combines radar with transponder
technology, allowing for the exchange of additional information between the aircraft and
the ground station Habler.

ADS-B is a newer technology that is being implemented as part of next-generation
air transportation systems. It is a cooperative surveillance system that relies on aircraft
broadcasting their own position, velocity, and other information derived from onboard
sensors. This information is then received by ground-based ADS-B receivers, allowing for
real-time tracking of aircraft StrohmeierCho.

There are several di erences between radar and ADS-B in terms of their operation and
capabilities. One key di erence is that radar is an active surveillance system, meaning that
it actively sends out signals and receives the re ections from aircraft. In contrast, ADS-B
Is a passive surveillance system, where aircraft autonomously broadcast their information
without the need for active interrogation from ground-based systems Cho.

Another di erence is the coverage area. Radar has a limited range and can be a ected
by factors such as terrain and weather conditions. ADS-B, on the other hand, can provide
surveillance coverage over a larger area, as it relies on the broadcast of information from
aircraft and can be received by multiple ground-based receivers Cho.

In terms of accuracy, ADS-B generally provides more accurate position information
compared to radar. Radar measurements can be a ected by factors such as signal attenua-
tion and re ections, which can introduce errors in the position estimation. ADS-B, on the
other hand, relies on GPS or other satellite navigation systems for position determination,
which can provide more precise location information Cho.

Furthermore, ADS-B has the potential to provide additional information beyond just
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position and velocity. Aircraft can broadcast information such as ight number, altitude,
heading, and even weather conditions. This additional information can be valuable for
air tra ¢ management and situational awareness StrohmeierCho.

However, it is important to note that ADS-B is not without its challenges. Security
and privacy are important considerations when implementing ADS-B, as the broadcast
nature of the system can make it susceptible to spoo ng and other malicious activities
Strohmeier. Additionally, ADS-B coverage may be limited in certain areas, especially in
remote or oceanic regions where ground-based receivers may not be available Cho.

In conclusion, air tra c surveillance data can be obtained from radar and ADS-B.
Radar has been traditionally used for air tra c surveillance, while ADS-B is a newer
technology that relies on aircraft broadcasting their own information. There are di erences
in terms of operation, coverage area, accuracy, and additional information provided. While
ADS-B o ers advantages such as increased accuracy and additional data, it also presents
challenges in terms of security and coverage limitations. Both radar and ADS-B play
important roles in ensuring the safety and e ciency of air tra ¢ management.

In this work, we will focus our attention on radar surveillance data. While these data
are recognized for their lower accuracy and level of detail compared to information from
ADS-B, they remain relevant within the context of SISCEAB.



3 Literature Review

This chapter is structured into two sections. The section presents the systematic
literature review process employed 3.1, in the Related studies section 3.2, the mapping
results are presented.

3.1 Systematic Mapping of Literature

With the aim of gaining a comprehensive overview of pattern recognition, anomalies,
and ine ciencies in air tra ¢ control data, this research employed the systematic liter-
ature mapping method PETERSEN et al., 2008)SILVA, 2022). The method was utilized
to comprehend the techniques and algorithms that have been applied in this eld. Thus,
the mapping seeks to provide an overarching view of the pertinent publications available,
addressing the issues and objectives relevant to this study.

FIGURE 3.1 { Systematic literature mapping method ( siLva , 2022)

According to Silva 2020, a systematic literature mapping should begin with a clear
de nition of the research questions one aims to investigate. Thus, based on the objectives
of this study, we can comprehend that the purpose of literature mapping is to address the
following research inquiries.

" What approaches can be employed to recognize patterns in 4D aircraft trajectory
data?
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A

How to detect anomalies in trajectory data?
Accordingly, the protocol adopted for mapping requires several de nitions, including:

" Research questions, the research questions aim to be more comprehensive than the
speci c issue we are targeting, in order to broaden the scope of potential papers
that could be captured by the search.

" Search strings,

To construct the search strings, we must develop a search logic that aligns with the
goals of the study and is based on the research questions, allowing us to identify
studies that can, in a general sense, support this research. In this regard, we have
the following expression:

('Holding patterns” OR "Holding Detection” OR "Anomaly detection techniques”)
AND
("trajectory data" OR " trajectory” OR 'tra c" OR "Air tra c")

~ Relevant sources, the selected sources for the search were:

{ Science Direct

{ IEEE Xplore

{ MDPI

{ ACM Digital Library

When seeking studies and publications to underpin research on pattern recognition
in air tra ¢ and trajectory data, it is essential to turn to sources of high relevance
and reliability. In this context, the platforms ScienceDirect, IEEE Xplore, MDPI,
and ACM Digital Library stand out as the most pertinent. ScienceDirect, owing
to its multidisciplinary scope, provides access to a wide range of scienti ¢ studies,
including engineering and transportation. IEEE Xplore, with its focus on electrical
and electronic engineering, is crucial given the technical nature of pattern recog-
nition research. Additionally, MDPI, o ering open access articles and specialized
journals, enhances accessibility to pertinent research. ACM Digital Library, special-
izing in computer science, facilitates access to studies exploring algorithms and data
processing.

In order to ensure comprehensive literature coverage, searches were conducted on
Scopus, Web of Science, and Google Scholar databases. These searches aimed to
encompass the greatest possible number of articles analyzing the stated problem.
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~ De nition of inclusion and exclusion criteria

The criteria for inclusion and exclusion encompass the parameters and approaches
chosen to evaluate the relevance of the sought-after studies to the theme and objec-
tives of this research. Initiating these criteria, we begin with the search range. For
this study, we have taken into account works published between 2010 and 2023. As
inclusion criteria, we considered studies employing data-driven approaches, those
contributing to the concept of Time Base Operations, and studies utilizing tech-
niques for pattern recognition or anomaly detection. In contrast, for exclusion crite-
ria, we considered works exclusively using onboard aircraft data, those not adopting
a data-driven or simulation approach, and studies not accessible through the Capes
journals portal. 2As a complementary aspect to the exclusion criteria, only works
predominantly in English and Portuguese were considered for evaluation.

Quiality control procedures

According to /cite[dasilva], control studies are employed to ensure the quality of this
mapping. Silva de nes control studies as those that, due to their prior knowledge
of structured mapping, directly address the subject matter and contribute to the
research. In order to verify the minimal adjustment of the protocol, the studies
listed as control studies must be identi ed in searches using the proposed search
key.

In this work, we can highlight the following control papers:

{ DHIEF, I; LIM, Z. J.; GOH, S. K.; PHAM, D.-T.; ALAM, S.; SCHULTZ, M.
Speed Control Strategies for E-AMAN using Holding Detection-Delay Predic-
tion Model

{ OLIVE, X.; BASORA, L. Detection and identi cation of signi cant events in
historical aircraft trajectory data. Transportation Research Part C: Emerging
Technologies, Elsevier Ltd, v. 119, 10 2020. ISSN 0968090X

Figure 3.2a illustrates the spreadsheet utilized for recording the protocol information;
this spreadsheet serves the purpose of ensuring the replicability of the conducted mapping
and is available in Appendix A. Figure 3.2b presents the spreadsheet that compiles the
search results from various databases. Figure 3.2c demonstrates the application of the
inclusion and exclusion criteria to the outcomes of the primary search. Lastly, Figure
3.2d depicts the works that have been selected for reading and potential reference in this
study.
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FIGURE 3.2 { Systematic mapping of literature protocol.

The following section 3.2 compiles the results of this systematic mapping and presents
the current state of recent research on pattern recognition, anomalies, and holdings de-
tection that we were able to discover by adhering to this protocol.

3.2 Related Studies

Holdings are part of a set of air trac ow management tools, known as ATFM mea-
sures, aiming to delay the aircraft's movement until the appropriate time to resume. An
elliptical movement around a point characterizes them, as shown in Figure 1. Typically,
it takes 4 minutes, with 1 minute for each segment highlighted in Figure 1. On the other
hand, the use of holdings can increase the complexity of the control service, generate envi-
ronmental impact through additional fuel consumption, saturate airspace control sectors,
and thus propagate the impact to adjacent sectors.
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FIGURE 3.3 { In- ight holding pattern in trajectory data.

Ine ciencies, as measured in additional time, can be split into two parts, the individual
part resulting from some event during the ight and the "queue" part resulting from
ine ciencies propagated to subsequent ights, re ecting a reactionary e ect, as Christien
et al. (2019) CHRISTIEN et al., ) demonstrate, the additional "queue"time represents most
of the additional ight time.

FIGURE 3.4 { Sequenced Aircraft's FIGURE 3.5 { Queue E ect

Detecting anomalies or events is a complex process with several methods and tech-
nigues and with substantial dependence on the aim that one wishes to achieBeRSORA et
al.,, 2019). This area has become relevant for research, especially when using large datasets
from critical systems, such as aviationKIMENTEL et al., 2014).

Basora et al., (2019)BASORA et al.,, 2019) present a survey of advanced methods for
anomaly detection applied to the aviation area using data-driven techniques and listed 16
techniques, gure??, classied into ve areas:

" Distance-Based,
Ensemble-Based,
" Statistical,

" Domain-Based and

~ Reconstruction-Based.
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FIGURE 3.6 { Taxonomy of classical anomaly detection methods. BASORA et al., 2019)
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In recent studies, the authors added to the data-driven techniques list the following tech-
niques: Neural Networks (recurrent and convolutional), Autoencoders, Generative Mod-
els, and Temporal Logic Learning ModelsdLIVE; BASORA , 2020;BASORA et al.,, 2019).
They conclude that data-driven approaches are challenging due to the large volume of
data, its heterogeneity and high dimensionality, as well as the temporality of operations.

Olive et al. (2020) OLIVE; BASORA , 2020) analyze rule-based methods for detecting
events in trajectories and conclude that rule-based methods are simpler to explain and
can present consistent results. However, many parameters need to be adjusted, which is
an implementation challenge because it requires well grounded operational knowledge.

Olive et al., (2020)(OLIVE et al., 2020) also argue that using rules-based methods may
seem attractive to identify in- ight holdings. However, they showed the false positives
and negative cases that can be found with these techniques, the gu?P& show the cases
where that can be occur. The authors indicate that they are producing a holding detection
algorithm with a data-driven approach using the principal component analysis technique
to be presented in future studies the gure?? show that.

FIGURE 3.7 { Holding patterns problens by, Olive et al., (2020) (OLIVE et al., 2020)

FIGURE 3.8 { Principal Component Analysis Technique Olive et al., (2020) (OLIVE; BASORA , 2020)



CHAPTER 3. LITERATURE REVIEW 38

Another line of work is a machine learning holding predictor developed by Dhief et
al. (2020)OHIEF et al., ). Using estimated ight velocity components at each trajectory
point, they employed a Kalman Iter-based algorithm to detect speed variations during
holding maneuvers, which can be seen as a data-driven approach. This approach has the
disadvantage that another speed variation can maintain the seam pattern and the holding
speed.

FIGURE 3.9 { Variation of speed component Dhief et al. (2020)

While machine learning solutions generally discover patterns by adjusting feature
weights based on data, a potential drawback of this approach is the lack of transparency
regarding how the weights are determined. Alternatively, a rule-based method would
require explanation of all parameters in order to make an accurate identi cation.

Data-driven or rule-based approaches can be employed in event or anomaly recognition
in trajectory data. However, the accuracy an robustness of each implementation must be
evaluated in the specic case and without con rmation bias QOLIVE et al., 2020). In
this work, a rule-based method was designed, implemented, and validated for detecting
holdings in trajectory data, The decision to use this approach was based on the fact that
a rule-based approach is more straightforward to understand, and that the number of
false positives, listed byQLIVE et al., 2020), in commercial aviation is reduced. Section 3
describes the method, and Section 4 describes its application in ATFM service.



4 Methodological Approach

4.1 Algorithm

4.1.1 Trajectory data

The movement of an aircraft within airspace can be detected through various sources,
including Primary Radar, Secondary Radar, and Automatic Dependent Surveillance-
Broadcast (ADS-B), among others. As an example, the Brazilian Airspace Control Insti-
tute (ICEA) uses a combination of signals from di erent sources to gather this information,
resulting in a dataset structured as shown in Table 1. It is worth mentioning that with
the dataset, ICEA grants access to a historical database of commercial aviation.

TABLE 4.1 { Basic data structure for surveillance data.

Field Description

igthld Reading timestamp
timez Reading timestamp
lat Latitude in radians
lon Longitude in radian
Flight level in hundreds of feet

4.1.2 De nition

As a general rule, the algorithm uses the principle of trajectory overlap as a guide
to determining holdings. Therefore, a trajectory with a holding aircraft will y over the
same space area more than once at di erent times. Over ight detection is the rst step
in this process, followed by the identi cation of when holdings start and end, and nally
by removing false positives.

Detection of over ight is based on analyzing the trajectory of each aircraft, which is
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composed of a set of four-dimensional points, in which each point is a 4D tuple
P(t) = (lat;lon;fl;t )

where ‘lat’' represents the latitude, 'lon’ represents the longitude, ' ' represents the ight
level, and 't' represents the timestamp of the sample. Thus, the whole trajectory of a

time or start time, 'e’' represents the arrival time or end time.

It is possible to check an over ight at any point in the trajectory using geoprocessing
methods by verifying if there is a previous point in the same 4D volume. To de ne
this volume, we can use a cylinder centered at the point in evaluation. Accordingly, the
cylinder volume equation can be de ned as follows:

V()= (R)))% fl: (P(t)

whereR(t) represents the radius of the cylinder calculated as a linear function of the ight
level of the point under evaluation. R(t) returns values of 2NM and 4NM based on the
ight level fl ranging from 50 to 400, for this function rst necessary to determine the
slope of the line using the points (50, 2) and (400, 4) so, using the point-slope form of the
linear equation to derive the nal expression of the line:

2 12
R = 5P On + —
The fl is the altitude variation calculated by fI = fl, fl, wherefl , is the point
ight level and fl, is a ight level windows.

Points immediately preceding the point under evaluation will be within the overlapping
detection volume, and therefore cannot be considered. The parameterrepresents an
interval of time during which these points should be skipped.

We can argue that there is at least one trajectory overlap when a point prior to the
point under evaluation is detected within the ight volume and within the acceptable time
window. As a result, we have two sets of points the preceders set, represented pthis
group includes the points that precede and are covered by the overriders points in the
trajectory, and the overriders set, represented by, this group consists of the points that
overlap with and come after the preceding points in the trajectory.

Figure 2 illustrates the overlap detection approach. The points represent the trajectory
up to time t, with the evaluation point P (t) highlighted in red and with a larger size. The
detection volume is exempli ed by the orange-colored cylinder. Green points are ignored
since they are immediately preceding (t), while red points are potentially overlapped.
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Due to their location within P (t), the blue points have been classi ed as overlapped.

FIGURE 4.1 { Over ight detection.

The overlap detection search space in the trajectory can be characterized as the col-
lection of points constituting the trajectory until time t, wherein points falling within the
temporal interval betweent ti andt are skipped. The search space can be de ned with a
slice of the complete trajectoryTs(t * 9 for simpli cation, we can consider that de ned
for:

= TerO T

One optimization recommendation entails updating the 's' to the time of the rst
preceder point subsequent to the initial over ewn detection, thereby reducing the number
of evaluation points in the search space.

Following the completion of the overlap detection process, a characterizing step be-
comes imperative. This step involves the application of rules to validate and classify the
detected overlaps as ight holding patterns.

The aforementioned process commences with the identi cation of start and end points
within the data sets obtained during the overlap detection phase, in accordance with the
ight holding pattern. To accomplish this, the physical attributes of the ight holding
pattern, as previously demonstrated, are utilized. Each segment of the ight holding
pattern typically endures approximately one minute of ight, thus imposing minimum
and maximum length requirements that con ne the size of the maneuver.

So to identify the beginning of holdings was made by using the rst preceder point
de ned with min(t 2 ) as candidate for the begin holding poinBp, for the end hold-
ing point E,p identify the last point in the overriders set maxf 2 ), but is using a
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geographical distance betweeB,p and E,p candidates to validate the pair.

FIGURE 4.2 { Detect Holding Algorithm.

Another formal and simpli ed way to understand the proposed method is through the
following pseudo-code. With the fundamental data structures necessary for point manip-
ulation, the algorithm processes each individual point in order to identify any overlaps in
trajectories loading , . This involves examining the paths of the points and determining
whether they intersect or coincide. As the processing continues, two lists are populated:
one containing points that performed yovers , and another containing points that were
own over . Finally the algorithm evaluates the combinations of points that experienced

and . These combinations are subjected to the set of rules and criteria. If a combination
satis es the speci ed rules, a tuple is generated to represent each identi ed hold.

As indicated by Olive et al., (2020 OLIVE; BASORA , 2020), false positives is possible.
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To exclude such an e ect, we must follow the rules: the spatial distance between the Start
and End points needs to be kept within the threshold de ned irD;ref g, and the ight
level variation between the Start and End points needs to be within a limit, we use same
fl . The holding duration calculated byDuration = tg,, tg,, need kept a minimum
holding time asMt . These parameters can be varied to identify other patterns, like
landing attempts. The parameters used, their description, and recommended values are
presented in the table 2 for detecting holdings in trajectories from commercial aviation.

TABLE 4.2 { The parameters used, their description, and values.

Parameter Description Value
Flw Fligth level window 10 FL
R(t) range Range radius 2-4NM
ti ignored time 2min

D min Minimum distance 4 NM

D max Maximum distance 50NM
M e Minimum time for a holding 4min
Wsize Time for optimize the search range 20min

4.2 Validation Process

Validation involves evaluating whether a software product or system meets the re-
qguirements. This involves evaluating the functionality and performance of the product to
make sure the end-users' expectations are met.

In this work, validation is conducted in two steps described below. In the rst step,
three ATCO expedients perform a visual and manual validation, then an airline data ser-
vice cross check veri cation is performed. The validation process for the holding detection
method was limited to Brazilian commercial aviation ights. General and military avia-
tion require a distinct set of parameters and, therefore, a di erent validation process. In
both steps, 140047 trajectories from ights conducted in September 2018 are used.

4.2.1 Visual veri cation

Visual and manual validation of the holdings was performed to assess the accuracy of
the method. Visual analysis was conducted by three air tra c controllers ATCO, in two
phases.

The y-by- y veri cation phase aimed to verify if no holding trajectories were classi ed
as false positive holdings and to check the holding detection parameters. The ATCO
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veri ed the trajectory geometry, level variations, and start and end information about a
sample of 2502 trajectories performed in September 2018. Validation was conducted on
these trajectories because the algorithm indicated that they were holding.

For this step we developed a validation application, using a Qlik sense solution for
self-service data analyses, as shown in Figure 3. This tool allows y-by-y comparisons
and cross-checks with other datasets. They can also calculate holding duration, ight
level variations, and plot the 4D trajectory.

For each trajectory the application generated a unique 1D, and the validators asks the
ow guestions:

" Is the highlighted trajectory characterized by a holding geometry?
" Is the calculated duration of holding accurate?

" Are the ight level variations along the highlighted trajectory consistent with a
holding procedure?

FIGURE 4.3 { Visual validation tool.

At the airport veri cation stage, a validation tool is used to determine whether a
holding trajectory is detected by the method. The tool generates three images of a
selected destination airport on a selected day, each with a varying level of transparency.
The rst image displays all trajectories, with holding trajectories highlighted in red. The
second image shows only the holding trajectories, and the third image displays no holding
trajectories at all, see the gure 4. Validators must analyze each of the ten main Brazilian
airports day-by-day,over the sample, to determine whether any undetected holdings can
be identi ed.






	Face Page
	Cataloging-in-Publication
	Thesis Committee Composition:
	Dedication
	Acknowledgments
	Epigraph
	Resumo
	Abstract
	List of Figures
	List of Tables
	List of Abbreviations and Acronyms
	List of Symbols
	Contents
	1 Introduction
	1.1 Motivation
	1.2 Research Goals
	1.2.1 General Goal
	1.2.2 Specific Goal

	1.3 Research contribution
	1.4 Organization of the work

	2 Background
	2.1 Air Traffic Management: An Overview
	2.1.1 Air Traffic Flow Management

	2.2 Airspace Control Data

	3 Literature Review
	3.1 Systematic Mapping of Literature
	3.2 Related Studies

	4 Methodological Approach
	4.1 Algorithm
	4.1.1 Trajectory data
	4.1.2 Definition

	4.2 Validation Process
	4.2.1 Visual verification
	4.2.2 Comparison with a Brazilian air line 

	4.3 Real-time monitor architecture
	4.4 Historical databases architecture

	5 Results and Discussion
	5.1  Validation evaluation 
	5.2 Computational efficiency
	5.3 Operational results
	5.3.1 Real time
	5.3.2 Historical analyses

	5.4 Measuring Event Impact
	5.4.1 Changing airport runway configurations 
	5.4.2  Drone in airport area impact


	6 Conclusion
	6.1 Summary
	6.2 Future Research

	Bibliography
	Folha de Registro do Documento

