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Abstract

The Network Manager business-to-business services (NM B2B) allow other companies to use
their data in their own systems. Before the actual implementation into the software solutions,
it is crucial to recognize the nature and the precision of desired data. The emphasis is applied
specifically to the NM B2B Flight data, which obtains information about the predicted flight
trajectories. The thesis analyses the NM B2B Flight data accuracy in three different
geographical areas of Europe while using multiple surveillance information sources for the
complex evaluation. The areas with the highest accuracy were identified, as well as the
disparities between individual sectors. The results of the work provide important insights into
the behavior of NM B2B Flight data, which are crucial for further utilization. This study also
presents the software module, which is capable of storing the data and evaluating it in real
time. This feature enables the users to observe how the trajectory and the data precision
evolve throughout the flight. Overall, the combination of the software solution and the accuracy

analysis offers the benefits of utilizing the NM B2B data.

Keywords: accuracy, analysis, flight data, NM B2B, position, software module
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Abstrakt

NM B2B sluzba sietového manazéra (NM B2B) umoziiuje externym spolo¢nostiam vyuzivat

ich data vo vlastnych systémoch. Pred samotnou implementaciou softvérovych rieseni, je
potrebné rozpoznat povahu a presnost poZzadovanych udajov. Déraz je kladeny predovSetkym
na NM B2B letové data, ktoré obsahuju informacie o predpokladanych letovych trajektoriach.
V diplomovej praci je analyzovana presnost letovych dat NM B2B v troch rozdielnych
oblastiach Eurépy s vyuzZitim viacerych zdrojov prehfadovych informacii z dévodu vacsej
komplexnosti vyhodnotenia. Boli identifikované oblasti s najvy$3ou presnostou, ako aj rozdiely
medzi jednotlivymi sektormi. Vysledky prace poskytuju délezité poznatky o spravani letovych
dat NM B2B, ktoré su kfucové pre ich dalSie vyuZzitie. V tejto Studii je predstaveny aj softvérovy
modul, ktory je schopny ukladat data a vyhodnocovat ich v realnom Case. Tato funkcia
umozfiuje pouzivatelom sledovat, ako sa pocas letu vyvija trajektéria a presnost udajov.
Celkovo kombinacia softvérového rieSenia a analyzy presnosti predstavuje vyhody vyuzitia
udajov NM B2B.

KFracové slova: analyza, letové data, NM B2B, poloha, presnost, softvérovy modul
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1 Introduction

The knowledge of the predicted aircraft position during flight is necessary not only for air traffic
controllers but also for various companies and stakeholders closely working in the field of air
traffic management. Monitoring the flight can be difficult, especially for companies that do not

own radars or don’t have access to radar data.

The European Organisation for the Safety of Air Navigation, Eurocontrol, as the leading figure
in managing air traffic in European skies, has been named by the European Committee as the
Network Manager. This organization has developed a service that allows other companies and
stakeholders involved in air traffic management to use the air traffic data in real-time. It is being
achieved through a specialized NM B2B Service, which allows the stakeholders to gain and
update data in 3 main categories: Airspace Services, Flight Services, and Flow Services. In
this thesis, we mainly focus on Flight Services which we use to gather the necessary

information about the predicted aircraft position by Eurocontrol systems.

Data accuracy on a professional level is critical to achieving relevant results. While simulating
the aircraft’'s position, we aim to ensure the accuracy is as good as possible. In this Master
Thesis, we analyze the precision of the flight data shared via NM B2B Service by Eurocontrol.
For the statistical analysis, we use several statistical methods such as descriptive, and
inferential statistics combined with spatial analysis. It allows us to see the outcome in a
comfortable and distinguishable way. During the study, we compare flight data from several
sources. The main aim is to see how precise the NM B2B Flight data is compared to ADS-B,
secondary surveillance radar, and MLAT data. The data from all the sources will be stored in
a database for the following statistical analysis. Additionally, the analysis outcomes will be
displayed in a Web-Based System that can compute the results and plot the graphs in real
time. The whole system will be connected to the database that can be updated anytime.

Consequently, it is described how we obtained the surveillance data for this comparison. The
sources used for the statistical analysis of the NM B2B Flight data accuracy are Flighradar24,
OpenSky Network, and Secondary Surveillance Radar data from French Airspace. The matter

of how they differ is discussed in the thesis's upcoming sections.

Also, for this work to be successful, it will be crucial to observe if there are any visible patterns
of data accuracy on concrete flight routes or regions. Discovering geographical areas where

the NM B2B Flight Data accuracy differs from the allowed values could also be beneficial.

14
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1.1 Objectives of the work

The objectives of the work correspond to the Master Thesis Guidelines stated in the official
Assignment of the Master Thesis. In general, we can divide all the objectives into three main
subgroups. The division group reflects the actual nature of the matters within the group. The

three main aspects are:

1) Air Traffic Control and Management
o From the aviation point of view, we will discuss all the necessary details about
the NM B2B Service, ADS-B, and Flight radar data. We will also examine how
these data are gathered and point out their differences. Additionally, we will
discuss what could be the cause of certain imprecisions and how to improve it
in time.
2) Statistical Analysis
o As we will be working with an enormous amount of data, it is inevitable to use
them appropriately. We will try to discover any geographical areas, concrete
route trajectories, or any other patterns that could affect the NM B2B Flight data
accuracy.
3) Software engineering
o In order to obtain and store data, it is necessary to create software tools that
will be capable of doing so. The main aim is to create a Web-Based System
that will compute the calculations from the data stored in the database. After
the outcomes have been calculated, the tool will display them in the form of

charts and graphs on a Webpage accessible from anywhere.

15
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2 Air Traffic Control and Management

The aviation industry is the fastest-improving mode of transportation, with the number of flights
steadily growing yearly. It all started in 1903 when the Wright brothers took off with an aircraft
heavier than air. Since then, we could observe an incredible improvement in technology and
the general support of this industry. More than 120 years past, and nowadays, we can
distinguish more than tens of thousands of aircraft flying in the sky at any given moment. We
can safely state that the aviation industry has opened the doors to the world for the vast
majority of people. The fact that we can travel from one part of the world to a completely
different part thousands of kilometres away, is just exciting, and still, it feels unreal.

As there are constantly more and more aircraft in the air, we must ensure that the airspace’s
capacity meets the demand. The capacity of the airspace may be influenced by many factors,
such as the capacity of the airports, ATC staff, Airspace Management, ATC industrial actions,
weather, and other environmental issues. It is hecessary but often challenging to predict the
capacity needed. Once an operator submits the flight plan, we must check if it meets the
capacity of the airspace. If any problem is encountered, the flight plan must be changed. But
in the case that any unexpected changes happen, it leads to delays that can vary in severity.
That’'s why the predictions of the flight trajectories must be recalculated in case any deviation

from the actual position occurs.

In this study, we are focussing on Air Traffic Control and Management above the specific but
representative geographical area of Europe. The organization that has developed and
maintained a tool for creating several models in relation to predicting and calculating the

position of the aircraft is known as Eurocontrol.
2.1 Eurocontrol

Despite the immense advancements in the aviation industry, safety must be ensured in the
best possible way. Therefore, the safety of passengers and everyone involved is the top priority
with the highest level of importance. There exist several organizations on a global and regional
level that try to enforce regulations and principles in order to achieve steady improvements
while ensuring the safety of air traffic. One of such organizations is the European Organisation
for the Safety of Air Navigation, also known as Eurocontrol, whose main aim is to support

European aviation.

Eurocontrol plays a crucial role in supporting European aviation. It was founded in the year

1963, and until now, it has 43 member states (41 European states and two members from

16
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outside Europe). As we can see in Figure 1, the whole Eurocontrol Area consists of almost all
the countries from European Union as well as other additional countries, so it can eventually
cover most of the geographical area of Europe. This significant fact allows European aviation

to develop even further and faster. [1]

[ JEUROCONTROL 2019
I Comprehensive Agreement States

Figure 1: Eurocontrol Area [2]

To coordinate such a big and fragmented area, there must be a leading figure that could
maintain steady development in an appropriate manner. Following this fact, the European
Commission has stated by The Network Functions Implementing Regulation (EU) No 2019/123
all the tasks and responsibilities of the Network Manager, which is responsible for managing
the whole area. Eurocontrol, an organization that supports European aviation, has been

appointed as the Network Manager until the end of 2029. [3]

One of the main aims of Eurocontrol, in the role of Network Manager, is to improve the
performance of European aviation. The body responsible for contributing network’s operations
is called Network Manager Operations Centre (NMOC). As mentioned before, to improve
effectiveness and maintain the required level of safety, it is necessary that the demand,
meaning the number of flights in a concrete area, meets the capacity of the requested airspace.
This is exactly what NMOC is executing as a management of the traffic flows in 3 phases:
strategic, pre-tactical, and tactical phase. Moreover, the scope of NMOC is more extensive as
they also collect aeronautical and airspace data. Also, they improve and enable Flight planning
through specialized systems and dispose of post-operational analysis, which allows further

development. [4][5]

17
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In the following chapters, we will focus on the two services provided by NMOC’s network

operations [4]:

¢ Flight Plan Filling and Management

e Network Manager Business-to-Business Web Services

2.1.1 Integrated Initial Flight Plan Processing System

An integrated initial flight plan processing system, developed by Eurocontrol, is a system that
offers the service called centralized flight plan processing and distribution service. As the name
implies, this system enables unified processing of all flight plans within the IFPS Zone (IFPZ).
IFPS Zone is an area shown in Figure 2. In this zone, the NM is responsible for processing,
validation, and distribution of flight plans to the relevant Air Traffic Control centres. In Figure 2,
we can also see 2 areas that are marked yellow and named as FPM_Copy. FPM_Copy
represents an area in which NM is not responsible for the validation or correction of flight plans,
but all the flight plans (for aircraft flying through FPM_Copy) are being distributed to these

areas as well. [6][7][8]

Figure 2: IFPS Zone + FPM Copy [6]

The IFPS involves two units responsible for the validation and distribution of flight plans [7]:

e |FPU1 - located in the capital city of Belgium, Brussels

¢ |FPU2 —located in France in the city called Brétigny

18
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A flight plan must be created and submitted to both IFPUs for every flight flying under
Instrument Flight Rules/General Air Traffic within the IFPZ. After the flight plan has been
processed and acknowledged, meaning that the flight operator has received an ACK message,

it is then distributed to ATC providers in affected areas. [9]

The diagram in Figure 3 depicts the flow of flight plan data between Aircraft operators, IFPS,
ETFMS, and ATC.

RPL
Aircraft Operators \ IFPS
(AOs) IFPUL  IFPU2 Air Traffic Control
/ > FPL (ATC)
Air Taffic Services FPL
Reporting Offices
(AROs) Flight
plans
ETFMS

Figure 3: Flight plan data flow [10]

2.1.2 Enhanced Tactical Flow Management System

Enhanced Tactical Flow Management System, also known under the abbreviation ETFMS, is
used for handling airspace, environment, and flight data from various sources to create an
accurate image of the airspace situation within the IFPS Zone. As mentioned in the previous
chapter about the IFPS system, the flight plan is accepted and distributed once it is assigned
as acknowledged (ACK). In such cases, the IFPS sends all the flight plans to the relevant Air

Navigation Service Providers (ANSPs) and other NM systems for further processing. [11]
Thus, the flight plan data are sent to the ETFMS under two conditions [12]:

o once the flight plan is acknowledged. The operator also receives the ACK
message

o maximum of 20 hours before the Estimated Off-Block Time (EOBT)

If the Flight Plan has been sent to IFPS more than 20 hours before EOBT, it will not be present
in the ETFMS system until 20 h prior to EOBT. If the FPL has been created less than 20 hours
before EOBT, it will be sent to the ETFMS immediately after receiving the ACK message. This

19
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way, it allows managing the whole flight from the phase of several hours pre-departure until

the landing of the aircraft at the destination. [12]

Data received by ETFMS [13]:

e FPL - Flight plan data (AOs/IFPS)
o the Flight plan data sent from the IFPS system after processing the FPL data

gathered from Aircraft operators (AOSs)
e Aircraft position data and Flight data update (ATC/AQO)

o CPR - Correlated Position Report

the Air Navigation Service Providers send the Correlated Position
Report messages for airborne IFR/GAT flights at intervals of every 30
seconds. The ANSPs collect flight information from available
surveillance sources and use them to calculate the actual 4D position of
aircraft, which is then provided for further processing to the ETFMS

system. [14]

o API - Arrival Planning Information

o APR-

The airport systems send the Arrival Planning Information messages to
provide more accurate information about the arrival routes, landing
times, taxiing, holding, and information about flight delays, etc. This
allows the ETFMS to modify the predicted trajectories and the times
before the actual landing and arrival of the aircraft at the airport’s gate.
Aircraft Position Report

For flights that do not originate from the NMOC area, the aircraft
operator is responsible for sending an Aircraft Position Report message.
The main aim of this message is to inform Eurocontrol systems about
the actual position of the flight so that the ETFMS system can precisely
predict when the aircraft will be arriving at the IFPZ at least 2 hours
before the arrival. The information contained within this message
includes the actual time of aircraft passing over the significant point and

the estimation of the time of entering the specific area.

o DPI — Departure Planning Information

Information about the flight departure gathered by the airport systems is
being sent via a Departure Planning Information message. Thanks to
the knowledge of the taxi times, target off-block times, and take-off
times, the ETFMS system can adjust the predictions of the flight

trajectory models and create clearer forecasts for any IFR/GAT flights.

20
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o FSA — First System Activation

= ETFMS system receives the First System Activation message from
ANSPs. As the name implies, they are being sent after the aircraft starts
to be active in Flight Data Processing Areas (FDPA). For example, once
the aircraft depart from the airport, the FSA message must be sent to
the ETFMS system. Also, if the aircraft enters another FDPA, another
FSA must be sent. It contains information about the actual take-off time,
estimated time of arrival to the specific area as well as the concrete point
of entry and the flight level that the aircraft is expected to have while

entering.
o ETFMS system also receives other types of data that cover the information about the
state of the airspace comprised with the Environment data that are being sent through

the ADR systems.

The way how the data are gathered and then shared with the appropriate systems and service

providers is explained in the following chapters.

2.1.3 Data Collection Service

To maintain a clear view of the airspace, it is necessary to collect real-time information about
every flight flying through IFPZ. This is all done through the centralized Data Collection Service
(DCS), which collects the flight plan data and flight update messages from IFPS and ETFMS.

In this way, we can divide the collected data into two groups [15]:

1. Flight Plan Data
2. ATC and Airport Data

As the flight plan is created by the aircraft operator and the IFPS has assigned this flight with
an ACK message, this data must be stored and shared with other systems, such as ANSPs

and airports.

All the real-time data update messages, such as CPR, FSA, DPI, etc., must be stored as well
to achieve the best possible situational awareness of the actual state of the airspace. It is a
key factor for evaluating the demanded volume of the flights and regulating this amount to the

allowed capacity of the sectors. [15]

Once all the data are successfully gathered, we can then distribute them to supply other ATC-
related systems and companies with the actual picture of the airspace. In conclusion, we can

say that the DCS system allows ETFMS to create and update the predictions of the flight. [15]
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The DCS data are also being distributed to various stakeholders of Eurocontrol via NM B2B

Service (see Chapter 2.1.5).
2.1.4 Flight Profile Models

The Flight Profile can be described as a model that contains all the information about the
intended or actual flight trajectory. It contains all the information about the significant points on
the route, flight levels, and the expected times when the aircraft should be flying over the
significant points. Thanks to the vast number of specialized systems cooperating with each
other, the Network Manager can create the Flight Profile Models and then distribute them to

other systems.
Flight Trajectory Models used within NM B2B Service can be divided into three categories [12]:

1. Filled Tactical Flight Model
2. Regulated Tactical Flight Model
3. Current Tactical Flight Model

The Filled Tactical Flight Model (FTFM) represents the flight trajectory that is derived from the
IFPS. It means that, in the beginning, it contains the information from the flight plan created by
the AOs. But FTFM is also being updated by the CDM, Ready messages, and NM regulations
before the departure. It can be inferred that the FTFM represents the most actual flight plan
trajectory for all IFR/ GAT flights before the aircraft is airborne. [12]

The Regulated Tactical Flight Model (RTFM) contains information about the flight trajectory
from IFPS but is not updated by any flight update messages or regulations. It is mainly used
for statistical purposes as it allows us to compare the first filled flight plan to the flight plan that
has been shifted. [12]

The Current Tactical Flight Model (CTFM) is a model that consists of flight profile data derived
from the ETFMS. Thanks to this fact, the flight trajectory in the CTFM is being gradually
updated by the flight update messages (FSA, CPR, DPI, etc.). Another condition for the
recalculation of the CTFM point profile is the reception of changed flight plan, CTOT or ETA.
As the name also implies, it allows the users to retrieve the actual flight data during the whole
flight. [12]

The thresholds for the updating of the CTFM point profile upon receiving the CPR message
[12]:
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o Deviation of the vertical profile from the actual one by more than 400 ft
o Deviation in the lateral direction by more than 10 NM

e Time deviation of more than 1 minute

As the objective of this work is to analyze the accuracy of the NM B2B data, therefore we focus
on the CTFM model. The main reason is that this model enables us to gather the most up-to-
date data about every IFR/GAT flight passing through IFPZ in real-time.

2.1.5 NM B2B Service

Eurocontrol has developed a service to share air traffic related data with their stakeholders. It
is all being done through system-to-system access, where other companies can use the data
in their own platforms and applications. The service that makes it possible is called Network
Manager Business-to-Business Service (NM B2B). It operates over a secure network
infrastructure, and it is constantly available for its users. [16]

We can divide all the data being shared via NM B2B Service into three main categories:

e Airspace Services
e Flow Services

e Flight Services

The Airspace services allow users to retrieve information related to airspaces, routes, and
aerodromes. All those data are present in the Centralised Airspace and Capacity Database
(CACD), which is a primary source of data within the Airspace Service. This work required the
use of this service as it was necessary to know the exact locations of all the designated points
and the locations of all the aerodromes within IFPZ. [12] A designated point is a point used in
aviation for describing an ATS route, flight trajectory of the aircraft, or other navigation
purposes. [17] The way of obtaining such data is described in the Bachelor’s Thesis [18].

The Flow services provide data related to air traffic flow and capacity management. Thanks to
this service, we can gather current information about air traffic control sector capacity,
restrictions, regulations, and airport capacity information. As the purpose of this work is to
analyze the accuracy of the flight data rather than focusing on flow and capacity management,

the Flow Services have not been used for the fulfillment of this Master’s thesis. [12]

The Flight services give us access to the flight plan data and flight data. The flight data is
defined by the NM as the information about the flight in an execution phase. It is all achieved

thanks to the ETFMS, which uses flight update messages in real-time to modify the initial flight
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plan according to the current conditions and create accurate flight profile models. As we are
mainly focused on the Flight Services area for the vast amount of the most necessary
information needed to fulfill the work assignment, detailed information about this service can

be found in a separate chapter. [12]

The way how to access the NM B2B Service has been described in the Bachelor's Thesis
named “The usage of flight data for the application showing the actual position and their

trajectory”. [18]
2.1.5.1 Flight Services

The Flight Services provided by the NM B2B allow us to obtain the flight data about all the
IFR/GAT flights passing through IFPZ. In figure 4, we can observe the way how to request
flight data from NM B2B Service. It allows us to retrieve flight data in so-called Flight Lists,

which are basically lists of all the data that suit the stated requirements.
We can obtain the Flight Lists in several ways [12]:

o Flight List by Aircraft Operator
o This function lets us obtain the Flight Data of all the aircraft of the specific
Aircraft Operator. To describe the AO, the NM B2B Service must receive a
request with the ICAO code of the Aircraft Operator (e.g., Air France, ICAO
code: AFR).
e Flight List by Aerodrome
o The Flight List contains information about all the flights departing from or
arriving at the specified aerodrome. To specify the desired Aerodrome, we will
have to use the ICAO code of the aerodrome (e.g., the Vaclav Havel Airport
Prague, ICAO code: LKPR).
o Flight List by Airspace
o The Flight List holds the Flight Data about all the flights that are passing through
desired Airspace. If at least one point on the Flight route stated in the Flight plan
in IFPS/ETFEMS is located within the required Airspace, the flight will be included
in the Flight List. To define the whole airspace of a specific country, it is
necessary to state the first two characters of the ICAO code of the country (e.g.,
Airspace of Slovakia, ICAO code: LZ).
e Flight List by Aircraft Registration
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o The Flight List will provide us with the Flight Data that belongs to the specified
Aircraft Registration mark (e.g., GEUYC). Therefore, for the specified time
window, we will be able to retrieve all the flights of the concrete aircraft.

e Flight List by Point

o The Flight List contains Flight Data about all the flights that on their route pass
through the specified Point. The point must be described as a Designated Point
with its exact ICAO code (e.g., BODAL).

For the purpose of this work, the Flight List that suits us the best is the Flight List by Airspace.
It allows us to observe a substantial area using only one request. To define the request, we

need to fill the get_flight_data function (Attachment 1) with four required attributes:

Airspace
e To define the whole airspace of France, we will use the first two characters of the
ICAO code of the French airspace, which is LF.
e Start Time
e Start Time attribute defines the starting value of the time window from which we
wish to access the data. In our case, in Figure 4, we have defined the start time
value to be NOW — 0.8 hours, which refers to 48 minutes.
e EndTime
e End Time attribute is used as a second parameter defining the time window. In
Figure 4, we can see that it is represented by NOW + 0.2 hours minutes, which
refers to 12 minutes.
e Flight Fields
¢ Flight Fields are used for describing requested information about the flight. Through
the NM B2B Service and especially the Flight Service, we distinguish several types
of Flight Fields such as: calculated Off Block Time, actual Off Block Time, aircraft
Type, estimated Take Off Time, calculated Take Off Time, actual Take Off Time,
taxi Time, estimated Time Of Arrival, calculated Time Of Arrival, Actual Time of
Arrival, requested Flight Level, aircraft Operator, delay, runway Visual Range,
ICAO Route, route Length, FTFM Point Profile, RTFM Point Profile, CTFM Point
Profile, SSR Code, filed Registration Mark, target Time Over Fix, fuel Consumption

Indicator, alternate Aerodromes, etc.

25



Faculty of Transportation Sciences /‘%’r?‘//é

Czech Technical University in Prague

e In Figure 4, we can see that in our case, we have chosen 4 attributes within the
Flight Fields.

#NM B2B request
flight data = b2b_request response.get flight data(
‘LF,
now - timedelta(hours=0.8),
now + timedelta(hours=0.2),
["aircrafttType', 'estimatedTimeOfArrival', 'delay’','ctfmPointProfile’])

Figure 4: NM B2B Flight Data request

By running the request for Flight Data as shown in Figure 4, we receive information about the
aircraft type, Estimated Time of Arrival (ETA), delay, and CTFM Point Profile for all the flights

that are on their route present inside the French airspace within the specified time window.

The Aircraft Type is in the NM B2B Service, represented by the official ICAO code of the
concrete type of the aircraft (e.g., B737, A320).

The Estimated Time of Arrival, also known as ETA, is the predicted time when the aircraft
should be arriving at the aerodrome of destination. It is derived from the FTFM Point Profile. It
means that the ETA is being updated until the departure of the aircraft. Once the aircraft is
airborne, the ETA in the FTFM is not going to be shifted due to any changes encountered
during the flight.

The Delay of the aircraft represents the time difference between the Calculated Take off Time
and the Requested Take off Time.

The CTFM Point Profile contains all the information describing the whole trajectory of the
aircraft. As the name implies, the flight data gathered from CTFM are being gradually updated
due to the Flight Update Messages. As we are analysing the Flight Data accuracy provided via
NM B2B Service, we can also say that we will observe the precision of the data from the CTFM
profile distributed by the Flight Services. [12][13]

2.2 Surveillance information sources

The surveillance system is a system whose main role is to detect actual position together with
other information about the aircraft and present them to the air traffic controllers. Therefore, it
is an irreplaceable part of the aviation industry. In this chapter, we will explore some of the

surveillance information sources used for the NM B2B flight data accuracy analysis. [19]
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2.2.1 Secondary Surveillance Radar

The Secondary Surveillance Radar (SSR) belongs to the group of independent cooperative
surveillance systems. They can calculate the aircraft’s position but require direct cooperation
with the aircraft’'s onboard systems. As shown in Figure 5, the system relies on two main
components: The radar antenna and the onboard transponder. As the radar antenna rotates,
it sends a signal to the aircraft at a frequency of 1030 MHz. Once the aircraft’s onboard system

processes this signal, the transponder sends the reply on a frequency of 1090 MHz. [20]

Figure 5: SSR principle [21]

When comparing SSR to the Primary Surveillance Radar (PSR), they brought a big advantage
with the fact that we can obtain not only the aircraft’s position but also other additional
information. The reply from the SSR transponder can contain different types of information
depending on the SSR mode type. [22]

e SSR Mode A
o When the transponder detects the SSR Mode A request, it will send back the
information about the flight’s identification consisting of four octal digits given
by the ATC.
e SSR Mode C
o The transponder includes in the reply message the information about the
current flight level. Flight level information is, in this case, calculated with
respect to the 1013,25 hPa, which is known as the standard pressure.
e SSR Mode S
o The SSR Mode S is the most advanced one of the three mentioned.
o The main reason why it was created, was to enable the selection of specific
aircraft and enable the request for bigger sets of information.

o It operates in two periods: The all-call period, and the roll-call period.
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o In the All-Call period, the goal of the SSR is to recognize all the aircraft within
reach. To do so, it must send two requests. The first one is meant for aircraft
that possess SSR mode S transponders. In this case, the reply message from
the aircraft contains the 24-bit ICAO identification, which is unique for every
aircraft. The second request in the All-Call period is intended to receive the
message from the aircraft with a Mode A transponder. [22]

o In the Roll-Call period, the SSR uses so-called Selective requesting. In the
beginning part of the request message, the SSR Mode S includes the specific
ICAO identification of the aircraft. The following part of the request states the
group category of the required information. After the Mode S transponder
recognizes its own ICAO identification included in the request, it sends back the
reply with all the information declared in the initial request. [23]

The SSR Mode S transponders are directly working with the Binary Data Services (BDS)
Registers. BDS Registers contain sets of information that are collected from systems onboard
the aircraft. Every register is assigned its own code. The SSR declares the code of the specific
BDS Register in the request message, and consequently, the transponder sends all the

information within the register back to SSR. [24]
2.2.2 MLAT

Multilateration systems (MLAT) belong to the group of independent surveillance technologies
as they do not require any message carrying the aircraft’s position information from the

onboard systems.

MLAT can compute the aircraft’s position by itself using the method called Time Difference of
Arrival (TDOA). On the ground, we have several stations that receive the signals emitted from
the aircraft on the frequency 1090 MHz. [25]

To calculate the position of a given aircraft in three-dimensional navigation, we need at least
4 receivers (ground stations) and a Central Processing Station. As all receiving stations are
based in different locations, the signal from the aircraft will arrive at the different receivers at
different times. This is the crucial part of the computation. The receivers focus on the time
when the signal arrived to them. These times are measured and sent directly to the Central
Processing station for further calculations. If we take one pair of receiving stations with their
TOAs, we can calculate the TDOA. Once we multiply the TDOA by the speed of propagation,
we get the difference in the distance between Aircraft — 1 receiving station and the Aircraft —

2" receiving station. Thanks to this fact, we can create a hyperboloid in a space. “A
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hyperboloid is the set of all points in a space, the difference of whose distances from two fixed
points (the foci) in the space is constant.” [26] To be able to calculate the aircraft position, it is
necessary to create at least 3 hyperboloids in space whilst the place of intersection indicates
the position of the aircraft. The graphical representation of the MLAT system determining the

position of the aircraft is shown in Figure 6. [25][26]

Hyperboloids

Aircraft message
transmission

1 2 3
Station D\ Central — Station C
Processing

/ s \
! Station A Station B !

Figure 6: MLAT principle [26]

2.2.3 ADS-B

The Automatic Dependent Surveillance-Broadcast, also known by the abbreviation ADS-B, is
a technology that depends on the onboard calculation of the aircraft’s current position. Thanks
to the systems on board the aircraft, that are used for computation of the position, such as the
Global Navigation Satellite System (GNSS) and the Inertial Navigation System (INS), we can
broadcast this position via ADS-B. As the name implies, it is broadcasted automatically in a
specified time interval. Together with the position, we can derive from the ADS-B message
other various types of information like the callsign. altitude, velocity, heading, etc. As it solely
relies on the onboard systems, it belongs to the group of Dependent surveillance technologies.
[28]

After the required information is collected and calculated by the systems in the aircraft, it is
ready to be broadcasted. The ADS-B transmitter sends all the information to the whole area,
meaning that anyone who receives the message might be able to decode it and work with the
ADS-B data. This is the principle of how FlightRadar24 and OpenSky Network operate. For
both associations, they have deployed thousands of receivers capable of reading the ADS-B

messages, which finally enables them to provide it to their web servers and, from there, to the
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application displaying the actual position and information about the aircraft throughout the
world. [29][32]

ADS-B Out

__________________________

1
i | Onboard GPS g
1 | Instruments Receiver !
! I
| v v :
1
| Flight ADS-B | ! _ | 1090ES Data
1 | Computer Transmitter | ! > link
: |
' 1

A4

ADS-B
Receiver

Figure 7: ADS-B technology principle [28]

The whole principle of how the ADS-B works is described in Figure 7. It can be transmitted via
the 1090 MHz Extended Squitter, which is a 112 bits message that carries all the information.
[29]

2.2.4 OpenSky Network

The OpenSky Network is a Swiss non-profit association that collects flight data primarily from
ADS-B and Mode-S receivers and provides them to their users for research and non-
commercial purposes. The data from the aircraft onboard transponders are collected by the
ADS-B receivers. Afterwards, they are sent voluntarily to the accessible Database on OS
servers which makes it possible to retrieve live or historical data from anywhere. [30]

The coverage of these receivers is smaller in comparison to FR24, but it is still very sufficient
for our study as it provides a significant amount of data. The OpenSky Network plays an
important role in this Master Thesis as it is used as another reference source of flight data for
the final evaluation. The way how we access the real-time data from OpenSky Network is
explained in Chapter 3. Eventually, we might be able to observe any significant differences

when also compared to the FlightRadar24 data.

Both OpenSky and Flightradar24 data with used technologies and their accuracy depend on

several factors such as the quality of data, coverage of the receivers in a region. Also, the
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quality and the age of the receivers can affect the precision of the position information we
obtain using these Services. As stated in the previous research about the accuracy of OpenSky
positional data [30][31] the mean value of horizontal deviation is 295,55 m. The precision of
the OpenSky data will be better than 900 m with the probability level of 95%. As all of the
systems bring certain errors, we have to state, that it is indeed accurate enough for recognising
the behaviour and accuracy of the NM B2B Flight Data. [31]

2.2.5 Flight Radar 24

One of the sources of Flight Data used for the analysis of the NM B2B flight data accuracy is
Flight Radar 24 (FR24). This Swedish company offers a high-quality service that allows users
to track most flights throughout the whole world. To enable this feature, it uses the combination

of various data sources such as previously mentioned ADS-B, MLAT, and Radar data. [33]

The primary source of information is the ADS-B system, as the whole network coverage of
ADS-B receivers reaches the amount of more than 35 thousand. In the areas outside the
coverage of these receivers or in the case of aircraft that are not equipped with the required
ADS-B on-board system, the FR24 uses the MLAT and radar data. ADS-B coverage within the
area of Europe exceeds 80%, which is sufficient for our analysis, as we tend to analyze the
area not outside the IFPZ. [32]

Thanks to the FR24, we can proceed with the analysis as their service allows us to retrieve
real-time information about the flights, such as the callsign, position, or flight level. All the
mentioned parameters are consequently used for the NM B2B Flight Data accuracy analysis.
As the data in FlightRadar24 are not based on Flight Plans but on actual surveillance data, it
becomes very interesting to observe the difference in positional information with the NM B2B
Service. The FlightRadar24 data also bring the errors up to hundred metres, similarly like the
OpenSky data. [33]

3 Data analysis

Data analysis is a process that involves comprehensive techniques that help us understand
the data we are working with. Flight data derived from NM B2B Service have great potential in
the air traffic management industry. As for now, there is no known document that would depict
the precision of these data. The accuracy of the data we use within our systems is crucial for
the determination of the concrete application, which will be working with the specific data. To
point out the overall accuracy, we will use various techniques to get the most relevant results.
[34]

31



)1
Faculty of Transportation Sciences /ﬁ%%é

Czech Technical University in Prague

In general, the data analysis used in this work comprises the following steps [35]:

. Defining the evaluation criteria
. Collecting, exploring, and pre-processing data
o Statistical analysis

. Validating results

3.1 Evaluation criteria

The accuracy of the NM B2B Flight data is going to be evaluated in several ways. We will use
different approaches that will help us deeply understand the data. To achieve a relevant and
effective analysis, we must first define what evaluation criteria are being considered. It includes
the statement of what attributes are going to be used in the analysis as well as the way they

are going to be classified and eventually evaluated.
The evaluation criteria used in this work can be described as follows:

e Positional accuracy
o The positional accuracy as an evaluation criterion will highlight the precision the
NM B2B Flight data when compared to positional data from multiple
surveillance sources.
e Altitude accuracy
o The altitude accuracy will depict the differences in terms of altitude information

from NM B2B Service and surveillance sources.

The data fields derived from NM B2B Service used in the accuracy evaluation:

e The data fields derived from NM B2B Service used in the accuracy evaluation:
o Aircraft position
o Flight Level
e The accuracy will be assessed in different ways. We determine and focus on the
following:
o Flight Information Region (FIR)
o Geographical area
o Flight Route (defined by the Aerodrome of Departure and the Aerodrome of
Destination)
o Time period (defined by the 24-hour intervals)
o Flight (defined by the concrete callsign)
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3.2 Collection and exploration of data

This chapter is focused on the way of gathering flight data from various sources for the
upcoming evaluation. NM B2B Flight data contain so much information that we must decide
and clearly determine whether to store only those data that are relevant for further analysis.
Besides NM B2B Flight data, it is also required to collect and pre-process data from

surveillance information sources:

¢ FlightRadar24
e OpenSky Network

e Secondary Surveillance Radar data from French airspace

The surveillance information sources will be used as the reference for the NM B2B Flight Data
evaluation. As for the FlightRadar24 and OpenSky Network, they both contain information that
are primarily based in the calculations from the onboard system and received through the ADS-
B system. Comparing NM B2B Flight data also to the data from the secondary surveillance
radars will give us a better overview of the whole system’s accuracy. We can think of it in the
way that more sources of data using different approaches could lead to more complex analysis.
The collection of mentioned information is being achieved by using the Python 3 programming
language, which allows us to store the data in a database system. Specifically, in this study,

we use the Python programming language for accessing the SQL and Couchbase databases.

In Table 1, we can see which surveillance information sources were used for the evaluation of

the NM B2B flight data accuracy in specified geographical areas.

Table 1: The utilisation of surveillance information sources in specified regions

. _ Surveillance information source
Geographical region

os FR24 SSR

West IFPZ (/] (/] (/]
Central IFPZ (/] (/] (X
o O

South-East IFPZ
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Consequently, the areas on which we performed the analysis are displayed on a map in Figure
8. The specification of three focus areas was made on behalf of achieving an appropriate

overview of how the data accuracy differs in different regions.

IFPZ - Central

IFPZ - West

IFPZ — South-east

Figure 8: Focus areas

3.2.1 NM B2B

As mentioned in Chapter 2, we will be gathering data using the command function that returns
the Flight List by Airspace. From all the possible ways how to retrieve data from NM B2B
Service, we have chosen to use the Flight List by Airspace because of one particular reason.
In this way, we can cover a much wider area instead of just information gathered for the specific
but smaller area, for example, from the Flight List by Aerodrome. The most important
information used for the accuracy evaluation is involved within the CTFM Point Profile, which
contains all the necessary information used for calculating the position of the aircraft. We are
talking about the trajectory of the aircraft described in the form of all the points on the flight
route and times at which the aircraft is supposed to fly over the specific set of points
accompanied by the flight level maintained on the route segments.

The flight data retrieved from the NM B2B Service are being received in JSON format. An
example of this data format is shown in Figure 9. As this response from NM B2B also contains
information that is not subject to our analysis, we will need to pre-process it. This process
involves the filtration of the data in a way that will allow us to store only that information relevant

to our analysis.
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{"flight":{
"flightid": {
"id": "AT@1522847",
"keys™: {
"aircraftid™: "EJU3642",
"aerodrome0fDeparture”: "LKPR",
"aerodrome0fDestination”: "LEBL",
"estimatedoffBlockTime": "2021-87-19 @9: 15"}},
"aircrattType": "A319",
"estimatedTimeOfArrival™: "2021-07-19 11: 20",
"ctfmPointProfile™: [{{
"timeOver": "2021-07-19 09: 34: 15",
"flightLevel™: {

"unit": "E",
"level™: 240,
"point": {

"pointId": "DOBEN"},
"flightPlanPoint™: “True"},
"timeOver": "2021-07-19 10: 03: 21",

"flightLevel™: {

"unit": "F",
"level™: 390}},
"point": {

"nonPublishedPoint-GeoPolnt™: {
"position™: {
"latitude": {
"angle™: "463527",
"side": "NORTH"

T

"longitude™: {
"angle": "@110337",
"side": "EAST"}}}}}}

Figure 9: Sample of NM B2B data in JSON format

From Figure 9, it is clearly visible that we won’t need all the gathered data. The concrete data

fields that are being stored for further analysis are:

e FlightID

o {"flight": {"flightld": {"id": "AT01522847"}}}

o A unique identifier of a flight plan assigned by the IFPS system (e.g.,
AT01522847).

e Aircraft ID

o {"flight": {"flightld": {"keys": {"aircraftld": "EJU3642"}}}}

o The callsign of the aircraft, which can be represented by the registration mark
assigned by the state of registration (OKMAA) or by the designator of the aircraft
operator accompanied by the number of the flight (EJU3642).

e Aerodrome of Departure
o {"flight": {"flightld": {"keys": {"aerodromeOfDeparture": "LKPR"}}}}
o ICAO designator of the aerodrome of departure (LKPR)

e Aerodrome of Destination
o {"flight": {"flightld": {"keys": {"aerodromeOfDestination": "LEBL"}}}}
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O

ICAO designator of the aerodrome of destination (LEBL)

e Time Over
o {"flight": {*ctftmPointProfile": {"timeOver": "2021-07-19 09: 34: 15"}}}

o The predicted time at which the aircraft is supposed to be flying over the

significant point.

o The attribute of Time Over can be found within the CTFM Point Profile, which

represents the most actual trajectory of the flight.

e Flight Level
o {"flight": {*ctfmPointProfile": {" flightLevel ": {"unit": "F","level": 240}}}}
o The expected Flight Level that the aircraft is supposed to maintain while passing

through the significant point.

e Position
o PointID

{"flight": {*ctfrmPointProfile": {" pointld ": " DOBEN "}}}

The significant point on the flight route that is represented by the ICAO
designator. While the position is described by such a point ID, it is not
accompanied by any other position information, meaning the
geographical coordinates. Because of that, we have created a
Points.JSON file (Attachment 1) which contains information about the
geographical coordinates of all the designated points as well as the

aerodromes.

o nonPublishedPoint — GeoPoint

3.2.2 FR24

{"flight": {“ctfmPointProfile": {"point": {"nonPublishedPoint-GeoPoint":
{"position": {"latitude": {"angle": "463527","side": "NORTH"},"longitude™:
{"angle": "0110337","side": "EAST"}}}}}

In case the point on the flight route is not represented by the ICAO
designator, it is represented by the latitude and longitude coordinates.

Both coordinates are described by the angle and the side.

To evaluate the accuracy of NM B2B Flight data, we need to have information from other

sources that will be used as a reference. Flight Radar 24 collects an enormous amount of data

about the aircraft throughout the whole world. This information is being shared for non-

commercial purposes through the Application Programming Interface (API). This tool enables

us to access the actual data of FR24 using the API as a Python library. After the installation,
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we can obtain numerous information such as the list of the airports, airlines, zones and most
importantly, the list of the actual flights. [32][36]

Consequently, in Figure 10, we filter only those data that are relevant for our analysis. We
collect almost the same data as previously from NM B2B Service. For the upcoming evaluation,
it is necessary to obtain information about the callsign and position of the aircraft in the form
of latitude and longitude coordinates, as well as the actual flight level. After requesting the data
in this way, we get the information about the flights obtained by the API at the actual time of
the request. Thus, the time attribute will be close to the actual time.

for f in flights:
callsign_fr.append(str{f.callsign))
lat _fr.append(f.latitude)
lon_fr.append(f.longitude)
time fr.append(datetime.fromtimestamp(f.time))
f1 level fr.append(f.altitude)

Figure 10: Filtering FR24 data

Afterward, the specific data fields are loaded into separate lists. It allows us to keep track of

the concrete flight using the indexes of the elements within the lists.

As there are certain limitations for the amount of data gathered within specified time window,
we decided to use the source of Flight Radar 24 data for the specified parts of IFPZ. Another
reason for doing so was to observe any difference in the accuracy evaluation of NM B2B Flight
data using the other sources like OpenSky and Secondary Surveillance Sadar in this concrete

area.

3.2.3 OpenSky Network

Another source of flight data used in the NM B2B analysis is the OpenSky Network which uses
similar ways of obtaining information about the aircraft’s position. The way how to get the

OpenSky Network data is shown in Figure 11. [37]
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lat min = 35

lon_min = -9

lat_max = 55.28450035530949

lon_max = 14

username =

password =

url page = "https://"+username+":"+password+"@cpensky-network.org/api/states/all?
lamin="+str{lat_min)+"&lomin="+str{lon_min)+"&lamax="+str(lat_max)+"&lomax="+str(lon_max)

Figure 11: OpenSky Data request [37]

Access to this data is done through the REST API. It is the form of an API that uses HTTP
requests to obtain the data. In Figure 11, we can see that we try to access the data of the
flights that are present in the specified polygon, which is represented by the maximum and
minimum latitude and longitude. By a single request, we receive the actual flight data
corresponding to the airspace situation at the moment of making the request. [37]

The parameters of the flights that can be obtained through the OpenSky Network are
numerous. For the purposes of the work, we retrieve only the data regarding the Callsign,
Latitude, Longitude, and Altitude.

The OpenSky flight data were collected for the analysis of the NM B2B Flight data precision in

the areas of the western, central and south-eastern part of IFPZ.

3.2.4 SSR

The approach for accessing the Flight data gathered from the secondary surveillance radars
differs from obtaining data from the previous sources. The usage of SSR data on behalf of this
study was granted by the ACHIL laboratory at the ENAC University in Toulouse. The SSR data
are stored in an internal database that utilizes the Couchbase platform. Couchbase offers a
NoSQL database which has many advantages. The format of the data tables does not have to
be necessarily fixed. It is possible to adjust the format of stored data with intention to adapting

to changing requirements.

Thanks to the ACHIL laboratory we are able to access the SSR data in a JSON based format
through the Couchbase platform. The format in which we obtain the data is shown in Figure
12. It is apparent that the data within are already filtered only for those required by this study.
From this database we obtain the information such as the callsign, day, the time of receiving
the position data followed by the actual aircraft position described by the geographical

coordinates of latitude and longitude.
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{
"rstna”: {

"callsign": "RYR6SAB",

"day": "2023-03-25",

"trajectory”: {

"15: @4: 45": {

"FL": 240,
"lat": 46.04555,
"lon": 2.38766

—

[a—

Figure 12: SSR Couchbase database structure

This way we can obtain the SSR data from all the Secondary Surveillance Radars within the
French Airspace. This implies that for the accuracy evaluation of NM B2B Flight Data in the
western part of IFPZ and specifically in the region of the French Airspace, we used all of the
available source such as FR24, OS and SSR.

3.2.5 Database

After the collection of the relevant data has been performed, we must store them in a suitable
way. That's why several database tables have been created and filled with the necessary
information needed for the actual evaluation. The language of the database structure has been
determined to be a Structured Query Language (SQL). SQL databases have many advantages
as it enables us to store data in structured entities, which makes them easy to read and
analyse. With the intention of comparing the NM B2B Flight Data with multiple surveillance
information sources, we will create separate SQL tables for every reference source, as well as
for the observing geographical. In the upcoming examples, we will refer to OS and FR24, but

it is important to state that the structure of tables will be the same for all the database tables.

For every surveillance information source and geographical area, we will have 2 database

tables:
e Position
e Flight Level

As the names of the database tables imply, the first will contain information that is associated
with the position analysis. This reflects that all the information regarding the mutual position

between the same aircraft obtained from two different sources will be stored within this
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concrete database table. The second database table contains the information regarding the

flight level information from both sources (NM B2B and the chosen reference source).
3.2.5.1 Position — database table

The database table that carries the name Position consists of several attributes, which in a
way, refer to the relationship between information gathered from two different sources. Figure
13 represents the structure of the database table Position_os_c, its individual attributes also
with their corresponding data type. In this example, also shown in Figure 13, we can observe
that most of the attribute names contain “0s” in their name. This is supposed to represent the
fact that the database stores and compares data from OpenSky and NM B2B. In such way, we

may explore the “fr” or “ssr” element in the other database tables.

Position_ OS C

ID

Callsign (text)
nm_time (real)
0s_time (real)
nm_lat (real)
nm_lon (real)
os_lat (real)
os_lon (real)
Infront (text)
position_os (text)
distance_os (real)
perpendicular_d (real)
offset_d (real)
Adep (text)
Ades (text)
Category (text)
Fir (text)

Figure 13: Position databse table

In this work, we have created Position database tables separating different reference sources

and geographical areas in this way:

e Position_FR_W — Flightradar24 used as a reference in western part of IFPZ.

e Position_OS_C - OpenSky Network used as a reference in central part of IFPZ.
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o Position_OS_SE — OpenSky Network used as a reference in south-eastern part of
IFPZ.

e Position_SSR — Secondary Surveillance Radar data used as a reference.

At this point, we will proceed to the definition of all the attributes within the Position database
table.

ID

The ID within the database table is used as a Primary Key. Every time we load a single row of
data to the database, we don'’t need to refer to the same aircraft. That is the reason why we
have chosen to assign a random ID. It clearly states that every row entity has the same
severity, and we differ between all of the data from different or the same aircraft in the same

manner.

Callsign

The callsign of the aircraft must be present in the database for one particular reason. With the
intention of analysing the precision assigned to concrete aircraft, we will use to filter by the

same callsign. This allows us to see the differences in data accuracy between concrete aircraft.
NM time

NM_time attribute represents the timestamp used for the position calculation from the NM B2B
Flight data. As the CTFM Point profile obtained from NM B2B Service contains the whole
trajectory with the Time over attributes, we can use it for the position prediction at a particular
time. To compare two pieces of information on the position from two different sources, we need
to have the timestamps of both pieces of information aligned. Therefore, the NM_time attribute

must be the same as the OS_time attribute.
OS time

After the retrieval of the data from the reference source, in this case, meaning OpenSky
Network; we obtain the information about the timestamp. This information represents the
concrete time, when the reference source received the information about the specific aircraft.

For this reason, we must use the same time in the position calculation from NM B2B data.
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NM lat

The latitude is calculated from NM B2B Flight data at a particular time. As the CTFM Point
Profile describes the whole trajectory of the flight, we can interpolate and find any position of
the aircraft at a given time. In this work, we use the type of linear interpolation which has proven
to be sufficient for desired analysis. Once we have the information about two data points (Point
1 and Point 2) with the corresponding time_over attributes (T1 and T2), we can estimate the

position of the aircraft at time T.
The linear interpolation in this master thesis is used in the following way:

o At first, we need to state the relative position of time T between two time intervals T1
and T2 [18]:

p = 1T
T,-T;

(1)

Where the value of t is from the interval (0,1). If the aircraft Is located at Point
1, the value of t will be 0 and consequently 1 if it is situated at Point 2. Time T1
and T2 are obtained from NM B2B Service, while time T is the information from

the reference source (OS).

e Consequently, we can use the information about the relative position of time T to
calculate the position of the aircraft at this time. To calculate the latitude coordinate, we

use the following formula [18]:

Based on the coordinates of Point 1 (X1, Y1) and Point 2 (X2, Y2) we calculate
the X coordinate at the specific time T. The X coordinate represents the latitude
value of the aircraft that is comprised within the attribute NM_lat in the database
table.

NM lon

The longitude attribute based on the NM B2B Flight data is calculated in the same manner as

previously shown with the calculation of latitude coordinate.

The formula used for the calculation of the longitude from CTFM Point Profile at a given time
T (OpenSky timestamp) [18]:
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OS lat

The latitude coordinate is obtained from OpenSky API in a decimal form. This information is
directly used for the calculation of the distance between NM B2B and OS position information.

OS lon

The longitude information representing the position of the aircraft gathered from OpenSky API
is expressed in decimal form. In this way, we do not need to pre-process it further, and we may

use it in calculation straightaway.
Distance o0s

The distance_os attribute presents the actual distance in nautical miles between two points on
Earth:

e Point 1 [nm_lat, nm_lon] — the position of this point has been calculated through a linear
interpolation of trajectory from NM B2B Flight data at a given time.
e Point 2 [os_lat, os_lon] — The position of this point has been obtained from the

surveillance information source (in this case OS).

The great-circle distance between two points on the Earth is calculated using the Haversine
formula [38]:

2 2
a = sin (%) + cos(nm_lat) cos(fr_lat) sin (Al;m) (4)
¢ =2 atan2(Va,V1—a) (5)

distancer, = % (6)

The Haversine formula assumes that the Earth is a perfect sphere, so we must admit some
error in the final results. In this concrete equation, we use the variable R as an Earth’s radius,
which is 6 371 km. With the intention of getting the result in nautical miles rather than

kilometres, we must divide the result by 1,852. [38]

Perpendicular d

The distance_os contains information about the overall distance between two points. But in

the further analysis we must see if the aircraft position obtained from surveillance information
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source is also misplaced from the actual predicted route by NM B2B Service. It is important to
recognize whether the value of distance_os has been caused by the perpendicular component

or there has been some delay in a position along the line.

The attribute perpendicular_d contains the information about the perpendicular distance
between the point and the line. To calculate the perpendicular distance of the point (OS) to the

line formed by two points from NM B2B we use this formula [39]:

|(0s1—nmq)X(fT1—nmy) | )

perpendicular_d =
[nmy—nmy|

Where os_1 represents the point obtained from OpenSky and nm_1 and nm_2 are the points
obtained from NM B2B. [39]

Offset d

Another element that we must take into account is the information about the offset distance.
By the offset distance we mean the distance between the points os_1 and nm_1 along the line
which is formed by points nm_1 and nm_2.

As we previously calculated the overall distance between the points os_1 and nm_1, as well
as the perpendicular distance between them, we can use this information for the calculation of
the offset distance. As the distance values don’t necessarily exceed 20 NM, it is sufficient for

our needs to use the Pythagorean theorem:

of fsety = \/distance_os? — perpendicular_d 2 (8)

Even though the usage of the Cartesian coordinates and the Pythagorean theorem doesn’t
consider the curvature of the Earth’s surface, the difference of the error in comparison with the
spherical equations is negligible. As the Earth is not the perfect sphere and the distance values
are relatively small in the magnitude, it is reasonable to state that these equations are

appropriate for the purpose of this study. [40]
Infront

The information stored within the attribute Infront states which of the data source, whether NM
B2B or OS are in front or delayed on their path. The knowledge of such fact can help us
understand and analyse if the NM B2B data are delayed or the predictions are further in time

when comparing to the real position stated by the Surveillance Information sources.

44



Faculty of Transportation Sciences /‘%’r?‘//é

Czech Technical University in Prague

To figure out which of the positions are more in front on the flight path, we will use the haversine

formula. We have to calculate two distance values:

¢ Distance between points nm_1 and nm_2
o The Point nm_1 is in this case represented by the calculated position based on
NM B2B Service. The calculation is done for the timestamp of the Surveillance
information source.
o The Point nm_2 is the following point on the flight trajectory defined by the NM
B2B Service
e Distance between points os_1 and nm_2
o The point os_1 is defined as the actual position of the aircraft from the
Surveillance information source (OS)

o The point nm_2 is the following point on the flight trajectory.

After we have found out which of the mentioned distances is shorter, we can assign to the
attribute Infront within the Database table that either NM B2B or OS are closer to the

consequent point of the flight trajectory.
Position os

In the attribute Position_os we present whether the position obtained by the Surveillance
information source (OS) lies on the left or on the right side of the flight trajectory defined by the
NM B2B Service. To determine so, we will use the cross product of the vectors. The first vector
A is formed by the points nm_1 and os_1 and the second vector B by the points nm_1 and
nm_2. The cross product of two vectors will result in the third vector C which is perpendicular
to the plane containing first two vectors. The mathematical method used in the calculation is

as follows [41]:
AXB=C (9)
(os; —nmy) X (nmy, —nm,) =C (20)

Where C is the resulting vector which consists of three components (X,y,z). But to determine
the position of the point os_1 relative to the line (hm_1 and nm_2) it is sufficient to calculate

only the x component of the vector C.
Cx =Qy*b, — by *a, (12)

Where ay, b;, by, a; are the components of the vectors A and B. Eventually the position of the

point from OS is determined by the sign of the x component of the vector C. If the x component
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of the cross product is positive, then the OS position is located to the left of the line created by
NM B2B data. If it is zero, it means they are both on the same line. And if the x component of
the vector C is negative, it states that the OS position is to the right of the line. Consequently,
we can use this information in analysing whether the position of NM B2B in relation to the
Surveillance information source deviates to which side in some geographical areas or routes.
[41]

Adep

We store the information about the Aerodrome of Departure because it allows us to proceed
with further analysis of a given route defined by the aerodrome of departure and destination.

Ades

The information about the Aerodrome of Destination is again stored as an ICAQ identification
of the airport. For the additional analysis of the concrete route, it is necessary to include this
information within the database as well.

Category

The information about the category of the flight differs in two ways:

o D — Domestic flight
o The flight which on a whole flight trajectory doesn’t leave an airspace of a
specific country is considered to be a domestic flight. Such flight will be
assigned a letter D in the Category attribute within the database.
o | —International flight
o The flight which, on its flight route, leaves one airspace and enters the airspace
of another country is considered to be an international flight. In this case, we

will assign the category attribute with the letter I.

This valuable information gives us the option to analyze whether there are any accuracy
differences in NM B2B Flight data between the Domestic and International flights. As domestic
flights are not leaving one airspace on the entire flight trajectory, it could be less affected by
the regulations, which could lead to easier predictions of the flight position as well as better

accuracy.
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Fir

Flight information regions, also known by the abbreviation FIR, are the regions of the airspace
strictly defined by their dimensions. We have chosen to include this information within the
database as we can then compare the precision of NM B2B Flight data in different FIRs

respectively.
3.2.5.2 Flight Level — database table

The database table that carries the name Flight Level is meant to store data for the analysis
of the vertical profile of the flight. It is important to load such data within the database to identify
any patterns in areas, routes or specific time intervals where the accuracy differs from the

normal condition.

The attributes used in this database table are similar to those used in the Position database
table as we tend to maintain the same approach of the upcoming analysis. The structure of the

database table is shown in Figure 14.

FlightLevel FR W

ID

Callsign (text)
Time (text)
FL nm (real)
FL_fr (real)
FL_dif (real)
nm_lat (real)
nm_lon (real)
Adep (text)
Ades (text)
Category (text)
Fir (text)

Figure 14: Flight level database table

As we can observe in Figure 14, the only entities within the database table that are different

from the previous one are:

e FL nm
o The flight level of the specific aircraft derived with the same timestamp as we

obtained from the Surveillance information source.
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e FL fr

o The information about the flight level gathered from the Surveillance information

source (in this case we are talking about the FR24)
e FL dif
o The difference between two previously mentioned FL_nm and FL_fr. The

information displayed under the FL_dif attribute will be used for the further
analysis of the vertical profile precision of NM B2B Flight data.

3.3 Statistical analysis

Statistics is a science that combines mathematics and logic with the intention of understanding
the relationship and patterns from the collected data. It is widely used in any sphere of our
lives. The aviation industry depends on the quality of the used data within their systems. In
the same way, we can conclude that all the companies that use the NM B2B Service in their
applications must know the accuracy of the data they receive. Before implementing such data
and before choosing the purpose for the utilisation, we need to know the basic information

about their precision.

For the accuracy evaluation of NM B2B Flight data we will be analysing several samples of
data that will differ from each other by the area and the source of the surveillance information
used as a reference. At the end, it will allow us to observe and analyse any differences between

them. From the statistical point of view, we distinguish two widely used statistical techniques:

e Descriptive statistics

e |nferential statistics

The inferential statistics method works with the utilisation of hypothesis for making the
conclusions about the samples of data. In order to satisfy the objectives of this study we will
use the first mentioned method called the Descriptive statistics. In the following chapters we

will analyse the NM B2B data accuracy using the tools of descriptive statistics. [42]
3.3.1 Descriptive statistics

The descriptive statistics is a method of describing, summarizing, and understanding the data
we collect. It is a useful way of visualising data in the form of graphs and charts for better
understanding. The main aim is to focus on historic and real-time data and not to focus on
making the predictions about the future. The results can point out to important facts about the

concrete data samples and can be furthermore used as a foundation for another research. [42]
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After we have successfully obtained data, filtered, and stored them in a proper way, we can
proceed with the analysis. In general, we distinguish 3 most commonly used types of

descriptive statistics [42]:

o Measures of Frequency
¢ Measures of Central Tendency

e Measures of Dispersion

The closer explanation of every type with the application is comprised in the following chapters.
3.3.1.1 Measures of frequency

As the name implies the measures of frequency focus on the density of occurrence of specific
values within the data sample. Therefore, we can begin with the evaluation and analysis of the
accuracy of the NM B2B Flight Data.

At first, it is important to state the attribute we are observing. The most significant entity which
defines the accuracy of the NM B2B Flight data focused on in this study is the information
about the position information of the aircraft. We have been gathering data from three
surveillance information sources (FlightRadar24, OpenSky Network and Secondary
Surveillance Radars). In the next steps of this chapter, we will focus on the following attributes
from the databases:

Distance_os

Perpendicular_d
Offset _d
FL_dif

As the FlightRadar24 and OpenSky Network platforms collect data about the aircraft’s
positions in similar manner, we have decided to use in the next examples each source for
different area of IFPZ zone. The FR24 was used for analysis of the western part of the IFPZ
while OpenSky Network was used for the analysis of the NM B2B Flight Data accuracy in the

South-Eastern part.

In the first histogram in Figure 15 we can see the distribution of the distance_fr values. This
value represents the difference between the position information gathered from NM B2B and
FR24, measured in nautical miles. The amount of data within this concrete sample is 200 000

and was measured in regular time intervals over 10 days in the Western part of IFPZ.
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Figure 15: Histogram - FlightRadar24 — West of IFPZ

The information represented by the histogram in Figure 15 distinctly points out that most of the
distance values differences falls into the interval of 0-2 nautical miles. The apex is situated
within the vicinity of 0.5 nautical miles and exhibits an exponential decay pattern until reaching
a magnitude of 15 nautical miles. At the value of 10 NM mark, a notable decrease is
observable. This fact could potentially suggest and support the fact that positional data
obtained by NM B2B are being recalculated upon reaching the 10 nautical mile threshold as
stated in ATFCM Manual [14].

As a comparison of another surveillance source and explored IFPZ area we will advance to
the OpenSky Network data from the South - Eastern part of IFPZ. The amount of data depicted
in the Figure 16 is 40 000. We can observe the distance_os values which represent the
difference between the position announced from NM B2B and OpenSky Network measured in
nautical miles. A very similar pattern is depicted as previously shown in Figure 15. The peak
is again located at the mark of 0,5 nautical miles and afterwards we see the decrease in an

exponential pattern down the mark of 14 nautical miles.
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Figure 16: Histogram - OpenSky Network SouthEast

Following this, it is appropriate to figure out which of the two components, meaning the
perpendicular and offset distance, make the most significant influence on the overall distance
value. The relationship between the distance components is displayed in Figure 17. From
Figure 17, we can see the blue trajectory representing the predicted trajectory by the CTFM
from the NM B2B Service. We aim to point out the values of the overall, perpendicular, and

offset distance between the position information from NM B2B and Surveillance sources.

Ecommoy

Chéteau-
du-Loir

Figure 17: Distance components

For depicting the relation between the perpendicular and offset distance, we will at first use the
FlightRadar24 data in Western part of IFPZ. In the following Figure 18 we can explore two
histograms. Each of them is focused on one of the distance components. Histogram a) in

Figure 18, depicts the distribution of the offset distance values. While the distribution of
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perpendicular distance values is represented by the histogram b). We can now conclude
several important facts. The perpendicular distance seems to have much less significant
influence on the overall distance in comparison with the offset distance. The perpendicular
distance values exhibit a notable peak situated in the interval of 0-0,5 nautical miles.
Subsequently, we can observe a substantial decrease in the histogram. In comparison with
the offset distance values, the peak is located more around 0,5 nautical miles followed by more
consisted decrease in exponential pattern. But on the other hand, we can also observe that
perpendicular distance values in histogram b) reach more values to the negative extremes as
well. The influence on the overall distance will be examined in the following sections.

a) Histogram of Distances b) Histogram of Distances
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Figure 18: Histograms of Offset a) and Perpendicular distance b) — FR24

In a similar manner we will progress with the comparative analysis of the perpendicular and
offset distance related to OpenSky Network data in the south-eastern part of IFPZ. In Figure
19 we can explore two histograms. The histogram a) shows the distribution of the offset
distance values while the histogram b) of the perpendicular distance values.
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Figure 19: Histograms of Offset a) and Perpendicular distance b) — 0OS
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When comparing figure 18 to figure 19 we can see that the relationship between the
perpendicular and offset distance values are considerably similar. Following this fact, we can
suppose that the NM B2B Flight data accuracy doesn'’t significantly change in different areas
of IFPZ. Also, the amount of the lowest values of the position information is apparent in the
histogram b). This points out to the idea that in a bigger way the NM B2B position could
potentially vary from the actual one mostly in time difference. As time difference is directly
proportional to the value of the offset distance, proving the fact that the offset distance
represents the difference in position along the actual flight trajectory created by CTFM Point

Profile.

At present, we can proceed to the examination of the accuracy of the vertical profile information
gathered from NM B2B Service. In this case we will analyse the relationship between the
FlightRadar24 data. We are comparing the flight level information at a given points described
by the CTFM Point Profile. The distribution of the attribute FL_dif is represented by the
histogram in Figure 20. The amount of data used in this concrete analysis is 45 000. From the
Figure 20 we can see that over 44 000 of all the data are around O ft. This proves that the

accuracy of the vertical profile information is very precise.
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Figure 20: Flight Level analysis - FR24

As there are very little amount of data that are not fitting the desired quality, in the figure 21 we
can see the extreme values of the Flight level information accuracy derived from NM B2B
Service. In Figure 21 we can explore the histogram of data of which the difference was bigger
than 1000 feet. It is visible that only few hundreds of data fell out of the margin less than 1000
feet. The peak is located in the area of 2000 ft that could potentially indicate that an Air Traffic
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Controller suggested the change of the Flight Level, which wasn’t updated at the right time in
the CTFM Point Profile.
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Figure 21: Histogram of Flight level extreme values

In this study, we have experienced a high precision of the vertical profile data described by the
flight level differences in several data samples. The majority of the data samples of more than
99% showed that the flight level differences between NM B2B Flight Data and either OpenSky
Network or FlightRadar24 were less than 150 ft. Therefore, we concluded that the flight level
differences between the sources are highly accurate and decided to focus our analysis on
position data.

3.3.1.2 Measures of Central Tendency

The Measures of Central Tendency is one of the most common used methods of the
Descriptive Statistics. The central tendency indicates that using these measures we will focus
on the typical value around which the other values tend to cluster. We distinguish three most

commonly used measures of central tendency [42][44]:

e Mean
o Mean is also known as the average value of the data sample.

o The formula used for the calculation of the mean:

¥ === (12)
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= Where xrepresents the sample of the data while n is the number of data
within the specific data sample
e Median
o Median value represents the middle score of the dataset (A), which is arranged
in a particular order.
o The formula for calculating of the median is:
= If the number of data is even:

(13)

= |f the number of data is odd:

n+1

Mdn =A[ .

(14)
o After the calculation we get the middle value of the dataset.
e Mode
o Mode represents the value from the dataset with the highest frequency. In our
case we use continuous data which could make it complicated for calculating
the concrete value with the highest occurrence. With the intention of finding the
mode within our data we will create periodic intervals and determine the mode
using those intervals.
o Therefore, there is no direct formula for calculating the mode of the dataset. To
find the mode we will group the values into intervals and the concrete interval

with the biggest amount of data can be assigned as our mode.

Table 2: Measures of Central Tendency- Distance

Surveillance information source | Mean [NM] | Median [NM] | Mode [interval in NM]
FR24 - West IFPZ 3,5149 2,7585 0-1
OS — West IFPZ 3,4656 2,7360 0-1
SSR — West IFPZ 3,8865 2,1148 0-1
FR24 — Central IFPZ 3,3429 1,9350 0-1
OS - Central IFPZ 3,3893 1,9624 0-1
FR24 — Southeast IFPZ 3,3695 1,8710 0-1
OS — Southeast IFPZ 3,6517 1,7497 0-1
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In Table 2, we can explore how the measures of central tendency differ in comparison with the
utilization of different surveillance information sources as well as in different areas of IFPZ.
The measures of central tendency were calculated for the dataset of 40 000 values obtained
from the database tables referring to Position. It is apparent that the values of Mean are nearly
the same, as the mean of the overall distance differences between NM B2B and FR24 is
3,5149 nautical miles obtained in the western part of IFPZ. In comparison with the OpenSky
Network data from the Southeast part of the IFPZ, the mean reached the value of 3,6517
nautical miles. When we look at the values of modes, all of them suggest that most of the
measured distance differences belong to the interval of 0 to 1 nautical mile. The only significant
difference is observable in the measure of central tendency called the median. The median of
measured distance differences in the western part of IFPZ is significantly higher. As the median
value represents the middle value of the whole dataset, it could suggest that the values
obtained in the western part are more evenly distributed. In comparison with the data
calculated in the central and south-eastern part of IFPZ, the median value suggests that in the

dataset, there are more extreme values present.

Table 3 represents the measures of central tendency calculated from the perpendicular
distances. It is apparent that we measured the lowest values of perpendicular distance on

average in the area of Central IFPZ.

Table 3: Measures of central tendency - Perpendicular distance

Surveillance information source | Mean [NM] | Median [NM] | Mode [interval in NM]
FR24 - West IFPZ 2,4319 1,5998 0-1
OS — West IFPZ 2,4931 1,6442 0-1
SSR — West IFPZ 2,5374 1,3814 0-1
FR24 — Central IFPZ 1,8516 1,4924 0-1
OS — Central IFPZ 1,9334 1,3838 0-1
FR24 — Southeast IFPZ 2,0373 1,4471 0-1
OS - Southeast IFPZ 2,1679 1,6039 0-1

In contrary, Table 4 shows the measures of central tendency that come from the measured
values of the offset distances. We can observe that the values of median are close to each
other. But we can see apparent difference in the mean values. We will explore the possible

reasons in the upcoming chapters in further analysis.
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Table 4: Measures of Central Tendency - Offset Distance

Surveillance information source | Mean [NM] | Median [NM] | Mode [interval in NM]
FR24 - West IFPZ 2,5256 1,3126 0-1
OS — West IFPZ 2,0730 1,5735 0-1
SSR — West IFPZ 2,7356 1,4291 0-1
FR24 — Central IFPZ 2,3586 1,4043 0-1
OS - Central IFPZ 2,6072 1,4555 0-1
FR24 — Southeast IFPZ 2,8791 1,5798 0-1
OS - Southeast IFPZ 3,1142 1,3557 0-1

The big disadvantage of the measures of central tendency is the fact that it doesn’t really say
much about our datasets. Even when two of our sets have the same mean or median values

it doesn’t necessarily mean that they are the same.

The measures of central tendency showed us another overview of the collected data samples.
As we could see, the majority of measured values of either overall, perpendicular or offset
distance were located in the interval of 0 — 1 nautical miles. Another interesting thing to point
out is that on average, the results measured using OpenSky data were sufficiently close to the

results when gathering the data from FlightRadar24.
3.3.1.3 Measures of Dispersion

To understand how the data are distributed in the dataset sample we will use the measures of

dispersion. We distinguish two main types of measures of dispersion [45]:

e The absolute measures of dispersion

e The relative measures of dispersion

As we are comparing datasets with the values assigned by the same units, it is sufficient to

use the absolute measures of dispersion, which are composed of [45]:

¢ Range
o The range value is being calculated as a difference between the largest and the
smallest value of the dataset. It doesn’t reveal much information about the
datasets besides that it allows us to see the maximum and the minimum values.

e Interquartile range
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o The interquartile range represents the middle 50% of the whole dataset. It is
calculated as a difference of the first quartile (first 25% from the dataset) and
the third quartile (75% of the dataset).

o The main advantage of the interquartile range is that it is not affected by the
extreme values and focuses on the area where most of the obtained data are
clustered.

e Variance

o Variance is the measure that tells us how the data are spread across the dataset
from the mean of the dataset. The higher the value of variance, the further the
individual data points are located from the mean value. The variance s? of the
dataset X, where n represents the number of data can be calculated by the

formula:

52 = yp At (15)
e Standard deviation
o The standard deviation, also considered as the most commonly used measure
of dispersion, represents the average amount of dispersion of individual data
points from the mean value of the dataset. It is less sensitive to the extreme
values and provide more accurate information about the behaviour of the

observing data. The value of standard deviation can be calculated by following

SD = fz”ﬂ (16)
1 n-1

Consequently, we can apply the measures of dispersion on gathered data of the database

formula:

table Position. The amount of data within the used data sample is 40 000. The Table 5 exploits
the range, interquartile range, variance and standard deviation of the three attributes (overall
distance, perpendicular distance, and offset distance measured between the position
information gathered from NM B2B and FR24). The range values suggest that the highest
influence in the overall distance value was made by the offset distance. It could potentially say
that some of the aircraft position data were delayed for quite some time as the extreme values
of the overall distance reached over 129 nautical miles. The interquartile range shows that
most of the data within the given dataset fell into the interval of around 3 nautical miles. We

can also observe that the variance value is more affected by the extreme values in the dataset.
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The value of the standard deviation on the other hand shows that the individual data points are

on average dispersed from the mean value only by the 2 to 3 nautical miles.

Table 5: Measures of dispersion - FR24 — West IFPZ

FR24 and NM B2B dci)svtzrna(ile Pe:jp;gp;rigglar Offset distance
Range 129,0365 49,0789 129,0375
Interquartile range 4,0008 3,4197 2,3521
Variance 9,3675 6,6223 4,4636
Standard deviation 3,0606 25734 2,1127

Table 6 shows the measures of dispersion calculated for the data gathered when comparing
the distance components between the NM B2B and SSR sources. We can observe similar
pattern than in Table 5, as the most of the extreme values were caused predominantly by the
offset distance. The distance values within the data sample range up to 151,74 NM with a
standard deviation of 7,25 NM.

Table 6: Measures of dispersion - SSR

SSR and NM B2B d?svt(;;a(lle Per(‘jp;sp;jnigglar Offset distance
Range 151,7408 49,9002 150,0824
Interquartile range 3,9817 3,3348 2,0362
Variance 54,5923 17,6101 37,5862
Standard deviation 7,2521 4,1964 6,1307

In the following Table 7, we depict the measures of dispersion observed from data after using
the OpenSky Network data in the South-eastern part of IFPZ. We can see that the range of
the same amount of 40 000 data in another part of IFPZ is significantly different. The extremes
are more than 3 times bigger, which has a high influence on the variance and standard
deviation values. The interquartile range proves the fact that most of the data fell close to the
mean value in the interval from 1,6 to 3 nautical miles. [46] Further analysis of the concrete
locations where we obtained the unusual extreme values will be performed in the Point Pattern

(Spatial analysis).
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Table 7: Measures of dispersion - OpenSky Network — Southeast IFPZ

OS and NM B2B dci)sj/tzrr?(ile Pe:ﬁgp;lr:gglar Offset distance
Range 247,5648 31,6288 247,3440
Interquartile range 3,0358 1,6470 2,2598
Variance 82,2083 3,0800 81,1055
Standard deviation 9,0669 1,7551 9,0058

3.3.2 Spatial statistics

In the previous chapter we discussed the need of descriptive statistic for our study. Thanks to
the descriptive statistics we could obtain the first insights about the NM B2B Flight data
accuracy. The problem is that while using these methods we get the physical information about
various factors of precision, but we do not know if the mentioned accuracy varies in different
areas. To help us visualise the data on a map and identify any patterns in the accuracy of our

data we will use the spatial statistics. [47]

With the combination of descriptive and spatial statistics, we will accomplish not only the
numerical and graphical results but also the spatial distribution of data across the whole
dataset. Using various methods of spatial statistics will help us determine how the accuracy
changes in different Flight information regions or specific areas of the IFPZ zone.

Two methods of spatial statistics that will be used within this study are [47]:

e Spatial analysis

¢ Point Pattern analysis

Both methods are widely used for analysing and identifying any spatial relationships in
observed data. In the upcoming steps we will proceed with the spatial analysis of three different

areas of IFPZ:

e Western part of IFPZ
e Central part of IFPZ
e South-eastern part of IFPZ

These concrete three groups of the IFPZ zone could point out to any differences in data
accuracy in between them. We have chosen these specific areas in order to observe any

visible behaviour of different datasets. We had to deal with several limitations including the
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amount of data retrieving from the NM B2B Service as well as Surveillance information

sources. We gather data in small periodic intervals to cover the whole area. It is preferred to
focus more on the chosen areas and obtain more data within them to achieve more accurate
results, rather than covering the whole IFPZ zone using less data. Based on this fact, we can
conclude that it will eventually provide a sufficient overview of the overall NM B2B Flight data

accuracy.

As the NM B2B Service allows us to obtain information based on the particular airspace, we
have decided to choose the French airspace for the western part, the Czech airspace for the
central part, and the Greek airspace for the south-eastern part of IFPZ.

Western part of IFPZ

The data obtained from the French airspace were accepted for the analysis of the western part
of IFPZ. We have obtained flight data information from NM B2B Service for every flight which
on his route entered a French airspace. With the intention of their accuracy analysis, we have
also collected flight data information from the surveillance information sources such as the
FliightRadar24, OpenSky Network, and Secondary surveillance radars. In fixed time intervals
of 4 minutes the data from NM B2B and both surveillance sources were pre-processed and

stored in the database with all the necessary information.

Figure 22: Data accuracy in the western part of IFPZ

Figure 22 represents the distribution of gathered data from both surveillance and NM B2B
sources in the western part of the IFPZ zone. We can observe visible point patterns that allow
us to distinguish the concrete routes and flight trajectories over the French airspace. Each
point on the map in Figure 22 represents a single value of the overall distance measured

between the position information of NM B2B and surveillance information source. To make the
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results appropriate, we calculated the distance difference of the same timestamps and stored

them within the database.

Besides the data distribution, we can observe another phenomenon in Figure 22. The colouring
of the individual data points symbolizes the value of the distance difference measured at each
point. The dark green shade represents that the difference in position between NM B2B and
surveillance information is close to 0 nautical miles, while the dark red colour of the point refers

to the extreme values which exceed more than 50 nautical miles difference.

To see how the data are clustered within the concrete areas, we will use the point pattern
analysis method, which comprises the utilization of the Kernel density. [48] It is a capable tool
that enables us to visualise the data over the map in a recognisable manner. The kernel
density, as shown in Figure 23, is achieved by applying the kernel function and calculating the
density estimation. The kernel function weights every point in the dataset while creating a
smooth distribution density of the data over the map. The more data we observed in
neighbouring areas the darker the colour of the area will be presented. [48]

Figure 23: Kernel density - western part of IFPZ

In Figure 23 we can see the most populated areas within the whole dataset. Most of the
gathered position information points corresponds to the biggest airports in observed area. We
can clearly distinguish the airports in the cities like Paris, Bordeaux, Toulouse, Nice, Lyon, and
Geneve which depicts the busiest airports in the area. Also, we can observe that the most
frequent route is the route between Paris and Bordeaux which from there continues down to

the direction of Spain.
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We could suppose that the more crowded area by the number of the flights, the bigger the
regulations and the bigger the differences could be observed. But the opposite appears to be
the true. In Figure 24 we applied the kernel density estimation for only those data from the
database in which the difference in distance was less than one nautical mile. We can explore
in which areas we obtained the most accurate position information from the NM B2B Service.
As the aircraft approach the airports in Paris, Nice, Marseille or Geneve, the precision of the
position information substantially rises. It could suggest that the airports with the most frequent
flights require a higher refresh rate of data as the situation of big demand depends on the
quality of the data.

T

B

Figure 24: Kernel density - most accurate areas of west IFPZ

The visible proof is depicted in the following Figure 25. The line graph shows the distance
difference between NM B2B and surveillance position information on the flight route from
Heathrow Airport in London to the destination of Milano Malpensa Airport. On this route, the
aircraft pass through the two most accurate areas in this region, which are the area between
the cities Paris and Rennes and the second is the western border of Switzerland with France.
In Figure 25, we can see two substantial decreases. Each of them corresponds to the area
depicted in Figure 24.

Another example that supports this statement is shown in Figure 26. In this line graph, we can
see the behaviour of all the distance differences between NM B2B and FR24/OS for all the
flights on the route between Toulouse Blagnac Airport and Paris Orly Airport. During most part
of the flight trajectory from Toulouse, the position accuracy obtained by NM B2B reflects
around the value of 4 nautical miles. When reaching the area with higher precision of the flight

data, an evident decrease in position difference occurs.
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Distance vs. nm_lat

Distance vs. nm_lat
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Figure 25: Position accuracy of NM B2B - EGLL to LIMC Figure 26: Position accuracy of NM B2B - LFBO to LFPO

Central part of IFPZ

For the spatial analysis of the NM B2B flight data accuracy in the central part of IFPZ we gather
data of all the flights that on their trajectory pass through the airspace of the Czech Republic.
The surveillance information sources used for this analysis are the OpenSky Network and the
FlightRadar24. In Figure 27, we can observe the distribution of all the individual points within

the database.
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Figure 27: Data distribution - central part of IFPZ

Consequently, the colouring of the data points refers to the actual precision of the position
information obtained from the NM B2B Service. One concrete area with the evident red shade
is observable. Besides this area, the rest of the data remains relatively precise and evenly
spaced in the whole region. The pattern of the data distribution also displays the most used
flight routes. By applying the kernel density function on the whole dataset, we are able to
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distinguish which places in the specific region are more occupied by the position points than

others. It is evident, that while we use the Czech airspace as a reference source of NM B2B
data, most of the data points will take place in the region of Czech Republic. The Figure 28

demonstrates the way of distribution density of observed data.

S W

Figure 28: Kernel density distribution - Central IFPZ

If we want to display the most accurate areas, we will use the kernel density for all the NM B2B
position data, of which the difference with the surveillance information doesn’'t exceed the
amount of one nautical mile. Such a situation is presented in Figure 29. We can observe a
similar pattern that we demonstrated in the west IFPZ region. The most accurate areas are
located near the biggest airports, which in this case is the Prague airport together with the

Schwechat airport in Vienna.
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Figure 29: Kernel density of most accurate areas in Central IFPZ

The most accurate areas are not located directly above the biggest airports because of one
simple reason. When the aircraft approach the airport, its position can quickly change from the
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predicted one because of the actual situation at the airport. Also, when the aircraft is departing
from the specific airport, it is not possible to predict the exact second when it will be in the air.
Because of that, the prediction within the CTFM Point profile updates right after the departure,
and therefore the accuracy improves substantially. These factors contribute to the fact that the
accuracy of NM B2B Flight data appears to be higher in areas close to the most significant

airports in a given region.

In order to prove the statement that the accuracy levels differ based on the specific area, we
will, in this case, use inferential statistics. Since, we observed from the histogram in Figure 15,
that the distribution of our distance values deviates from the normal distribution, we will use
the non-parametric Mann-Whitney U test. It is a test that will be used to analyse the difference
in NM B2B data accuracy in two different areas. The condition for the utilisation of Mann-
Whitney test is satisfied as the distribution of our data sample is not normal and we use two
independent groups of data [49]. The first step of the current analysis is to define the null
hypothesis:

e HO: There is no significant difference in the distribution of the accuracy of the NM B2B
Flight data in the area 1 and outside the area 1.
o Arealis represented by the dark blue shade in Figure 29
o H1: There is a significant difference in the distribution of the accuracy of the NM B2B

Flight data in area 1 and outside area 1

At first, we will separate data from our database into 2 groups. The first one will contain all the
data points of the flights measured between NM B2B and OS/FR24 that are situated in area
1, and the magnitude of their distance value is less than 1 nautical mile. The second group
contains data points that are located outside area 1, and also the value of distance difference
is less than 1 nautical mile. For each group, we calculate the median of the distance values
and compare them by the non-parametric test called the Mann-Whitney U test. The
significance level also referred to as alpha, is set to 0,05. [50] After applying the Mann-Whitney
U test on the observed areas, we obtained the following p-value:

e P-value = 0.0050957

As the p-value is smaller than the significance level (alpha), we can reject the null hypothesis.
This fact indicates that there is a significant difference in the distribution of the accuracy of NM
B2B Flight data in area 1 and outside the area. This evidence supports the statement which
we obtained in the western part of IFPZ, that the accuracy levels of position information from

NM B2B flight data are significantly higher in areas with busier airports.
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The south-eastern part of IFPZ

For the analysis of the position information of NM B2B Flight data in the south-eastern part of
IFPZ, we will use the data from the surveillance information sources called such as the
OpenSky Network and FlightRadar24. The data from NM B2B Service used in this analysis

consist of all the flights which on their route flew over the airspace of Greece.

First, we will have a look at the distribution of the data sample from the dataset. In Figure 30,
we can explore an observable pattern of the most frequent flight routes in the region. The
colouring of the individual data points represents the actual distance difference between the
position information between the NM B2B and OS/FR24 sources. We can notice that most of
the data points are evenly coloured by the dark green shade, with only a few points reaching

the extreme values of more than 30 nautical miles.

Figure 30: Distribution of data points - southeast IFPZ

In the following steps, we will examine the most accurate areas within the south-eastern part
of IFPZ. It is important to see whether we can observe a similar pattern in accuracy as in the
western as in the central part of IFPZ. The kernel density function, as a useful tool of Point
pattern analysis, has been applied to discover and visualise the most accurate areas. In this
case, by the most accurate areas, we exploited all the data points at which the distance
difference between NM B2B and the surveillance information source is less than one nautical
mile. In Figure 31, we can straightaway detect the same point pattern as in the previous
examples. The most accurate areas in the observed area are located at the biggest and busiest
airports, such as Skopje, Sofia, Sarajevo, Thessaloniki, and Zadar. The accuracy worsens

above the area of Kosovo and Montenegro.
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Figure 31: Kernel density - accurate areas - South-east IFPZ

3.4 Results validation

The comparison of NM B2B Flight data in IFPZ parts

In this chapter we will explore the differences in NM B2B Flight data accuracy in 3 previously
observed parts of IFPZ. With the intention of discovering any patterns in concrete areas, we
have divided each part into 5 sectors. The dimension of the sectors has been chosen according
to already discovered information about the accuracy of the whole area comprised in the
previous chapter. The priority is put to cluster the data with similar point patterns into the same

sector. The arrangement of the sectors is displayed in Figure 32.
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Figure 32: Sectorisation for comparative analysis
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From figure 32, it is apparent that we cover representative parts of three IFPZ zones. For each
of the sectors, we have calculated the mean value of the overall distance, perpendicular
distance, and offset distance between NM B2B and the surveillance information source (OS).
The OpenSky Network data were chosen to evaluate the differences in the individual sectors
in order to compare data gathered from the same source. As proved below, the Mann-Whitney
statistical test showed that the results of the accuracy measured from FR24 are not significantly

different than using the OS as the reference source.

e HO: There is no significant difference in the accuracy of NM B2B data compared to
OpenSky or FlightRadar24

e H1: There is a significant difference in the accuracy of NM B2B data compared to
OpenSky or FlightRadar24

The calculated p-value using the Mann-Whitney test in which we compared the accuracy of
the NM B2B data gathered when compared to OpenSky and FR24 was 0,63. As the p-value
is greater than 0,05, we cannot reject the null hypothesis. Therefore, we can suppose that
there is no significant difference when using either OS or FR24 data for the NM B2B accuracy
evaluation. Thus, it is reasonable to use the OpenSky data for the following evaluation of the

accuracy of NM B2B data in individual sectors.

The concrete values of the distance attributes are displayed in Table 8. These values are also
accompanied by information about the concrete position of NM B2B in relation to the reference
surveillance position. The particular values in the table depict the percentage of occurrence
within the whole area of the specific IFPZ zone. By this calculation, we tried to identify any
sector where the NM B2B position deviates from the actual OpenSky position information in a

specific manner.

As shown in Table 8, we have gathered all the information calculated for each sector. We have
divided all of the results into 3 main groups that we can analyse separately. At this point we

will proceed with the comparison of the calculated values in different sectors.
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Table 8: Comparison of data accuracy in different sectors

o NM B2B perpendicular
Distance [NM] NM B2B offset position o
Sector position
Overall | Perpendicular Offset Delayed In-front Left Right

A 3,7955 2,8101 2,1003 21,60% 24,93% 16,41% 20,85%
B 3,3369 2,2139 2,1764 | 21,30% | 19,20% | 23,01% 28,99%
C 3,4270 2,2866 2,2009 18,72% | 19,29% | 19,89% 26,47%
D 3,8641 2,7562 2,3266 19,71% 19,30% 24,64% 11,36%
E 3,2340 2,0508 2,2335 18,66% | 17,29% | 16,05% 12,33%
F 2,8565 1,7056 2,0663 18,84% | 27,79% | 26,92% 17,64%
G 4,8148 3,2331 3,2677 11,22% | 23,60% | 19,45% 1,4%
H 2,7142 1,6423 1,8632 29,17% 0,79% 9,91% 18,81%
I 2,5686 1,3842 1,9077 10,53% | 19,96% | 11,39% 32,42%
J 2,7450 1,6367 1,9738 30,24% 27,87% 32,33% 29,72%
K 3,0584 0,9681 2,6696 32,49% 30,21% 11,46% 26,81%
L 3,0945 0,9852 2,6311 9,13% 16,43% | 21,71% 18,51%
M 5,3027 1,4056 4,7664 14,72% 21,59% 31,28% 25,60%
N 3,7354 1,3687 3,1479 17,22% 22,88% 14,13% 9,52%
@] 3,8674 1,5509 3,2091 | 26,40% 8,89% 21,42% 19,55%

Distance values

For analysing the disparities in particular sectors, we have calculated the mean values of
overall, perpendicular, and offset distances between NM B2B and Surveillance position
information. We can observe how the distance values differ in sectors within the same area of

IFPZ as well as the other IFPZ areas.

As for the western part of the IFPZ region, meaning the sectors A — E, the mean of overall
distance values reveal that the highest accuracy has been achieved in sectors B, C, and E.
This fact supports the statement mentioned in the previous chapter, where we have displayed
the kernel density of the areas with the most of the 0 to 1 nautical mile distances. A similar
pattern can be interpreted from the perpendicular and offset distance values. Exceptionally we
can see interesting observations in sector A. In this specific sector, we have measured data
that result in the highest average overall and perpendicular distance value in comparison with
other sectors from the same IFPZ area. On the other hand, we have observed the lowest value
of the mean offset distance. This comparison of those three values shows which of the
perpendicular and offset distances have the biggest influence on the inaccuracy of the overall

distance.
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In the area of the central part of the IFPZ region, meaning the sectors F — J, the most accurate
area according to the overall distance mean value is sector I. The sector | was also previously
recognised as the one with the highest frequency of the most accurate NM B2B positional data.
The perpendicular distance values measured in the whole central IFPZ region represent better
accuracy when compared to the offset distance values. The highest value of the overall
distance was measured in sector G. This could indicate that more extreme values have been

collected from this area.

In the south-eastern part of IFPZ, represented by the sectors K — O, we detected that the K
and L sectors contain the most accurate areas in relation to the overall distance values. On
the other hand, the least accurate sector is sector M. When we look at the values of the
perpendicular and offset mean values, we can interpret it in a way that impact on the overall
distance as the offset distance. This could indicate that the aircraft’s position after the departure
from airports in this area does not update soon enough, so it results in a higher value of the

overall distance measured.

In Table 8, it is evident that the average values of distance attributes vary in between each of
the observed IFPZ areas. The highest values of the overall distance appear to be in the
western and south-eastern parts. Additionally, the lowest perpendicular values were measured
in the south-eastern part, and the lowest offset distances were in the central part of IFPZ. This
could be caused by many factors, including the density of the airspace, weather conditions,

flight route patterns, airspace design, and used equipment.

NM B2B offset position

By the offset position, we accomplished the information which states whether the NM B2B
position is either delayed or in front of the actual position retrieved from the surveillance
information sources. The main aim was to recognize if there is a specific sector of the IFPZ
area in which we could discover a higher presence of concrete attributes of the offset position.
The values represented in Table 8 depict the percentual share of each attribute within the

whole IFPZ part composed of 5 sectors.

The percentage of the flight positions that were delayed in the western part of IFPZ has the
range of 18,66% measured in sector E and 21,60% in sector A. It suggests that delayed flights
are evenly distributed in the whole part of IFPZ. A higher range can be discovered from the
NM B2B data that were in front of the actual position. The biggest difference between delayed

and in-front positions is discovered in sector A. It indicates that in this sector, we obtained more
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information of in front position, which means that the actual position of the aircraft is delayed.

The other sectors contain similar information in both delayed and in-front position information.

As for the central part if IFPZ, the sector with the lowest percentage of delayed NM B2B data
is sector |, which also contains the biggest amount of data within the region. An interesting fact
is that the highest percentage share is in sector J which is right next to sector |. The values
assigned to sector H indicate that almost all the data measured in this sector were NM B2B

delayed, which refers to the fact that the actual position was in front.

The data measured in the south eastern part indicate that the most accurate sector L contains
most of the NM B2B positional information that is in front rather than delayed. While the
opposite phenomenon can be observed in sector O.

NM B2B perpendicular position

The information about the position of the NM B2B flight data compared to the position
information from surveillance sources is interpreted in the percentual share of the observed

IFPZ part. This value is calculated in the same manner as previously the offset position.

The highest extremes are discovered in the central part of IFPZ, specifically in the sectors G
and H. Consequently, also in sector N, we can observe that the vast majority of NM B2B

position data are located on the left side to the actual position.

The overall accuracy of NM B2B data in focus areas

The evaluation of the NM B2B Flight data accuracy in three focus areas (West, Central, and
Southeast IFPZ) is depicted in Table 9. We obtained information from multiple surveillance
sources in each area. With the intention of obtaining a better overview, we used all available
information sources to point out the mean value of calculated distances between the NM B2B
and the surveillance source. In addition to the mean values, we calculated the confidence
interval, which represents the range where we can expect that the true population mean lies.
For combining all the sources and calculating the values, we used the bootstrap statistical
method. [51] It is a statistical method that uses the resampling technique for the estimation of
the overall mean distance, as well as the confidence interval. By generating multiple samples,

we were able to calculate the mean of all the sample means.

The observed values in Table 9 show that the overall distance values vary on average between
3 to 4 nautical miles in each of the focus areas. This approach and its results also support the

statements from previous chapters.
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Table 9: Overall distance evaluation in focus areas

Focus area — Surveillance source BOOtS[tliﬁ\fl)] Mean | 9504 confidence interval
West IFPZ — OS/FR24/SSR 3,60 3,59 -3,62
Central IFPZ — OS/FR24 3,32 3,21-3,39
Southeast IFPZ — OS/FR24 3,67 3,58-3,78

4 Software engineering

Following the objectives of this work, we will create a software module that will be able to
calculate and evaluate the accuracy of NM B2B Flight data in real-time. The software module
comprises several Python files that will be responsible for accessing NM B2B Service and
Surveillance information sources, then loading and storing data within the database,
calculating the accuracy of data, and presenting the results in three web-based applications.
These applications should allow the user to access the database from anywhere and plot the
graphs and charts which depict the measured accuracy based on various conditions the user
stated. [52]

In the sphere of software engineering, we will use the Unified Model Language (UML) for the
visualization of particular steps. This language comprises many various graphs, and while not
all of them suit, we will be using only those which are necessary for the representation of our
software module. As for the representation of concrete graphs, the application called
Enterprise Architect is used in this study. [53]

4.1 Requirements

Before the implementation of any software product, we must declare all the necessary
requirements we are trying to achieve. For the graphical visualisation we use the Use case
diagrams described by the UML language. We can categorize the requirements of the software
systems into four main groups: business, user, functional and non-functional requirements.
[53]
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4.1.1 Business requirements

The first group of requirements that we must acknowledge is composed of Business
requirements. It accompanies all the conditions we demand the application to perform in the
final state. The reasons of creating the software system within this work can be described by

the following business requirements shown in Figure 33. [53]

uc Business requirements

Business requirements

Generate Radar_view
app

Load data

Generate
General_statistics app

Generate

Detailed_statistics app

Figure 33: Business requirements

Load data from NM B2B Service and Surveillance information sources
Generate web-application Radar_view
Generate web-application General_statistics

A

Generate web-application Detailed_statistics

As we want to allow the user to see various types of statistics in a web-based system, we have
to load the data from external sources and visualise them in an appropriate way in 3 web

applications.
4.1.2 User requirements

The user requirements contain the demands on the application that describe what the actual
user is going to observe. They are based on the business requirements, while in our system,

we can describe them by the use case diagram in Figure 34. [53]
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uc User requirements

User requirements

Generate

Generate Radar_view

Generate

Detailed_statistics app General_statistics app

app

Figure 34: User requirements

1. Generate web-application Radar_view
2. Generate web-application General_statistics
3. Generate web-application Detailed_statistics

According to the user requirements, the output of our system will be accessed by users through
three web applications.

4.1.3 Functional requirements

The functional requirements describe what the system has to offer to the users. It accompanies
the loading of the data, all the calculations, and the final visualisation of the outputs. Figure 35
depicts the functional requirements of our software system.

uc Functional requirements .~

Functional requirements

Calculate NM B2B Calculate overall
position distance

Load data Pre-process data

Calculate perpendicular Calculate offset Determine Determone offset
distance distance perpendicular position position

Calculate NM B2B Determine flight level Visualise general Visualise detailed

flight level difference statistics statistics

Plot the radar view
position

Figure 35: Functional requirements
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1.
2.
3.

S

9.

10.
11.
12.
13.

Load data from NM B2B and Surveillance information sources

Pre-process data

Calculate the position of NM B2B based on a same timestamp as obtained by
Surveillance source

Calculate the overall distance between NM B2B and surveillance source

Calculate the perpendicular distance

Calculate the offset distance

Calculate the side position attribute (left or right) of the NM B2B to the surveillance
source

Calculate the time position attribute (infront or delayed) of the NM B2B to the
surveillance source

Calculate the flight level based on the timestamp from the surveillance source
Determine flight level difference between NM B2B and surveillance source

Allow the user to see the radar view

Allow the user to see the general statistics

Allow the user to see the detailed statistics

4.1.4 Non-functional requirements

The non-functional requirements represent the attributes such as the operational features that

include the chosen programming language, usage of the external database, and the way of

updating the database. [53] We can describe the non-functional requirements of our system in

the following way:

1.
2
3
4.
5
6

Programming language Python 3

Programming language JavaScript

Programming language HTML

Django framework

Software module will keep the historical data in the database
The usage of external REDIS database NM B2BD

4.2 System diagram

Our software system and its functionality are described in Figure 36. The type of diagram which

best fits the purpose of the system description is known as the Data Flow Diagram. The visual

notation is based on the UML language while using the concrete symbols of the Enterprise
Architect software. [53]
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dfd DFD .~

NM B2B Flight Data Flight data Pre-processed dats

NMB2E ——— | REDIS /_\‘

Proceed the
calculations

FR24 data
FR24 ——— = FR24API

S

Database

Pre-process data

Opensky data Flight data
0s P osapl

Web applications

Figure 36: Data flow diagram

In Figure 36, it is apparent that the data originate from three different external sources such as
the NM B2B, Flight Radar 24, and OpenSky. The NM B2B flight data are obtained through the
REDIS database, which is being run by the company CS SOFT, a.s.. On the other hand, the
flight data from both surveillance sources are gathered through their concrete APIs. Collected
data are consequently filtered and pre-processed for upcoming calculations. The results and
necessary data information are afterwards stored within our database, which is used as the
final source of data for the visualisation and evaluation of NM B2B flight data accuracy through

the web applications.
4.3 Design and Implementation

In this chapter, we will focus on the design and the following implementation of the web-based
system which will provide the evaluation and overview of the NM B2B Flight Data accuracy.
The whole system has been programmed in the framework called Django. It allows us to
implement any calculation, store the data within the database and eventually provide the

results for users in the form of web applications.
4.3.1 Database

The database within our system comprises all the required information needed for the accuracy
evaluation. The structure of the database and its elements have already been described in the
previous Chapter 3. The objective of this section is to specify the programming method by
which the data are stored within the system. All the codes are responsible for the calculations,

and the collection of data are programmed in Python programming language within the
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views.py file. This Python file is located in Attachment 1 of this work. Within the views.py file,
we can observe several functions from which, three of them are responsible for the actual pre-

processing, calculations, and storing of the data to our database. These functions are:

o Database fr w
o Database fr ¢
e Database os w
e Database 0s ¢

e Database o0s_se

These functions perform the same task, but each of them is focused on a different part of the
IFPZ area. The W, C, and SE attributes suggest the usage of the Flight Radar 24 and the
OpenSky Network in the western, central, and south-eastern parts of IFPZ. The structure of
the code is the same in every function. They differ only in the way of defining the target areas

and the utilization of the surveillance source.

The calculations within the functions reflect the same pattern described in the chapter Data
Analysis. After collecting all the necessary information and calculating the remaining values,
we must store them in separate database tables. We have stored all that information within the
list called Result. These database tables are created in SQL manner through the python
programming language by the sqlite3 library. Figure 37 depicts that we are at first creating a
table with the required elements. When the database table is created, we may proceed with
the storing process. The storing of data is done by the INSERT function, which loads the
previously prepared result list.

con = sqlite3.connect('Database W.db")
cur = con.cursor()
cur.execute('" "CREATE TABLE IF NOT EXISTS fldata
(D INTEGER PRIMARY KEY AUTOTNCREMENT,callsign text, nm_time text, fr_time text, nm_lat real, nm_lon real, fr_lat real,
fr_lon real, infront text, position_fr, distance_fr real, perpendicular_d real, offset_d real, adep text, ades text, category text, fir text)''’)

cur.executemany ("TNSERT OR TGNORE INTO fldata (callsign, nm_time, fr_time, nm_lat, nm_lon, fr_lat, fr_lon, infront, position_fr, distance_fr,
perpendicular d, offset d, adep, ades, category, fir) VALUES (?,7,2,7,7,2,2,2,2,2,0,2,7,2,2,7)", result)
con.commit()

Figure 37: Creating the database

In the same way, we have created the Flight Level database tables that load the data from the

list of needed values called fl_result.
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4.3.2 Radar View application

The first web application within our web-based system is the application called Radar View.
The purpose of this app is to show the user, how the NM B2B data differ from the surveillance
data in real-time. This fact incorporates several limitations. We had to choose one airspace
which is going to be used for the retrieval of the NM B2B Flight data. In this case, the chosen
airspace is the French airspace. It means that the user will be able to see all the flights, which
on their route pass through the airspace of France. Another limitation is the amount of data we
can retrieve from the NM B2B Service per hour. In order not to exceed the maximum limit, we
have decided to use the Database which was implemented in the Bachelor's Thesis [18]. More
detailed information about the database and the data within the tables can be found in this

document.

Functions of the Radar View app:

e Display the aircraft position from the NM B2B Service
e Display the aircraft position from the OpenSky Network
¢ On-hover show the basic information about the flight

¢ On-click connect the points by the line and display the distance between them

There are 3 files within the Attachment 1 that are responsible for this application: views.py,
urls.py, and radar_view.html. The views.py file contains 2 concrete functions (OS_data_url,
B2B_data_url) that gather the data from external sources and render them in JSON format as
an HTTP. The file urls.py defines which function is being called by the specific URL query. The
final and most important file that visualizes the points on the map with the necessary
information is the radar_view.html. The map plotting was done using the source called

OpenLayer. [54]

In Figure 38, we can observe the final version of the Radar View application. The blue markers
represent the position from the NM B2B Service, while the orange markers depict the aircraft’s

position from OpenSky Network.
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Figure 38: Radar view app

The Radar view application will allow the user to observe the real-time difference of the aircraft
position. When analysing the data accuracy, it can be useful in comparative analysis while
visually inspecting the area.

4.3.3 General statistics application

The web application which is used for the overall description of the NM B2B Flight data
accuracy within the region of French airspace is called The General Statistics. The code is
programmed for this specific airspace but can be adjusted for any airspace within the IFPZ
area. This concrete chapter and the application can be used as practical example of the

accuracy evaluation.

The functions of the application:

o Allow the users to distinguish the most and the least accurate areas

o Display the bar graph of the average position accuracy within different FIRs in French
airspace

¢ Plot the bar graph of the average position accuracy of the Domestic and International
flights

o Plot the pie chart where the user will be able to observe the percentual share of data

whose accuracy is better than 10 NM within the data sample

The files used for the programming of the General Statistics application from Attachment 1 are:
views.py, urls.py, and general_statistics.html. The Python file views.py contains a function
called General_statistics, which is responsible for rendering the map, making the necessary
calculations, and calling the general_statistics.html file. The HTML file, where all the data are
used and visualised with the intention of achieving the final product which, is shown in Figure
39.
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Position accuracy of 97.65% of NM B2B Flight data is better than 10 NM
Figure 39: General statistics application

The source of information for this application is the Position database table. For the rendering
of the map to the background of the HTML element, we have used the folium map. The source
code within the General_statistics function loads the data from the database, then creates a
rectangle shape that is composed of even squares with a width and height of 1 degree.
Afterwards, all the data are grouped into their squares, and the average accuracy of the overall
distance is calculated for each of the squares. The coloring is based on the condition shown

in Figure 40.

if avg_accuracy > 3:

color = 'orange'
elif avg accuracy »>10:

color = 'red’
else:

color = 'green'

Figure 40: Condition of the colour shades

In Figure 39, we can also see 2 bar charts. Bar chart a) shows the average accuracy measured
in concrete FIRs, while bar chart b) depicts the average accuracy of the domestic and
international flights. The pie chart ¢) then shows the percentual share of the data points where
we the measured overall distance was better than 10 NM. In this case, we have used the data
sample with 10 000 data points, which we can interpret in the way that the accuracy of 97,68%

from the chosen data sample is better than 10 NM.

81



)1
Faculty of Transportation Sciences /ﬁ%%é

Czech Technical University in Prague \

4.3.4 Detailed statistics application

The web application that carries the name Detailed Statistics can be potentially used for further
real-time analysis of the NM B2B Flight data accuracy. The objective was to allow the user to
retrieve only specific data that fulfill user's needs. This way, we were able to create the

application with the following functions:

o Allow the user to select a specific flight

¢ Allow the user to select a specific date

o Allow the user to select a specific route

e Display all the data points (which fulfill user’s stated conditions) on the map
e Plot the line graph of the overall distance

e Plot the line graph of the perpendicular distance

¢ Plot the line graph of the offset distance

The files within the Attachment 1 which are responsible for rendering this application are
views.py, urls.py, and detailed_statistics.html. The urls.py is again used for declaring the
concrete URL query. The Python file called views.py contains the Detailed_statistics function,
which is responsible for getting the user’s input from the HTML and retrieving only those data
from the Position database that fulfill the user’s input conditions. Once the required data are
filtered, we may plot the data on a folium map. Folium is the Python library that we have used
for plotting individual data points on a map. The colors of the markers represent the source of
position information. The red color is assigned to Flight Radar 24, and the blue coloring
represents the points from NM B2B Service. In this function, we also divide the necessary
information into separate Python lists: nm_list, distance_list, perp_distance_list, and
offset_distance_list. The elements within those lists are used by the detailed_statistics.html file
for the creation of the line graphs. The average values of three kinds of distances we calculated
within the function of the views.py file. All the rendered information is then filled into the library
called context, which renders all the data into the HTML. In the HTML file, we created several
HTML elements which hold the concrete information. For the graphical visualization of the line
graphs, we use the D3 JavaScript library [55][55]. Thanks to the D3 library, we are able to

create an SVG element which we use as our graph for the graphical representation of data.
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The final design of the Detailed Statistics application is shown in Figure 41. It consists of 5

main components:

o Filter options

e Average distance values

e Map

e Line graph of the overall distance

e Line graph of the perpendicular distance

e Line graph of the offset distance

In this way, the user can the accuracy on a chosen route or during a specific day, or he may

also combine several conditions to make the filtering even more precise.

Flight Map - AFRGSLF - - -

Enter callsign: \ Enter date (YYYY-MM-DD):

Enter ADEP: | The average distance is: 4.595243986473998 NM.

Enter ADES i The average perpendicular distance is: 3.8606764068797794 NM.
The average offset distance is: 2.014248666957367 NM.

| Submit

NM B2B FPL 30 min before departure

BB = Loatiet | Mapbox

Figure 41: Detailed statistics application
5 Discussion

Upon analysing the NM B2B Flight data that we focused on in this study, we have revealed
several important findings. As for now, there are no known publicly available documents that
specifically discuss the accuracy of NM B2B data. As stated in the introduction of the work, it

iS necessary to point out the behaviour of data that we desire to use within our systems.

The concrete model that was evaluated in this study is the CTFM Point Profile created by the
system ETFMS. It provides the most actual information about flight trajectory prediction. The

access to the NM B2B Service, which is the source of the CTFM point profile information, is
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provided by the company CS SOFT a.s.. The main aim is to study whether appropriate
accuracy is maintained throughout the whole flight, as well as to determine any changes in
different geographical areas. Before the actual evaluation, it was important to state how these
data are updated by the Network Manager. As is apparent from the first chapters of this work,
several update messages, such as FSA, CPR, DPI, etc., influence the data within the CTFM
model with the intention of making the highest possible precision of the prediction. It is
important to state that the CTFM point profile was created with the intention of providing the
real-time air traffic situation within the IFPS zone. It is not designed to be used as a primary
source for the radar view as it may deviate from the actual position in a significant way. On the
other hand, the main purpose of the CTFM point profile is to support air traffic flow and capacity
management. It plays an important role in predicting and monitoring the sector counts, the
workload of air traffic controllers, and optimizing the traffic flow. Even by taking these facts into
account, we tried to evaluate the accuracy of the NM B2B Flight Data by comparing them to
several surveillance information sources. Within this study, we used data from sources like

Flight Radar 24, OpenSky Network, and Secondary Surveillance Radars.

One of the limitations of this study is the fact that we compare the flight data on the whole flight
trajectory, excluding the standard instrument departure and standard arrival route. As the
CTFM profile doesn’t include detailed information about the concrete points on SIDs and
STARSs, it would not be appropriate to make the position approximation at this stage of flight.
The main reason is that it wouldn’t be appropriate to include these calculations that might

mislead the results of the NM B2B data accuracy.

We focused on position deviations as well as flight level differences. The deviations of flight
level information were analysed for an en-route phase. This approach was determined in order
to detect any pattern which would suggest that the change in the vertical profile of the flight
might not be caught by the NM B2B Flight data. But after observations of several data samples
in different areas, we discovered an appropriately high precision, which is also presented by
the histogram in Chapter 3.3.1.1. The precision of the flight level differences is less than 200
ft with a probability level of 99%. Accuracy up to 200 ft can be primarily assigned as the error
caused by the equipment used and the sudden meteorological change. After revealing these

results, we have concluded to focus more closely in this study on the position data deviations.

For the final evaluation, we used several statistical methods that helped us achieve a complex
overview of the precision of NM B2B data. We have combined descriptive and inferential
statistics together with spatial and point pattern analysis methods. Each of them played an
important role in this study. Descriptive statistics helped us understand the basic information

about the data, such as the distribution of the measured values, mean median, range, and
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much more. The histograms in Chapter 3.3.1.1 showed that most of the distance values are
located near 0 NM, and with higher values, we observed an exponential decrease in frequency.
One of the main findings of this thesis was the evaluation of the overall distance between the
position information from NM B2B and the Surveillance information sources. We have focused
on three different parts of the IFPZ. When we look at the western part, the mean value of the
overall distance between NM B2B and Surveillance sources is 3,51 NM. If we take into
consideration the CTFM recalculation threshold, we can conclude that the overall distance
values are less than 9,6 NM with a probability level of 95%. These facts imply that 95% of the
distance values will be less than 9,6 NM, which satisfies the lateral deviation threshold of 10
NM. The same approach can be used for the central and south-eastern parts of IFPZ. For the
south-eastern part, the mean value of the overall distance attribute was 3,65 NM. It shows that
with a probability level of 95%, the values of distance will also be less than 10 NM. In the case
of central IFPZ, the mean value is 3,13 NM which states that with the probability level of 95%,
the measured values will be in magnitude smaller than 8,5 NM. The 10 NM threshold may
seem large when we compare it to the minimum separation distance in the en-route phase,
which is 5 NM. This fact suggests that it should not be used for real-time tracking. On the other
hand, it depicts that the accuracy is sufficient for short-term decision-making and managing
the air traffic flow. But the precision of NM B2B Flight data could be improved by adjusting the
10 NM threshold. This threshold seems to be taking three important factors into account:
systems performance, the requirement of the accurate position, and the potential workload of
ATCs.

From the view of the spatial and point pattern analysis, the utilization of the Kernel density was
proven to be highly essential in this study. By plotting the results of the kernel density function
on a map, we could clearly see the differences in NM B2B Flight Data accuracy in different
geographical areas. We have discovered that most of the NM B2B data points, with the
accuracy better than 1 NM, are situated near the busiest airports in the observed area. To
prove this statement depicted from the usage of the kernel density function, we used both
descriptive and inferential statistical methods. When we plotted all the measured distance
values on several trajectories for the flights passing through the most accurate areas on a line
graph, we could observe an apparent increase in data precision. An interesting finding was the
fact, that even if the aircraft just flies over the most accurate area, the precision of the NM B2B
Flight data improves. The usage of inferential statistics also supported this statement. By the
calculation of the p-value, which resulted as much smaller than 0,05, we were able to reject
the null hypothesis that implied no significant difference in values of distance between the area
with the most accurate data and outside the area. There are several possible reasons, why the

accuracy improves near the busiest airports. Better ground-based infrastructure with a high
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density of radars could be one of the reasons for getting the updates on aircraft position more
often. Another fact that could be pointed out is that the areas in western and central IFPZ
recognized as the most accurate are all located nearby the A-CDM airports. As the airport
collaborative decision-making improves the predictability of air traffic, we can assume that it
also plays an important role in the predictions of the NM B2B Flight data. [56] Another factor
affecting the predictions of the CTFM point profile could be the density of the air traffic nearby
the major airports. We experienced higher accuracy for aircraft flying over the mentioned
airports. The higher demand in such areas could result in more frequent position updates, as
we need to achieve the appropriate level of safety by keeping the distances between the
aircraft. This might require that the systems send the CPR messages more often, which also
leads to the improvement of the NM B2B Flight Data accuracy.

Consequently, we divided each area into 5 sectors and compared the distance values between
each other. An interesting finding is shown in Table 8 where the most accurate data are by the
average situated in central Europe, followed by the western and south-eastern Europe. These
differences could be caused by different weather conditions or the density of the airspaces as
well as the quality of the input data. In the south-eastern part of Europe, there is no A-CDM
airport. This fact could influence the accuracy of the NM B2B data, and therefore we observed
worse overall distance values. Also, coastal areas that we can observe in France or Greece

are affected by more distinct weather patterns that might worsen the NM B2B data accuracy.

Besides the overall distance, we also focused on the perpendicular and the offset distance
between the NM B2B and the Surveillance sources. We observed an interesting pattern when
examining the differences between the western, central, and south-eastern parts of IFPZ. We
discovered that the perpendicular distance values were the most precise in the south-eastern
part, followed by the central and western parts. Considering this fact, it might suggest that the
less complex airspace with less density of flights can result in better accuracy of the
perpendicular distance. The offset distance values resemble the same pattern as the overall

distance values, which might suggest the same reason of the disparities between the sectors.

To make the evaluation more complex, we attempted to review the position of data points from
NM B2B Service in relation to the surveillance position information. We calculated and
determined whether the NM B2B position is situated on the left or the right side, as well as
whether it is in front or behind the actual position. By comparing individual sectors with each
other within the same IFPZ area, we recognized that most of the data points in sector H are
situated behind. It means that most of the time, the actual position of flights in this sector is

slightly in front of the prediction included in the CTFM point profile. For sector G, we also
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discovered that the majority of the NM B2B data points are situated slightly to the left side in

relation to the actual position.

Another way to analyze the NM B2B flight data accuracy is by dividing the flights into two
categories: domestic and international flights. We have proved that overall, for the domestic
flights, we observed better accuracy when compared to the international flights. The reason
could be that domestic flights usually fly through fewer airspace sectors as they tend to operate
in smaller geographical area. On the other hand, international flights could encounter more
complex flight trajectories and therefore the accuracy could be affected by the coordination of

multiple air traffic control centres in different countries and regions.

With the intention of making the most of the obtained flight data, a web-based system was
created. It composts of three web applications, which are directly connected to the database
tables filled with NM B2B and surveillance data. The creation and maintenance of the database
make it possible to retrieve also historical data. Consequently, the users of the applications will
be able to create statistics for any flights from the database. It also depicts the fact, that the
database can be used for further analysis of NM B2B Flight data.

The first application within the web-based system is called Radar View. The main purpose of
this application was to plot actual aircraft position from two sources at once. The sources used
for the flight tracking are NM B2B Service and OpenSky Network. It clearly displays the reason
why the NM B2B Flight data are not specifically meant for radar view in ATC systems. The
differences between the actual positions are clearly visible in real-time. This kind of application
could be, for example, used by other companies for performing simulations in concrete areas
of IFPZ.

The second application carries the name General Statistics. It allows the user to see the
differences in data accuracy of the French airspace. Also, it points out the percentage share
of the data, which satisfies the CTFM recalculation threshold of 10 NM.

The third and most complex application is called Detailed Statistics. It allows the users to filter
solely according to their needs. It is also capable of plotting the whole trajectory on the map
while recognizing different data sources. Further, it calculates the average overall,
perpendicular, and offset distance on the selected flight routes. And another interesting feature
is that the user will be able to observe how the distance values changed in time. This web
application could be used for comparing the NM B2B Flight data accuracy in different days, on

different flight routes as well as for different aircraft.
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6 Conclusion

The Network Manager business-to-business service brings significant opportunities for
external companies as they may use its data in their own systems. With this intention in mind,
it is essential to carefully analyze and recognize its behavior, so then we can adequately
implement them for appropriate purposes. Access to this service was made possible by the
company CS SOFT a.s., which allowed us to perform the analysis of the NM B2B data for the
purposes of the study.

The research, made on behalf of the thesis, focused on the accuracy evaluation of the NM
B2B Flight data and provided valuable results for enhancing aviation technologies. The
analysis performed was characterized by its complexity, which was achieved by several
factors. The utilization of multiple statistical methods, such as descriptive and inferential
statistics, point pattern, and spatial analysis techniques, helped us to achieve a clear overview
of the observed data behavior. To make it possible, multiple surveillance information sources
were used in three robust but different geographical areas. The position information used for
the analysis and gathered from NM B2B Service is generated in the form of the CTFM point
profile. It incorporates the most up-to-date information on the aircraft’s position supplied by the
ETFMS system. Furthermore, we aimed our attention at evaluating multiple measures, such
as the overall, perpendicular, and offset distance between the NM B2B and the Surveillance
position of the aircraft. As both sources use different approaches for determining the aircraft’s
position, we could observe considerable differences. In each of the observed geographical
areas, the accuracy of NM B2B Flight data was proven to be better than 10 nautical miles for
95% of the data.

One of the most significant findings was the fact that the accuracy of the NM B2B Flight data
substantially increases in the areas of major airports in cities like Paris, Geneve, Nice, Prague,
and Vienna. Several other factors, such as the weather conditions and the density of the

airspace, play an important role in data accuracy as well.

At last, we aimed to create a software solution consisting of several web applications that
would point out the pros and cons of the NM B2B data and allow the users to specifically
analyse the accuracy on the chosen route or on a given day. The database that is used as the
primary source for the web-based system holds and updates the data in real time, making it
possible to carry on with the analysis for further research. The web applications were essential

in identifying the real behavior of the NM B2B data.
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The findings of the thesis can be beneficial for the aviation industry as they provide valuable
insights into the accuracy and behavior of the NM B2B Flight data. Additionally, the outcomes
of the analysis, together with the software solution, may prove to be useful for other external
companies to better understand the nature of NM B2B data which broadens the potential of
this service. In conclusion, the evaluation of NM B2B Flight data accuracy presents a solid
foundation for further research and emphasizes the development of the service for achieving
greater accuracy and reliability which could consequently ensure better efficiency of the flight
operations.
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Attachment 1 Web — based system

The data within the database that were used for the NM B2B Flight data accuracy
evaluation are protected and, therefore, cannot be included in the attachment of the master’s

thesis.

95


https://github.com/d3/d3/wiki
https://www.eurocontrol.int/concept/airport-collaborative-decision-making
https://www.eurocontrol.int/concept/airport-collaborative-decision-making

