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1
Introduction

Analyses from EUROCONTROL show that airports were responsible for 12% of the �ight delay during October
2017 [16]. In addition, 14% of the, by EUROCONTROL issued, delays were due to airport capacity problems
[17]. These delays are highly inconvenient for passengers, as they will arrive late at their destination, and
might miss their connecting �ight or personal event.

Air Traf�c Control (ATC) is responsible for conducting an airport's ground operation in a safe manner,
with the aim to do this as ef�ciently as possible in order to minimise the delay. As the human capability is
limited in the amount of information it can absorb and process, air traf�c controllers mainly base their route
decisions on a minimal amount of global information. These decisions are supported by procedures and
�xed taxiway directions, to ease ATC's workload. As these policies restrict ATC's option space, and thereby
airport capacity, the consequences of an operational disturbance are long lasting in terms of �ight delay.

Amsterdam Airport Schiphol (AAS) is one of the airports that suffers from capacity problems, resulting in
Europe's highest share of airport Air Traf�c Flow Management (AFTM) delay during the �rst three months
of 2018 [19]. AAS's ef�cient use of airport capacity is in�uenced by its unique characteristic to perform 14
runway recon�gurations on average per day. This high number is required to match its wave-like schedule
of consecutive arrival and departure peaks, to adapt the set of active runways to the weather conditions, and
to satisfy noise constraints issued by the environment council. Even in a transient state of operation caused
by a runway recon�guration, it maintains the goal of ATC to maximise the ef�cient use of runway capacity.
However, during such recon�gurations, multiple, potentially con�icting, �ows of ground traf�c exist on the
manoeuvring area simultaneously, making it hard to utilise the available runway capacity ef�ciently. Addi-
tionally, a runway recon�guration creates an operational disturbance as the new traf�c streams have to be
integrated in the already existing traf�c patterns. ATC lacks the means and �exibility to solve this disturbance
quickly. Consequently, the effects of the operational disturbance are long lasting in terms of �ight delay, urg-
ing the need for operational improvements.

Decentralised control
Since expanding infrastructure entails high cost, alternative options are explored to improve the ground op-
eration within the available capacity. The main focus is on decreasing the ATC's workload by means of team
expansion, reducing tasks due to automation or support of systems to enrich operational knowledge [43, 64].
However, the operation still relies on a centralised controller, who is responsible for many aircraft and tasks
in a large area of the airport.

Decentralised control is an alternative approach in which the decision making process is shifted towards
a more local level. In the context of ground operations, this could mean a local controller is placed on each of
the taxiway intersections. Since each of these agents is responsible for a small region of the airport, they can
include detailed information to solve con�icts locally. It is suggested that local controllers enable a more re-
silient operation due to their decision making at a local level [68]. Consequently, decentralised control could
lead to a more ef�cient use of scarce resources, and thereby an improvement in airport capacity. So far, little
understanding is available on the potential and mechanisms of a decentralised control at an actual airport.
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2 1. Introduction

Research approach
This research aims at demonstrating the feasibility of implementing decentralised control, by developing a
simulation model using the Agent-Based Modelling (ABM) technique. A case study analysis at AAS is per-
formed, using the actual airport layout, an actual �ight schedule and historic track data. The analysis is
carried out from a validation perspective, by continuously assessing the simulated operation with respect to
the actual operation as conducted by ATC. This approach is two-fold: differences are examined to derive and
incorporate further requirements of decentralised control. Additionally, the global behaviour that emerges
from the local decisions is compared with the decisions made by ATC, to gain a better understanding of the
principles and mechanisms of decentralised control. Overall, the simulation model is developed in an itera-
tive manner, based on the assessment with respect to the actual operation. It should be noted that it is not
the objective to match the actual operation, but to gather practical knowledge of the requirements and per-
formance of decentralised control.

Main �ndings
Decentralised control is a feasible approach to manage the ground operations of an actual airport layout.
Comparing the simulated and actual operation, it is found that the performance in terms of taxi time and
distance show similar patterns. The �exibility of decentralised control is clearly visible in the routing strate-
gies applied, allowing decentralised control to cope with higher route complexities. This research emphasises
the need for future operational information and proactive behaviour, in order to be able to manage the dy-
namics of a ground operation.

Report structure
This report starts with a ground operation background in Chapter 2, covering both the ground operation at
AAS and the performed literature review. Based on the acquired understanding of the operation and state-
of-the-art in literature, the research framework has been drawn and can be found in Chapter 3. Historical
operational data of AAS is processed to obtain the data required to compare the simulated operation with
the actual operation. The steps that have been taken to perform the extensive data processing are explained
in Chapter 4. The development of the agent-based simulation model is covered in Chapter 5. Chapter 6
describes the setup and �ndings of a case study at AAS. This case study is used to validate the model and
to discuss the results in terms of requirements to apply decentralised control to a full scale and complex
operation. Finally, the conclusions and recommendations for future research are found in Chapter 7.
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Background

In 2001, EUROCONTROL identi�ed that airport congestion is one of the main constraints to enable future
growth in aviation [15]. To obtain insights in the causes of airport congestion, as well as the complexities
involved in the operation, the ground operations at Amsterdam Airport Schiphol (AAS) have been observed. A
summary of these insights is given in Section 2.1. Since EUROCONTROL's announcement, different elements
of the airport's ground operation have been investigated to improve the operational ef�ciency. The state
of the art on how to model an airport's ground operation has been analysed. An overview of the reviewed
literature is found in Section 2.2.

2.1. Ground Operations
AAS is selected as case study, as the type of challenges faced by Air Traf�c Control (ATC) in terms of airport
layout and operation are representative for many airports. Subsection 2.1.1 discusses the background of AAS
and explains based on what features this airport is selected as case study. To understand the dynamics, com-
plexities and aspects that are involved in an airport's ground operation, the actual ground operation at AAS
is analysed. By observing the ground movements via Flightradar24 , analysing the radio communication with
ATC via LiveATC, and speaking with experts and (former) air traf�c controllers, a detailed understanding is
acquired. A summary of the insights is provided in Subsection 2.1.2, followed by an identi�cation of the op-
erational constraints as listed in Subsection 2.1.3.

2.1.1. Background of Amsterdam Airport Schiphol
AAS is used as case study to obtain an understanding of the actual ground operation. Additionally, it serves
as input for validating the simulation model, that is to be designed to evaluate the feasibility of applying de-
centralised control to an ground operation of an actual airport. This subsection provides a general overview
of the airport layout and reasoning why AAS is selected as case study.

Airport layout
During its 100 th anniversary year in 2016, a total of 63.6 million passengers travelled via AAS to one of its 322
destinations [26]. Over these past 100 years, the infrastructure of AAS has grown to a layout consisting of 6
different runways.

As shown in Figure 2.1, the airport layout possesses some important characteristics. First of all, there is a
set of main taxiways surrounding the terminals and piers of AAS. Figure 2.2 zooms in on the main taxiways
of AAS. Two parallel taxiways can be identi�ed, namely taxiways Alpha (A) and Bravo (B). In normal opera-
tions, Alpha is used in clockwise direction, while Bravo is used anti-clockwise. There is one single taxiway
highlighted, Quebec (Q) which has no parallel taxiway. For the remainder of this report, there taxiways are
referred to as "single lane taxiways". ATC follows the procedure that taxiway Quebec (Q) is used in one direc-
tion only, and the direction of this taxiway depends on the runway con�guration in use.

Many of AAS's runways (including 09 ¡ 27, 06¡ 24 and 18L ¡ 36R, see Figure 2.1) have their entry or exit
directly linked to taxiway Bravo. This means that a long departure queue waiting for a runway could block
the taxiway system for arriving aircraft, as well as taxiing aircraft that want to leave or enter the apron area.

3



4 2. Background

Figure 2.1: Layout of Amsterdam Airport Schiphol [47] Figure 2.2: Important taxiways of Amsterdam Airport
Schiphol [47]

Runway recon�guration
During busy days, AAS handles over 1500 �ights a day [70]. However, it is not necessarily this large num-
ber of �ights that causes congestion or challenges for ATC, because the steady state of operation is a rather
streamlined process in which the available runway capacity can be used ef�ciently. However, due to dynam-
ics the operation can enter a transient state in which ef�ciency is likely to decrease. One possible cause of
such a transient state, is a runway recon�guration that is being executed to adapt the set of active runways to
the circumstances at stake. This is done to obtain the maximum runway capacity within the set of available
runways. One of AAS's characteristics it its wave-like schedule of consecutive arrival and departure peaks.
It is not suf�cient to alternate the amount of runways used, as runway usage also depends on weather con-
ditions and regulations. More information on this matter an be found in Subsection 2.1.3. On average, AAS
performs 14 runway recon�gurations per day. It maintains the goal of ATC that the use of runway capacity is
maximised, even in the disturbed operation that is caused by the runway recon�guration. For maximal use,
it is required that the distance between two consecutive aircraft is minimised, while no aircraft are waiting
in a runway queue. However, during such recon�gurations, multiple, potentially con�icting, �ows of ground
traf�c exist on the manoeuvring area simultaneously. This makes it dif�cult for ATC to utilise the available
runway capacity ef�ciently. Even during these runway recon�gurations, ATC has to control over a 100 aircraft
per hour that either land or take off [70]. The complexities linked to this phase of the operation open an inter-
esting case to gain an understanding of the challenges and constraints that are involved in an actual ground
operation.

2.1.2. Insights in the Ground Operation
The intention of this subsection is to give a general overview of the ground operation process. This informa-
tive section is used as a starting point on which the following sections and chapters continue to build. This
information is based on observing the ground movements and analysing radio communication between pi-
lots and ATC, conducting interviews with experts and (former) air traf�c controllers, and studying operating
procedures manuals of air traf�c controllers [47].
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Figure 2.3: Work breakdown of the ground operation [35]

Breakdown of ground operation
The different steps that are part of the ground operations are displayed in Figure 2.3. Arriving aircraft receive
a landing approval when they are on �nal approach. Once touched down, these aircraft should leave the run-
way as quickly as possible to make room for the next aircraft. A taxi route is allocated by ATC, which guides
the aircraft towards its stand. In case the gate is not available (shortly), the aircraft is guided to a holding
position such that it does not block taxiways for other aircraft. In air transportation the standard holds that
aircraft coming from the right have priority [33].

Once an aircraft has arrived at its stand, ground handlers have to perform multiple actions to get the
aircraft ready for its next �ight. These operations include disembarking, refuelling, cleaning, catering and
boarding. Although an aircraft has a scheduled time to be released from its stand, delays are likely because of
e.g. the aircraft arriving late, limited availability of resources, severe weather conditions or restrictions from
EUROCONTROL.

Once ready, the departing aircraft noti�es ATC and, if the situation allows, a start-up approval is given,
followed by a push back approval. This allowance depends on multiple conditions, including whether vehi-
cles and personnel have left the stand and whether direct push-back would be possible.

After its push back, the aircraft receives a taxi route and approval to taxi. Depending on its route, approval
might be required to cross speci�c points in the airport infrastructure, including a runway. When arriving at
the runway, the departing aircraft once again waits for approval from ATC to line up and take off.

Controlling the operation
Although a safe operation is the main goal of an air traf�c controller, its their secondary objective to run an
ef�cient operation. The two main control parameters are the routes allocated to each aircraft, and the num-
ber of aircraft that are simultaneously present on the taxiway infrastructure.

The layout of AAS's infrastructure (Figure 2.1 and 2.2) plays an important factor. Air traf�c controllers aim
at obtaining stable streams of traf�c using taxiway Alpha and Bravo in clockwise and anti-clockwise direction
respectively. As noticed by the Dutch Safety Board [14], air traf�c controllers may decide to deviate from this
procedure. Reasons to do so can be that there is a queue in front of the aircraft, or when a taxiing aircraft has
to get around an aircraft that is being pushed back to a location on one of the main taxiways. However, it has
to be communicated clearly with the pilots that the aircraft should deviate from standard procedures.

It is stated in Subsection 2.1.1 that AAS's layout could cause runway queues of departing aircraft to build
up on the main taxiways, blocking the taxiway system for other aircraft. It is therefore of importance that only
limited aircraft receive a push back at the same time, in order to reduce potential con�icts on taxiways.

Taxiway con�icts
The mentioned procedures regarding taxiway direction and limited push backs are not suf�cient to provide a
safe operation. Aircraft still have to adapt speed or stop in order to prevent a con�ict in which aircraft get too
close, especially during a runway recon�guration in which multiple �ows of ground traf�c exist on the ma-
noeuvring area. Figure 2.4 shows three possible taxiway con�icts that can occur. The one on the left shows
the situation where two aircraft arrive at (almost) the same time at an intersection and both want to use the
same taxiway. In normal case, an aircraft approaching from the right has priority. However, there are two ex-
ceptions. Firstly, an air traf�c controller can tell a pilot that it has, or has to give, priority. Secondly, an arriving
aircraft leaving the runway via a runway exit has priority over other aircraft. That is because its speed is much
higher, as well as the fact that the runway has to be emptied such that the next aircraft can land safely.
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Figure 2.4: Possible types of taxiway con�icts [67]

Table 2.1: Minimum separation distance between aircraft [47]

Trailing
Leading SUPER HEAVY MEDIUM LIGHT
SUPER -* 6 NM 7 NM 8 NM
HEAVY -* 4 NM 5 NM 6 NM
MEDIUM - - - 5 NM
LIGHT - - - -
* Amsterdam Airport Schiphol aims for increased radar separation

minimum to 4 NM for additional safety
- ICAO radar separation minimum

The middle con�ict in Figure 2.4 indicates that the trailing aircraft has a higher speed than the leading
aircraft. It is the pilot's responsibility to maintain a safe distance with respect to the leading aircraft.

The third and most right con�ict as shown in Figure 2.4 is the situation in which two aircraft are heading
towards each other on the same taxiway. Also, for some apron areas there is only one way to both enter and
exit. The situation in which two aircraft use the same route at the same moment should be avoided in all
times, as it causes a gridlock in the taxi system due to the fact that aircraft cannot move backwards. Conse-
quently a large inef�ciency is introduced, which has to be solved by push back trucks. It is one of the main
reasons why ground controllers want to stick as much as possible with the original taxiway directions of Alpha
and Bravo. Also, the current direction of single lane taxiways like Quebec have to be clearly communicated.

2.1.3. Operational Constraints
Air traf�c controllers are not completely free in solving the complexities that arise in an airport's ground op-
eration. This subsection lists a few constraints that limit an air traf�c controller's option space.

Separation
One of the regulatory frameworks is related to the minimum separation between two aircraft to maintain a
safe operation. This separation can either be distance based or time based, which both have to be satis�ed.

Distance based separation depends on two aspects, of which the �rst aspect is related to the turbulence
created by an aircraft's wingtip vortices and the fast moving gasses that are released by the aircraft's engines.
Since both features heavily depend on the size of an aircraft, the International Civil Aviation Organization
(ICAO) grouped aircraft in 4 different categories. These so-called Wake Turbulence Category (WTC) are based
on an aircraft's Maximum Take Off Weight (MTOW) [9, 10]. Another aspect is radar separation, which is ap-
plied to account for deviations of an aircraft's actual position and the position as seen by a radar. In addition,
the radar has to be able to distinguish the radar pulses re�ected by two aircraft, which is why separation
between aircraft should be larger than the radar's range-resolution. ICAO standards state that that radar sep-
aration in the terminal area airspace should be at least 3 NM and may be reduced to 2.5 NM on �nal approach
[9]. The required separation resulting from the wake turbulence separation and radar separation as de�ned
by ICAO regulations are shown in Table 2.1 [9, 10].

Time based separation is a strengthened separation interval. It is applied between two departing or two
arriving aircraft due to the effects of wake turbulence [9].

Selecting which runways to use
Another important constraint for ground operations is related to the runways that can be used by ATC. The
choice of active runways is mainly constraint by weather conditions, airport demand and noise regulations,
which all depend on one another making it a challenge to select the optimal runway con�guration.

Wind conditions play an important role in selecting a valid set of runways, since each airport has wind
limits to maintain safe runway operations. First of all, typically tailwind components are not allowed to ex-
ceed 10 knots. Secondly, crosswind is limited to 15-25 knots, depending on the airport [11]. AAS has set its
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crosswind limit and tailwind limit on 20 knots and 7 knots respectively, which can be lowered depending on
the visibility range and ceiling (cloud base) [47]. Somestimes, a speci�c runway cannot be used due to heavy
(thunder)storms on the arrival or departure routes. Also fog should be taken into account, as dependent run-
ways are not allowed to be used in case visibility is less than 5 kilometres or ceiling is below 1000 feet [71].

Additionally, AAS is characterised by is its wave-like schedule of consecutive arrival and departure peaks.
As a consequence of agreements with its community council, ATC does not have full freedom in selecting the
type and number of active runways. Noise restrictions from Schiphol Community Council have led to a list
of preferred runway combinations during either day and night, which is presented in 2013's agreement [2, 3].
The agreement requires that at least 90% of the time the most noise preferred set of runways is active. In ad-
dition, ATC is allowed to use 2+1 runways during inbound or outbound peaks. This means two runways can
be used for landing and one for take off, or vice versa. During the so-called off-peaks, ATC is allowed to only
use 1+1 (one take off runway, one landing runway). This same strategy is applied during night time (22.30
- 06.30 local time). For a limited period of time, two take off and two landing runways (2+2) can be used to
make the transition from one peak to an other. Summarised, ATC has to adapt its set of active runways to
match demand and comply with regulations, which is the main reason why AAS performs so many runway
recon�gurations every day.

Other factors limiting the choice of active runways is related to runway dependence due to e.g. jet blast of
departing aircraft on an other runway, or crossing runways (18 L ¡ 36R and 09 ¡ 27, see Figure 2.1). Addition-
ally, a missed approach path of a runway might overlap with a departing route , which is the case for runway
06 interfering with runway 09.

Additionally, sudden (operational) events could cause (temporarily) closing of a runway. Examples are a
sudden change in wind direction, a bird strike, or aborted take off. Technical failure of runway systems (e.g.
lightning) as well as required snow removal are also reasons to close a runway. It is also possible that an arriv-
ing aircraft declares an emergency, after which ATC can decide to temporarily open a runway for that aircraft
to land. It has to be noted that most of the mentioned factors are rare events, but each of them requires a
quick reaction in terms of a runway recon�guration.

Slot regulation
Some other constraints worth mentioning are gate occupancy and slots issued by EUROCONTROL. Regarding
the former, in case an arriving aircraft touches down on an airport, ATC would like to guide it as quickly as
possible to its gate, in order to minimise the traf�c it has to control. However, it can occur that the gate of
the aircraft is still occupied, requiring ATC to hold the aircraft on the airport's infrastructure. This can be on
a taxiway that is either in use or not used depending on the set of active runways, or on a speci�c remote
parking location. Each of these locations limit ATC's usable workspace and increase traf�c density. The latter
scenario occurs when EUROCONTROL tries to limit the number of aircraft in a speci�c airspace or area, by
giving tactical time slots to an aircraft in which it should take off (so called Calculated Take Off Time (CTOT))
[20]. Not only does this mean that a so-called regulated aircraft might hold longer at its gate than planned, it
also requires ATC to prioritise this aircraft in the pre-departure sequence such that it can depart at its CTOT.

2.1.4. Operational Uncertainties
The process of an air traf�c controller from landing an aircraft up to the moment it becomes airborne from the
runway for its departing �ight includes many aspects of uncertainty. This subsection lists the main sources
of uncertainty that have an effect on the operational ef�ciency.

The main sources of uncertainty are:
1. time it takes to taxi from gate to runway or vice versa;
2. duration of push back;
3. duration ground handling;
4. moment in time an arriving aircraft touches down on the runway;
5. time it takes an aircraft to cross a runway;
6. time an aircraft has to spend in the departure queue;
7. time an aircraft is occupying the runway;
8. time when an aircraft is ready for its push back;
9. time when an aircraft receives its push back;

10. time an aircraft has to wait after push back to start taxiing;
11. time separation between two trailing aircraft on a taxiway;
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12. selecting the fastest taxi route;
13. taxi speed;
14. runway exit used by an arriving aircraft (depending on its roll distance);
15. whether an aircraft is ready within its engine start-up window;
16. whether an aircraft is actually ready when it makes the call it is ready;
17. whether an aircraft follows the allocated taxi route;
18. delay caused by a runway recon�guration;
19. weather / wind forecast.

Uncertainties 1 until 10 are related to the duration of speci�c actions, or the moment when particular ac-
tivities are likely to happen. Consequently, air traf�c controllers continuously have to adapt their plans, de-
pending on whether their plans become reality. This leads to situations in which the selected routes are
non-optimal (12). Uncertainty in runway exit used and aircraft speed requires ATC to take additional safety
measures in terms of holding aircraft at position until others passed by (items 13 and 14). ATC does not have
(full) information of what happens on the ground or in the cockpit, such that non-optimal decisions are made
due to a lack of operational insights (items 15, 16 and 17). It is noted before that a runway recon�guration
causes an operational disturbance, of which the magnitude is unknown (item 18). Also, it is unknown whether
the right set of runways is active, as weather conditions remain (to some extent) unpredictable (item 19).

So far limited literature analysed the effects of the operational uncertainty at airports. One study has come up
with a list of 18 different sources of uncertainty [56]. Historic data of Detroit Airport was then used to perform
the quantitative analysis for the uncertainty sources 10, 12, 13 and 18. Fast time simulations are used H. Lee
and H. Balakrishnan to investigate the impact of the uncertainty sources 9, 11, 13 and 14 [44].

2.1.5. Agents involved in the Ground Operation
This subsection describes the different actors (agents) that perform relevant activities in the ground surface
movement operations.

Aircraft
This report refers to an aircraft controlled by the pilot as "Aircraft". Focusing on departing aircraft, the indi-
vidual goal of each aircraft is to become airborne as soon as possible and to comply with the airline schedule.
For arriving aircraft it is the other way around, i.e. to arrive as quickly as possible at the gate. The objective to
minimise taxi time, and thereby fuel burn, cost and emissions, are derived from the airline.

Delivery Controller
The delivery controller is responsible for communicating the en-route clearance to departing aircraft. The in-
formation includes squawk code, assigned take off runway and route clearance, and is shared via either radio
or data link. Additionally, slots times (CTOT) issued by EUROCONTROL are communicated by the delivery
controller. The individual goal is to provide each departing aircraft with its initial route clearance. Only after
the pilot's con�rmation, the aircraft will be given a spot in the pre-departure sequence.

Outbound planner
When departing aircraft report over the radio that they are ready, it is up to the outbound planner to decide
whether the pilot should be forwarded to the start-up controller. A Collaborative Pre-Departure Sequence
Planning (CPDSP) tool determines the engine start-up of each aircraft and lists which aircraft have (just)
been cleared. This latter aspect is of importance to determine whether a queue is expected at the runway as
well as the fact whether adjacent aircraft have just received their clearance, which could cause a con�ict. The
planner gives information about weather and airport conditions. Additionally, expected taxi time is entered
in the CPDSP system to gather data about future traf�c, which is used to determine whether new clearances
can be given. The individual goal is to regulate the �ow of aircraft (and therefore workload) that are forwarded
to ground control.

Start-up controller
It is the start-up controller's task to give start-up clearances to the aircraft that are ready for departure. Deci-
sions are based on the departure sequence planning of the outbound planner, the number of aircraft in the
�eld, and length of the queues at the departure runway. The latter two aspects are also an indication of the
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current workload of the ground controller. An individual start-up controller no longer exists at AAS. For air-
craft on stands, and for taxi-out stands this task is performed by the ground controller and outbound planner
respectively. The individual goal is to make sure that the aircraft's engines can be started safely.

Ground controller
The ground controller is responsible for giving push back and taxi instructions for both arriving and depart-
ing aircraft. In addition, the ground controller is responsible for maintaining separation between aircraft on
the taxiways as well as on the apron area. Although the right-of-way standard applies, which state that air-
craft coming from the right have priority, a ground controller aims at actively assigning priority to one of the
two involved aircraft in order to maintain safety and to increase ef�ciency of the ground operation. The indi-
vidual goal is to safely guide departing aircraft from their stand to the runway, while guiding arriving aircraft
in the opposite direction. Additionally, the controller aims at obtaining an optimal departure sequence by
prioritising aircraft on the taxiway.

Runway controller
A runway controller is responsible for providing a safe separation between successive departing aircraft,
based on the values as provided in Subsection 2.1.3. Additionally, arriving aircraft should receive a landing
clearance if the runway is free and available. If a taxiing aircraft wants to cross an active runway, the runway
controller has to give a clearance when a safe crossing is possible. The individual goal of the runway controller
is to maintain a safe separation between departing aircraft as well as arriving aircraft. The controller aims at
adhering to the planned departure sequence as setup by the ground controller, although changes occur to
minimise total time required for take off.

Ground handler
A ground handler prepares an aircraft for its next �ight, by refuelling, cleaning and catering the aircraft. The
handler is responsible for updating the aircraft's readiness times in accordance with the Airport Collaborative
Decision Management (ACDM) programme, based on its own insights and information from the cockpit. The
individual goal is to minimise the Turnaround Time (TAT) of an aircraft, such that an aircraft can depart as
early as possible. In addition, the ground handler wants to minimise time difference between actual and
target readiness time, in order to maximise the service level of the handler organisation.

2.1.6. Interaction between Agents
The previous subsection described the different agents that are involved in an airport's ground operation.
The interaction that takes place between these actors are explained in this subsection.

Figure 2.5 shows the �ows of interaction between the different agents:
• Link 1: A ground handler updates the �ight readiness times of the aircraft it performs operations on

and forwards these timestamps to the outbound planner.
• Link 2 & 3: Aircraft interact with ground handlers to discuss readiness status of the aircraft. From the

aircraft's point of view this includes e.g. boarding and �ight preparation, while the ground handler has
to perform activities like refuelling and catering.

• Link 4: Aircraft interact with other aircraft to maintain separation. An aircraft should adapt speed when
trailing a slower moving aircraft. In addition, an aircraft should reduce speed or even wait at a taxiway
intersection in case another aircraft has priority as it comes from the right, due to restrictions from ATC,
or when an arriving aircraft leaves the runway exit.

• Link 5 & 6: A departing aircraft requests information regarding clearance delivery, while the controller
provides this initial route clearance. This clearance includes squawk code, assigned take off runway
and route clearance.

• Link 7 & 8: When a departing aircraft is ready for departure, it informs the outbound planner. If the
circumstances allow, the outbound planner will forward the aircraft to the ground planner. In addition,
weather and airport information is communicated.

• Link 9 & 10: Departing aircraft request a ground controller for push back, which it receives if the situa-
tion allows. The controller also allocates a taxi route to both departing and arriving aircraft. In addition,
the controller can give instructions to aircraft to solve con�icts and maintain separation. Arriving air-
craft can also be guided to a remote holding position if its stand is still occupied. An aircraft should
con�rm (or read back) all ground controller's statements.
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Figure 2.5: Diagram of interactions between the agents involved in a ground operation

• Link 11 & 12: A runway controller gives clearances to departing aircraft to line up on the runway and
take off, arriving aircraft a clearance to land, and taxiing aircraft a clearance to cross an active runway.
All aircraft should con�rm the runway controller's statements.

• Link 13 & 14: The delivery controller hands over the responsibility of an aircraft to the outbound plan-
ner once the clearance delivery is con�rmed by the aircraft. Circumstances like sudden runway recon-
�guration might result in the fact that new clearances in terms of runway or departure route have to be
given, requiring a hand back to the delivery controller.

• Link 15 & 16: Interaction is based on handing over the responsibility of an aircraft. It happens occa-
sionally that an aircraft states that it is ready, while in fact it is not. Consequently the aircraft is handed
back over to the outbound planner. By analysing the number of �ight strips in front of the ground con-
troller, the outbound planner can get insights in the ground controller's workload and thereby decide
whether a new aircraft can be forwarded.

• Link 17 & 18: Responsibility of an aircraft is handed over from the ground controller to the runway
controller at the moment a departing aircraft arrives at the runway, while the responsibility of arriving
aircraft travels the other way. If a taxiing aircraft has to cross an active runway, the responsibility is
temporarily in hands of the runway controller.

Depending on the traf�c state and number of aircraft in the �eld, responsibilities of air traf�c controllers can
differ. During a quiet period of time, one air traf�c controller can be delivery controller and outbound planner
simultaneously. During busy moments, multiple runway controllers and ground controllers are present, each
responsible for a speci�c region of AAS's layout.

2.2. Modelling of the Ground Operation
Since Since EUROCONTROL identi�ed in 2001 that airport congestion is one of the main constraints to make
further growth in aviation possible [15], multiple studies focused on different aspects to increase an airport's
ef�ciency. The Literature is reviewed to obtain the state of the art regarding the modelling of an airport's
ground operation. Insights in the main directions and the used modelling techniques are discussed in Sub-
section 2.2.1, followed by the identi�ed research gap in Subsection 2.2.2.

2.2.1. Modelling Techniques
The main research direction aims at determining relations that can be processed in a tool to support air traf�c
control in their activities. Four main topics are identi�ed in relevant studies:

1. Optimisation of runway sequence: models are created to optimise the sequence of departures based
on a �ight schedule, taking the separation minimums between two departing aircraft into account.

2. Optimisation of gate release: to decrease taxi delays due to taxiway con�icts and a runway queue, the
effect of allowing only a limited number of aircraft on the taxiway simultaneously is analysed.
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3. Shortest path taxiways: different algorithms are designed to determine the optimal taxi route that
aircraft have to follow, which could refer to optimal path in terms of distance as well as taxi time.

4. Estimation taxi time: historical data is used to determine the impact of operational parameters on the
taxi-out time. The acquired relations are used to estimate the taxi-out times of current operations.

The studies are grouped based on the modelling technique used, as each of the techniques comes with its
own advantages and disadvantages. The most relevant and interesting studies per modelling technique are
discussed below. Each study is evaluated in terms of:

1. Objective: insights in the type of research, to gain an understanding of the approach and focus.
2. Simpli�cations and Assumptions: due to the complexity of the operation, simpli�cations are needed

to transform it into a theoretical model. These simpli�cations must be carefully considered, which is
why the level of abstraction, and effect of these assumptions, is assessed.

3. Degree of uncertainty: ATC creates tactical plans on how to guide aircraft ef�ciently towards their des-
tination. In a stable and predictable operation, ATC is able to successfully execute these plans. However,
challenges are faced in a dynamic operation, as ATC's plans are continuously disturbed due to expec-
tations in aircraft's behaviour that are not met. The included level of uncertainty gives insights into the
degree of dynamics.

4. Level of validation: validation is required to determine the extent to which the designed model rep-
resents the actual operation. Also, this this is an important stage to evaluate and explain potential
differences between the model and reality.

Types of Linear Programming
One of the most frequently used techniques to model an airport's ground operation is the application of a
type of Linear Programming (LP). This technique can be used to model almost all processes. Although this
modelling technique has the advantage that an optimum will be found, it also has many disadvantages. First
of all, runtime of the algorithm increases exponentially with size as is con�rmed by Malik et. al. [48]. Several
studies show that the size of the problem is not only linked to number of aircraft, but also to the selected
time discretisation [5, 51, 67]. In addition, linear programming is seen as a centralised approach as the au-
tonomous behaviour of the aircraft agents is not taken into account. Consequently, neither uncertainty, nor
interaction/con�icts between agents can be included.

Most studies had similar objectives: minimise taxi time and delay [5, 45, 46, 50, 51, 57, 60, 67], minimise
time difference between actual and scheduled takeoff time [40, 45, 46], or maximise runway throughput [48].

By comparing the different studies, the following aspects are noted:
• Some studies completely exclude arriving aircraft [48, 60], while others analyse different strategies in

which arriving aircraft are partly excluded [46]. Balakrishnan and Jung, and Balakrishnan and Lee pri-
oritise arriving aircraft above departing aircraft [5, 45].

• Most studies do not include any validation aspects in order to determine the model's performance. An
exception is made by one study which uses observations to validate the model [46]. Most studies use a
randomised schedule instead [40, 48, 57, 60].

• As stated before, uncertainty cannot be taken into account using a form of LP. Different studies test the
effects of uncertainty by running simulation runs with different parameters and �ight schedules [5, 48],
while Rathinam et al. [57] use randomly selected readiness time as well as a random gate location.

Types of Search Algorithm
A Search Algorithm (SA) aims at �nding variables that create either a minimum or maximum, while satisfying
multiple constraints. It does so by applying brute-force and heuristics to their case, depending on the type
of algorithm. The largest advantage of the two main types of search algorithm (Genetic Algorithms and Tabu
search) is that they can quickly provide the user with a relatively good solution. The reason relatively is used
is because the algorithms do not guarantee a global optimum, as the algorithm sometimes ends in a local
optimum [69]. A SA is solved from a centralised approach point of view, meaning that no interaction, con�ict
solving or behaviour of the autonomous different agents is taken into account; an optimum is found for the
complete system, assuming all aircraft will adhere to their assigned routes and times. Uncertainty cannot
directly be included in the algorithm.

Most studies based on a type of SA focus on optimal allocation of taxi routes [23, 35, 53], while others
take the combination of runway sequence, allocation of taxi routes and optimal push back time into account
[21, 36, 42]. Atkin et al. [4] analyse the runway sequence order, as well as taxi route allocation, while Koeners
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and Rademaker [41] focus on runway sequencing. More than half the studies focus on minimising total time
cost of taxiing aircraft [21, 23, 35, 36, 42, 53]. Gotteland and Durand [23] penalises routes of aircraft based on
the length. Koeners [42] also analyses the distribution of taxi time of the individual aircraft, while Jiang et al.
[36] focus on obtaining a fair distribution of individual taxi times.

By comparing the different studies, the following aspects are noted:
• An equal balance is made between the studies that include arriving aircraft[23, 35, 36, 53], and the ones

that exclude them [4, 21, 41, 42]. Gotteland and Durand [23] are the only ones stating that arriving
aircraft can be delayed up to 30 seconds in the air. Since Jiang et al. [36] forbid aircraft to hold at a node,
this also means arriving aircraft are postponing their landing until their route is available.

• Most studies are based on an actual �ight schedule [4, 23, 35, 41, 42] ranging from data of 9 �ights [35]
up to one full day [23, 53]. Koeners et al. [42] limit themselves to data of 1 departing runway only.
A validation based on comparison of actual and simulated data is done by Jiang et al. [35]. Multiple
studies compare their results with other algorithms to determine the ef�ciency [23, 36, 41, 42]. The
model designed by Atkins et al. [4] is used in a real life situation to validate the model.

• Uncertainty is excluded in multiple studies [21, 35, 36, 53]. Gotteland and Durand [23] include uncer-
tainty in taxi speed by iterating on a regular basis. Koeners et al. investigate the uncertainty in speed
and push back time [42], or the effects of delay using different �ight schedules [41].

Historical Data
Combining large data sets with techniques to analyse them results in valuable lessons regarding an airport's
performance. Two directions to analyse historical data were found in literature; using data to predict an air-
craft's taxi time [31, 37, 64–66] or using data to predict how many aircraft should be pushed back in a certain
period of time (so-called push back rate) [65]. An advantage of this technique is that actual data is being used
to make future predictions. However, since each situation on the ground surface of an airport is different,
historical data of taxi times during a low density state is not representative for a high traf�c density, or vice
versa. In addition, this type of model only focuses on time predictions, leaving out the actual interactions and
con�icts between agents. Furthermore, local congestion is left out of the model meaning that aircraft should
be pushed back, even when the apron area is congested. Uncertainty in this model is included, a probabil-
ity distribution of historical taxi time per taxiway is created, such that this uncertainty is taken into account
when predicting the taxi out times. However, there are no insights in the exact source of delay.

Most studies aim at making an accurate estimation of the taxi-out times [31, 37, 64–66]. Simaiakis et al.
[64, 66] use data in combination with Markov Chains to determine the optimal push back rate. Simaiakis and
Balakrishnan [65] analyse the impact of number of aircraft in the �eld on taxi time performance, based on
historical data.

By comparing the different studies, the following aspects are noted:
• Three studies include arriving aircraft [31, 37, 64], in which Idris et al. [31] conclude that arrival demand

has a low impact on taxi times. Others exclude arriving aircraft in their analysis [65, 66].
• Uncertainty is included in all studies, since probability distribution of taxi time are used. Historical

data allows the establishment of relations, however the exact of uncertainty is unknown due to the
dependence of variables.

• All �ve studies use historical data to train the model and perform the analysis, after which a different
data set is used to validate the model. The size of the data set is either 20 days [37], one month [31], or
1 year [64–66]. Some studies include multiple �eld tests to validate the created tool [64, 66].

Agent-Based Modelling
The popularity of the novel technique Agent-Based Modelling (ABM) is increasing thanks to its ability to give
a natural description of a socio-technical systems [6, 74]. An agent-based model is created bottom-up where
each involved unit or player is modelled as an individual agent with its own �eld of observation, capabilities
to communicate or interact, as well as autonomous behaviour. The model developer is free to set the level
of abstraction by specifying an agent's behaviour in terms of responsibilities and dependencies. Each agent
is characterised by a set of observables, which might be related to each other by equations and which can be
changed by an individual's activities. Additionally, the interaction, communication and information sharing
between different agents can be speci�ed. This makes it possible to create arti�cial boundaries, like a group
of agents (e.g. a company), between which particular data is shared. This allows heterogeneous components
to be formed at different levels [22].
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Due to the fact that ABM is based on developing a model bottoms-up, it has some major advantages with
respect to the earlier mentioned techniques. First of all, ABM allows complex behaviour on an individual
level. As each agent has its individual behaviour, different variations and uncertainties can be applied on a
local level. Additionally due to the model's �exibility, an agent's behaviour is able to change over time, e.g.
it adapts to the circumstances or learns from earlier decisions. Additionally, uncertainty is easily added per
individual. Many other techniques have dif�culties to include uncertainty and a dynamic behaviour on local
level, and are based on (high level) equations between observables. As the model complexity rapidly increases
for larger systems, those techniques have dif�culties to include uncertainty and a dynamic behaviour on local
level. Often, parameter values originating from taking the space average of time average are applied in the
model to maintain acceptable run times.

Another strong aspect of ABM is the fact that it is being designed from a low-level, meaning that e.g.
individual processes are modelled instead of the parent processes, or individuals instead of groups. As a con-
sequence, the interaction and autonomous behaviour of the different agents could show emergent behaviour
of the complete system, which would not be obtained when modelling on a higher level. If the model is de-
signed properly, different and more realistic insights are gathered with respect to models that are designed
on a system level [6, 74].

Peng et al. [52] focus on route allocation to aircraft to determine airport capacity, where others combine
route allocation with runway sequencing [43]. For both studies it has been the aim to minimise taxi time of
the individual aircraft. The objective of Rafegas [55] is to understand the potential of ABM to increase airport
capacity. Udluft has demonstrated the feasibility of decentralised control, by designing an agent-based mode
to simulate an airport's ground operation [73]. For the latter two studies, taxi time is seen as (one of the) per-
formance indicators to evaluate the performance of ABM.

By comparing the different studies, the following aspects are noted:

• Udluft based his conclusions on departing traf�c only [73], while others included both arriving and
departing traf�c [52, 55]. No information about the �ight scenario is provided by Lancelot et al. [43].

• Peng et al. [52] use a different algorithm to validate the model, although a �ctitious airport with random
schedule is used. Others tested their designed tool in a real-life environment [43]. Rafegas and Udluft
[55, 73] have not validated their model, as both use a �ctitious airport and random schedule.

• Stochastic perturbations is included in aircraft performance [52], or turnaround times of aircraft [55].
Others use real-time status updates of aircraft, and input of actual controllers, to discover best routes
[43]. Udluft applies Monte Carlo Simulation to his operation [73].

2.2.2. Research Gap
Although multiple studies focus on the optimisation of an airport's ground operation, the theoretical results
cannot be used in practice. The reason for this is that transforming a socio-technical process (like an airport's
ground operation) into a theoretical model can only be done effectively if the actual dynamics of the oper-
ation are well understood. Large pitfalls that are identi�ed in literature are related to leaving out essential
aspects of the operation, including arriving aircraft, uncertainty as well as aircraft interactions and con�icts.

Transient state of operation
One of the current limitations in literature is that most studies base their results on simulating a steady-state
operation. Discussions with (former) air traf�c controllers revealed that it is not the steady-state that cre-
ates the largest challenges. Although maybe not optimal, ATC has standard procedures and strategies to deal
with this kind of operation. Instead, one of the main challenges ATC has to deal with is the transient state
of operation, which can be caused by e.g. a change in runway con�guration, a traf�c disruptions, or closure
of airport infrastructure. The operational standards limit ATC's option space to deal with the dynamics and
complexities that arise from these situations.

Hunter [29] analysed 27 airports to quantify the decrease in airport capacity as a result of runway recon-
�gurations. He correctly identi�es that reduced capacity is caused by a loss of available departure traf�c as
a consequence of the disruption in steady traf�c �ows. The only studies that include a transient effect focus
on a sudden taxiway closure [7, 53]. Although the initial steps are made to quantify the effects of a transient
state, no research focused on improving the ef�ciency of ground operations in a transient state.

Oversimpli�ed
Additionally, some important aspects are left out from the simulations models that are designed so far. Two
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key aspects are discussed in particular. Firstly, not all studies have included arriving aircraft. By omitting
arriving aircraft, traf�c density is substantially lower on the airport layout and thereby important dynamics
are removed from the actual operation. This results in an inaccurate indication of the number of con�icts,
the dimension of congestion and thereby ATC's workload.

The second aspects is related to the dynamics of aircraft. Both the LP and SA modelling techniques are
solved from a central point of view and aircraft interaction and con�icts are avoided in advance. Conse-
quently, both techniques do not take the autonomous behaviour of the aircraft agents into account. Also,
both techniques cannot include uncertainty directly. Only by running many simulations with different set-
tings, this aspect can be taken into account. However, the dynamic aspects and uncertain factors make it a
challenge for ATC to guide aircraft effectively around the airport, as the mental planning of air traf�c con-
trollers has to adapt continuously due to uncertain factors as are mentioned in Subsection 2.1.4. Conse-
quently, by excluding (some of) these factors, a large part of the reality is removed from the ground operation.

Incorporating actual operation
Only a few studies performed observations to get a clear understanding of the operations and procedures.
Idris and Hansman [32] dedicated their research to observing and analysing the departure process. A cou-
ple of studies observed historical data to get an insight in the operation [31, 37, 64–66]. Others �rst created a
model before performing �eld-tests [64, 66] or human-in-the-loop experiments [7, 43, 49] to �nd out whether
their tool was an accurate representation of the actual operation. So for the few studies that did include the
actual operation, mainly in the initial and �nal stage of the model development process. As a consequence of
the fact that almost no studies validate their results with the actual ground operation, practical applicability
of the results is still missing.

Most studies focus on obtaining results that are "optimal" in theory, instead of developing the model is
a representative manner. Assessing the modelled operation with respect to the actual operation is under-
valued, although it is a requirement to obtain results that have practical relevance. Reviewing literature has
revealed the need to perform an empirical study parallel to the development stage of a model-based study.
An empirical study that compares the simulated and actual operation on �ight level, could lead to essential
insights that can be used to improve the model that is designed in the model-based stage. So far, no study
has been conducted at this level of detail.

Decentralised control
Most studies focus on designing tools that allow a decrease in the workload of ATC, either by reducing tasks
due to automation, or supporting the controllers with systems to enrich operational knowledge [43, 64]. How-
ever, the air traf�c controllers are still seen as centralised actors, responsible for many aircraft in a large area
of the airport.

All studies using the ABM technique focus on decentralised control, in which the decision making process
is distributed over many �ctitious agents placed on each of the taxiway intersections. Although the concept
of decentralised control seems promising, it has only been applied to arbitrary airport layouts. Additionally,
all studies focus on the model's outcome, instead of the concept of decentralisation itself. Consequently,
comparisons between local and global decision making are omitted, although they would allow interesting
evaluations in terms of performance and behaviour.

Identi�ed gap
Limited to no knowledge of the actual ground operation is taken into account when developing a model. Due
to misunderstandings and oversimpli�cations, essential aspects like uncertainty and aircraft con�icts are left
out of the model. No studies were found that perform empirical studies in parallel to the development pro-
cess, thereby neglecting the opportunity to create a model from an operational perspective. Additionally,
most studies focus on obtaining a theoretical optimum for the steady-state operation, without having ob-
tained a detailed understanding of the actual operation under investigation. Consequently, the theoretical
results cannot be translated into practice. An example is the novel technique of ABM, which enables the eval-
uation of decentralised control. So far, this concept has not been studied under representative conditions,
to enable the assessment between local and global decision making. The overall focus should be placed on
obtaining practically useful results. It is therefore required to develop a representative simulation model of an
airport's ground operation, using an understanding of the actual operation as foundation. The next chapter
describes how this research aims at �lling part of this research gap.
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Research Framework

The research gap, as identi�ed in the previous chapter, is used to draw the problem statement, which is found
in Section 3.1. Section 3.2 explains how this research can contribute to acquire knowledge to solve part of the
problem. Additionally, the research objective and research questions are given. The scope of research and
methodological steps to meet the research goal are presented in Section 3.3 and Section 3.4 respectively.

3.1. Problem Statement
The demand in air transportation is growing at an average speed of 3.7% per year [30]. Currently airports in
Europe are having troubles to accommodate this rapid growth. Capacity problems at airports have been the
cause of 14% of the by EUROCONTROL issued delays in October 2017 [17]. As expanding infrastructure is
a costly and timely manner, alternative ways are explored to increase capacity. The focus is placed on im-
proving the operation using the existing infrastructure. One of the key players in the operation is Air Traf�c
Control (ATC) and has become a common topic in research. Proposed concepts to ease the ATC's workload
are by expanding the team or by creating automated system to enrich an air traf�c controller with operational
knowledge. However, both cases still rely on a centralised controller who is responsible for many aircraft and
tasks in a large area of the airport. Due to the constrained processing ability of humans, only limited lo-
cal information can be absorbed and used for future decisions, while still maintaining a safe operation. To
structure taxi �ows, ATC makes use of procedures, protocols and standard taxi directions. However, these
operational standards limit ATC's capabilities to use the scarce resources ef�ciently and thereby solve an op-
erational disturbance or con�ict quickly.

Amsterdam Airport Schiphol (AAS) is one of the airports facing capacity issues [19], partly due to the regular
occurrence of runway recon�gurations as explained in Subsection 2.1.1. Each of these runway recon�gu-
rations disturbs the operation, as multiple new traf�c streams have to be integrated in the existing traf�c
structure. As these traf�c �ows are potentially con�icting with the already existing traf�c, ATC has dif�cul-
ties to use the available runway capacity effectively. The operational standards of ATC limit its capabilities to
solve the disturbance quickly. Consequently, the effects of the recon�guration remain noticeable for a longer
period of time causing operational delays to increase.

It is suggested that decentralised control is able to use the taxiway system in a more ef�cient manner, leading
to an improvement in airport capacity [68]. Shifting the decision making process to a local level, enables local
controllers to focus on solving congestion and con�icts in its vicinity. As these controllers can adapt quicker
and more ef�ciently to a change in conditions, it is expected that decentralised control is able to better man-
age the dynamics of an airport's ground operation.

So far, very few studies focused on the concept of decentralised control. The available studies imple-
mented decentralised control in a simulation model from a theoretical perspective, and stopped at the point
where the feasibility was demonstrated for simple layouts. Since the validation, and assessments with respect
to the actual operations, are omitted, the potential of decentralised control is still unknown.

15
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3.2. Research Objective and Questions
This section describes how this research aims taking steps to improve the operational capacity of airports, by
developing a simulation model from an operational perspective. The research objective is given in Subsection
3.2.1, followed by the research question and breakdown in sub questions as listed in Subsection 3.2.2.

3.2.1. Research Objective

From the previous section it is concluded that ATC has dif�culties to ef�ciently guide aircraft along the airport
during a transient state of operation. Instead of solving the ground operation from a centralised ATC point of
view, it is possible to decentralise the responsibilities of controlling an aircraft. This so-called decentralised
control is based on the idea that many local controllers (agents) make local decisions, instead of one air traf�c
controller dealing with many aircraft and con�icts simultaneously. Decentralised control is able to cope with
uncertainty and transient state of operations, due to the fact that local agents can focus on solving local con-
gestion and con�icts. Not only can these agents adapt quicker and more ef�ciently to changing conditions,
they also possess the ability to use the taxiway infrastructure in a more �exible way. Examples are �exibility
in the direction of taxiway usage, and �exibility in routing structure to make a shortcut or bypass a stationary
aircraft.

However, it is noted that two aspects are missing in literature. Firstly, a case study of an actual airport,
allowing decentralised control to be investigated under representative conditions. Secondly, no empirical
studies have been performed to either validate, or assess, decentralised control with respect to centralised
control.

Agent-Based Modelling (ABM) is a modelling technique that allows decentralised control to be implemented.
Additionally, it is known for its abilities to cope with uncertainty and for its suitability to model socio-technical
systems. However, the strengths of ABM heavily depend on the amount of time that is spend on understand-
ing the operation at stake. Consequently, transforming the dynamics of a ground operation into a theoretical
model requires the procedures, interactions and constraints to be well understood. Only in this way, the ob-
tained theoretical knowledge can be used in practice, meaning that designing a realistic ground operation
model is key aspect of this research.

An agent-based simulation model is to be designed, based on the concept of decentralised control. The
model is developed from an operational perspective, instead of the commonly used optimisation point of
view. This is done by supporting the model-based study with an empirical study. Observing the actual oper-
ation, as well as comparing the simulated operation with the actual operation, leads to valuable insights and
conclusions, that help further development of the simulation model. By combining these two studies, the
implementation of decentralised control is validated in an iterative manner.

A case study is applied to the ground operations of AAS, for two main reasons. First of all, access has been
granted to a wide range of operational knowledge regarding this airport. Operational data of actual �ights
tracks at AAS has been made available for this research, allowing a detailed comparison between simulated
and actual traf�c to identify a difference in behaviour. By understanding the underlying cause of this differ-
ence, it is possible to iteratively improve the model. Additionally, this research has bene�ted from the the
expertise of aviation consulting company To70 and its network of (former) air traf�c controllers. By having
in-depth discussions, a deep understanding of the ground operation from ATC's point of view has been ob-
tained.

Secondly, it is explained in Subsection 2.1.1 that a transient state of operation occurs frequently at AAS,
due to the large number of runway recon�gurations. It is known that the transient state, caused by this op-
erational disturbance, results in large operational challenges for ATC. Using AAS as a case study gives this
research the opportunity to explore the boundaries of decentralised control.

The research objective is formulated as follows:

“the objective is to create an understanding of the principles and mechanisms of a decentralised air traf�c
control, by systematically comparing the emergent behaviour of an agent-based model to the actual ground

operation."
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3.2.2. Research Questions
This subsection presents the research question that has to be answered in order to meet the earlier mentioned
research objective. Furthermore, a breakdown of this research question in terms of key questions is given.

The research is combining two types of studies. An empirical study is performed to evaluate the emergent
behaviour of decentralised control with respect to the actual operation, as executed by ATC at AAS. Within
this study, a model-based study is performed in which an agent-based model is developed. It is therefore that
two research questions are de�ned.

The development process of the agent-based model is closely related to the �rst research question:

1. How could decentralised air traf�c control be implemented in an agent-based model to simulate actual
ground operations?

To answer this �rst research question, multiple sub questions have been identi�ed:

1a. Which agents, corresponding characteristics and interactions, and procedures are involved in an
airport's ground operation?

1b. To what extent can the actual operational procedures and dynamics be integrated in the model?

1c. What are the requirements to implement decentralised air traf�c control in the model?

The evaluation of the emergent behaviour of decentralised control is closely related to the second research
question:

2. Up to what extent does the emerging behaviour of decentralised air traf�c control match the behaviour
of centralised air traf�c control at AAS?

To answer this second research question, multiple sub questions have been identi�ed:

2a. To what extent do the dynamics of the simulation model match the actual dynamics at AAS?

2b. To what extent do the routing strategies of decentralised air traf�c control match the one of cen-
tralised air traf�c control at AAS?

3.3. Research Scope
This research focuses on developing a simulation model from an operational perspective. Firstly, actual oper-
ations are observed and understood before starting the development phase. Secondly, the concept of devel-
oping a complete model before validating it with an actual operation, is inverted; a case study is performed
while simulating the actual operation. Based on the issues and observations with respect to the actual oper-
ation, knowledge is gained on new requirements to improve the simulation model. As this is a new direction
within developing a model to simulate an airport's ground operations, not all aspects of the process can be
taken into account. This section gives an outline of the research scope of this study.

In this investigation, the airport's ground operation is limited to the taxiway infrastructure. This means that
only the segment between leaving the apron and arriving at the runway is included for departing aircraft and
vice versa for arriving ones. Consequently, the apron operation is excluded, as this domain is a complex pro-
cess in itself and no data is available. This also means that it is assumed that the gate is always available, and
that no towing takes place.

This research focuses on the ground operation at AAS, using the actual airport layout, a derived �ight sched-
ule, and an understanding of the operation as starting point to design the agent-based model. The model
development depends on assessment with respect to the actual ground operation at AAS, using the strategies
as applied by AAS's ATC as reference.

3.4. Methodological Steps
The research question and related key questions are composed in the previous section. This section gives an
overview of how the different questions are related to one another by presenting the methodology in a simple
research framework.
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The research framework is presented in Figure 3.1 and consists of four main phases. Subsection 3.2.1 stated
the research objective and explained the essence of approaching this study from an operational point of view.
It is why observations of, and comparison with, the actual operation is performed along the complete process
of this research.

1. Obtain understanding actual ground operation;
2. Obtain routes as travelled in actual operation;
3. Develop agent-based simulation model;
4. Evaluate performance decentralised control.

Phase 1
The �rst phase of the research focuses on obtaining a clear understanding of the current ground operation
AAS. This includes ATC procedures, execution of runway recon�guration and the applied routing strategies.
The state-of-the-art in research is found to get an idea of the work of others, the modelling techniques used
and the knowledge gained from these studies. Summaries of the ground operation and literature review can
be found in Section 2.1 and Section 2.2 respectively. Additionally, Key Performance Indicators (KPIs) are se-
lected as assessment criteria to determine the performance of the actual operations, as well as the simulated
operations, in later phases of the research.

Phase 2
The second phase comprises the development of an Automatic Dependent Surveillance-Broadcast (ADS-B)
tool. Each ADS-B data point transmitted by an aircraft, consists of the location of that aircraft. However,
�ltering and processing of the data is required to work with realistic and useful data. Other steps involve de-
termining the actually travelled ground path, and performing interpolation, such that it is known where each
aircraft is located in time. A �nal step is to draw the �ight schedules in terms of starting time, origin and desti-
nation from these sets of data, which is used as input for the simulation model. The processed data is used in
later stages to compare simulated and actual ground tracks in order to determine the model's performance.
An elaboration of these steps is found in Chapter 4.

Phase 3
The simulation model is developed in phase 3, using the gained operational knowledge from the �rst phase
as input. The goal of this phase is to develop an agent-based model that enables decentralised control on
AAS's layout, using an actual �ight schedule as input. The simulated operation is continuously monitored
with respect to the actual operation. The formalisation of new requirements, or observations of restricted
behaviour, lead to the implementation of new features or types of agents. A schematic overview of the de-
velopment phase is shown in Figure 3.2. Depending on the type of feature that has to be implemented or
improved, it might be necessary to temporarily switch to a more simple airport layout to focus on a particular
traf�c scenario. A description of the developed model is given in Chapter 5.

By conducting this empirical study, both veri�cation and validation are performed: prohibited and unsat-
isfactory behaviour is removed from the model. This empirical approach to develop the agent-based model
provides the opportunity to compare the simulated and actual operation on �ight level in real time. This
unique perspective allows the researcher to acquire an understanding of decentralised control, as well as the
modelling technique. Knowledge is gained regarding the steps that are required to make decentralised air
traf�c control work for the complexity of an actual ground operation and layout.

Phase 4
The fourth phase is related to running multiple days of actual traf�c scenarios. Validation is done to deter-
mine how well the model is able to simulate ground operations. By comparing the similarities and differences
between the simulated and actual operations, the emergent behaviour of decentralised control is assessed
with respect to centralised control. Besides, a sensitivity analysis is performed to determine the robustness
of the model, and to test whether the selected operational parameters correspond to reality. This phase is
covered in Chapter 6.

This chapter explained how this research aims at developing a simulation model from an operational point
of view. By iteratively comparing the simulated ground operation with the actual operation, knowledge is
gathered regarding the requirements and effects of implementing distributed air traf�c control. Additionally
the research framework is presented. A summary of the �rst phase is given in Chapter 2. The second phase of
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Figure 3.1: Research framework

Figure 3.2: Iterative process to develop the simulation model

this framework is related to developing the tool to process actual ADS-B data, which is explained in detail in
the next chapter.





4
Data Processing

The development of the simulation model is highly dependent on data from the actual operation. In order
to possess high quality data which could be used to draw conclusions, it is of uttermost importance that this
data is processed, �ltered and analysed. Section 4.1 discusses the data sources that are used as input for this
research. It is explained in Section 4.2 how Amsterdam Airport Schiphol (AAS)'s layout is processed to serve
as airport layout for the model. A description of the steps that are taken to transform Automatic Dependent
Surveillance-Broadcast (ADS-B) data into ground tracks and into a �ight schedule is given in Section 4.3.

4.1. Data Sources
This section explains the different data sources used and why they are of importance for this research. Addi-
tionally, a summary is given with the content of each data �le.

Airport layout
Two data sets are used to obtain the taxiway layout of AAS: the coordinates of taxiway points, and the taxiway
segments that connect these points. The former �le consists of 1113 data points, their ID, and their geograph-
ical coordinates in latitude and longitude. The latter �le includes 1249 taxiway segments, labelled by their ID.
Each segment is characterised by the two data points it connects and the maximum speed that is allowed on
that particular segment. Both data sets are originating from of�cial studies analysing the effects of expanding
AAS's infrastructure, assuring the high quality of data.

ADS-B data
An aircraft equipped with a Global Navigation Satellite System (GNSS) receiver is able to determine its loca-
tion and speed from GNSS signals. The derived position (including altitude), as well as ground speed, head-
ing and identi�cation code, are broadcast by an aircraft's ADS-B transmitter. This information is captured by
ADS-B ground stations, and other aircraft, to determine the position of an aircraft [58].

By collaborating with aviation consulting company To70's ADS-B, access is provided to a database, which
consists of data points of �ights and ground movements at AAS. Combining data points corresponding to a
certain �ight results in a trajectory, which is useful to gain insights and characteristics of the ground tracks
as travelled in the actual ground operation. However, it should be noted that not all ground tracks comprise
the full path from the apron to the runway or vice versa. This is the consequence of aircraft that turn on their
ADS-B transponder while they have already left the apron, or when the transponder is turned off too early.
Also, there is a spot on AAS's taxiway infrastructure which has no coverage of an ADS-B receiver collecting the
data. Erroneous data is included in the model as well, due to incorrect determination of the location, data
transmitting, and data storing.

Operational expertise
A third set of data sources that proved to be of importance is related to acquiring an understanding of routing
strategies and decisions as applied by Air Traf�c Control (ATC) at AAS. Flightradar24 is observed to determine
routing strategies. Knowledge of how ATC solves con�icts is acquired based on conversations between pilot
and ATC, as can be heard via LiveATC, as well as interviews conducted with (former) air traf�c controllers and

21



22 4. Data Processing

(a) Original airport layout (b) simpli�ed airport Layout

Figure 4.1: Effect of replacing an apron by an entry/exit node

experts. These insights are used to complement the ADS-B ground tracks that are incomplete. More informa-
tion regarding this matter can be found in Subsection 4.3.2.

Runway usage
Besides, a database is present in which information regarding runway usage at AAS is stored. This data is
originating from https://www.lvnl.nl/airtraf�c . Based on this data, it can be determined when a runway re-
con�guration takes place, which is of interest when analysing the simulated and actual operation. Although
this website should have an update frequency of 5 minutes, it is found that some points in time were missing.
As a result, the time window between two points can be up to 30 minutes. Also, there cold be a delay between
the moment ATC (de)activates a runway and the moment the �rst (or last) aircraft uses it. According to pro-
cedures, a departure runway �rst has to be activated before an aircraft can receive its push back clearance.
Consequently, it takes both push back time and taxi time before the �rst aircraft takes off from the newly
activated runway.

4.2. Create Airport Layout
Section 4.1 explains that the taxiway infrastructure of AAS includes 1113 taxiway points (so-called nodes) and
1249 taxiway segments linking these nodes together. A few actions have been applied to this layout to make
it suitable for the simulation model, which are described in this section.

Apron removal
The apron areas are removed as it is explained in Section 3.3 that this research only focuses on the ground
operation that takes place at the taxiways. This means that each of the aprons consisting of one or multiple
gates and apron segments are removed. The nodes that connect the apron with the taxiway system acts as
an entry and exit point of that speci�c apron. An example is given in Figure 4.1. Blue segments represent the
taxiways, while red segments represent the apron segments.

Simplify layout
It is decided that the layout has to be simpli�ed before using it in the simulator. Each taxiway point represents
an agent in the agent-based model. This means that each level of detail in the taxiway layout negatively
impacts the computational time of the simulator. It is therefore decided to simplify the layout as follows:

• Some "straight" segments consist of multiple taxiway points, to include the smallest detail of deviation
in segment heading. As this level of detail does not add any noticeable accuracy to the model, the
taxiway points in between are removed. An example of this simpli�cation is given in Figure 4.2. The
yellow dots represent the taxiway points.

• Some corners consist of multiple points to create a smooth turn. Again, as this level detail does not
outweigh the increase in computational time, it is decided that corners are replaced by a single node.
The effect of doing so is shown in Figure 4.2.

• At some parts on the airport, two intersections are located next to each other within a small distance. It
is decided to merge these two intersections together, as can be seen in Figure 4.3.

• Parts of the taxiway infrastructure that are not (allowed to be) used are removed from the layout. This
is done to make sure that the simulation model would not guide aircraft along these segments.
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(a) Original airport layout (b) Simpli�ed airport layout

Figure 4.2: Effect of removing nodes in between a long segment and grouping complex corners to one node

(a) Original airport layout (b) Simpli�ed airport layout

Figure 4.3: Effect of merging a cluster of nodes to one node

(a) Original airport layout (b) Simpli�ed airport layout

Figure 4.4: Effect of simplifying the airport layout

As a consequence of these simpli�cation, the resulting layout consists of 218 taxiway points and 266 taxiway
segments. Insights in the impact of simpli�cation are shown in Figure 4.4. The light blue segments represent
runways, while blue and red segments are taxiways and apron segments respectively. From this �gure it can
be concluded that a large number of nodes and segments are removed, without taking away the layout of AAS.

The resulting layout data is used to de�ne AAS's layout. Apart from an identi�cation number and Cartesian
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coordinates, additional information is manually added to each of the data points:

• The type of node: either an apron entry/exit, an intersection point, a stop bar or a runway entry/exit.
• Both stop bars and runways receive an identi�cation number of the runway it relates to, where each

runway at AAS is given a number from 1 to 6.
• A Runway Mode of Operation (RMO) is characterised by the direction of usage, and whether it is used

for arrivals or departures. Depending on the RMO, some stop bars have to make sure that aircraft can
no longer cross the adjacent segment. This can be due to a con�ict between the taxiing aircraft and
the aircraft that is either landing or taking off, or due to interference with the runway's Instrument
Landing System (ILS). Each stop bar possesses the information if, and for which RMO it has to prohibit
an aircraft from using the next segment.

4.3. Process ADS-B Data
To compare output of the simulation model with the actual operation, it is required to obtain an actual �ight
schedule, as well as insights of the actual ground tracks. This section describes the development of a tool to
transform the individual ADS-B data points, to a set of travelled ground tracks and a �ight schedule. The data
processing is divided into four steps:

• Filter and clean ADS-B data
• Determine travelled ground path
• Interpolate to obtain location at each point in time
• Derive �ight schedule

These four steps are covered in Subsection 4.3.1 until Subsection 4.3.4. The limitation of the ADS-B tool are
mentioned in Subsection 4.3.5.

A case study is applied to the ground operations at AAS, which is explained in detail in chapter 6. The �rst 14
days of May 2016 (1st of May - 14 th of May 2016) are used as input for this case study. The overall data quality
as mentioned in this section refers to the ADS-B data of these 14 days.

4.3.1. Filtering and Cleaning
Access has been granted to a large database, consisting of ADS-B data points. This database covers more data
than AAS only. Additionally, when working with actual data, it is expected that erroneous data is present in
addition to the useful data. This means �ltering and data cleaning is required to obtain the correct data. Both
aspects are covered in this subsection.

The database used for this research consists of multiple tables, all linked together via speci�c properties as
can be seen in Figure 4.5. Filters are applied on different tables, to create a set of �ights of interest. A few
remarks have to be made before further explanations regarding �ltering are provided:

• Apart from aircraft, also airport ground vehicles transmit ADS-B signals. To make identi�cation possi-
ble, each of the mode-s transmitters has a unique 24-bit address. This bit address is often represented
as six hexadecimal characters (hexcode). A list is made of all hexadecimal addresses that have been in
the air at least once, such that only aircraft tracks can be selected.

• A commonly used ADS-B transponder is the mode-s transmitter. Each ADS-B data point emitted by
this transmitter is characterised by an International Civil Aviation Organization (ICAO) type code. This
type code is a number between 0 and 31 and provides information regarding the accuracy, and position
type like ground or airborne [34]. This breakdown is of interest to only select ground track data points.

• An algorithm that �lls the database with the most recent data tries to classify a �ight into multiple
segments, namely departing , cruise, arriving . This classi�cation depends on multiple conditions, in-
cluding (a change in) altitude.

• The ADS-B receiver does not have full coverage of AAS's layout, resulting in blind spots from which only
very limited signals are captured. When plotting a heat map of the ADS-B data points of the �rst two
weeks of May 2016 as is done in Figure 4.6, it can clearly be seen that only a few data points are traced
in the area southeast of the terminals.

• If a set of ADS-B points is tracked and the time interval between two points is above a speci�ed limit,
this sub track is cutoff. In case a track of data points is found which does not become airborne, this track
is labelled ground . Examples are tracks from ground vehicles. Normally, the �ight path of a departing
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Figure 4.5: Links between database tables

Figure 4.6: Heat map based on ADS-B data points

aircraft ranges from its apron up to cruise level, and is labelled departing . However, as is found along
the development of the ADS-B tool, it is likely that departing aircraft which pass the blind spots of the
ADS-B receiver, have two ground paths: a ground segment between the aircraft's gate and the blind
spot, and one departing track between the blind spot and cruise level. The same might happen for
arriving �ights. Initially, only arriving and departing segments were selected for further processing.
However, vital information like the used apron could be missing if the ground segment is not included.
It is therefore decided to merge a �ight's ground segment with the departing or arriving segment of the
same aircraft, if the time difference between the two segments is less than 10 minutes.

• Another algorithm places gates at each of the runways. By connecting the ADS-B data points of each
�ight, it is tested through which of the runway gates a �ight has passed. The corresponding runway is
selected as runway used, and is stored for each �ight.

An overview of the steps that have been taken to �lter the relevant tracks is shown in Figure 4.7. This data is
cleaned and processed according to the steps as outlined in Figure 4.8. Information below explains in more
detail why and how each of the steps are performed.

Data �ltering
Before the actual �ight data processing can start, multiple �lters have to be set to retrieve the �ight data of
interest. It has to be determined which of the data points correspond to aircraft, in order to remove ground
vehicles. The earlier mentioned overview of all hexadecimal addresses that have been in the air is used to
�lter relevant codes.

The ADS-B database includes information of �ights that were in range of the linked ADS-B receivers lo-
cated around the globe, and are stored for multiple years. To only select data of �ights that are both useful
and meaningful to determine the path travelled, a few �lters have to be applied:

• Flights with airport AAS as origin or destination.
• Flights within a speci�c period of time. It is possible to set conditions whether the �ight's starting time

is within a speci�ed time window, to focus on a particular traf�c scenario or runway recon�guration.
• Only ground positions are selected, based on the ICAO type code for which the height is zero.

For the �rst two weeks of May 2016, this resulted in 13,181 unique arriving and departing �ights.
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The following cleaning technique is also related to checking the �ight's credibility. As mentioned earlier, it is
found that looking only at the �ight segments arriving and departing does not cover the full ground path of
an aircraft. It is checked whether a ground track can be merged with the �ight's arriving or departing track.
Merging is done in case the hexcode of the aircraft matches, and the time difference between the last data
point of the arriving segment and �rst point of the ground segment is less than 10 minutes. For departures,
it is the difference between the ground segment and departing segment. For 2,832 �ights, a ground segment
could successfully be merged with the arriving or departing segment.

Two more �lters have been set:
• Flights of which the ground path lasts between 60 seconds and 3600 seconds.
• Flights that have at least 20 data points.

A total of 796 �ights (6%) did not satisfy both conditions. The data processing part continues with the re-
maining 12,385 �ights and over 3 million ADS-B data points.

Remove erroneous data
A boundary has been drawn around AAS's taxiway infrastructure, as is shown in Figure 4.9. For each �ight and
its corresponding data points, it is checked whether it is inside this boundary. Potential causes of points out-
side this boundary is due to system or measuring errors, or incorrect labelling in terms of type code or �ight
segment. In case less than 20% of a �ight's data points are labelled incorrect, it is decided that only these
erroneous points are removed. Once again it is checked whether the �ight satis�es the condition of having
at least 20 useful data points. If more than 20% of the data points are labelled incorrect, the complete �ight
is removed from the data set, as the credibility is doubted. An example of a �ight for which a point has to be
removed is shown in Figure 4.11. A total of 38 individual data points have been removed for 36 unique �ights.
Also, one complete �ight is removed, since more than 20% of the data points were outside the boundary.

Determine a �ight's apron and runway
The need to match the ground segment to the arriving and departing segments was raised, as the �ight seg-
ments did not cover the full ground path. Figure 4.10 shows an example of an arriving segment (in yellow)
that is merged with its corresponding ground segment (in orange). As can be seen, thanks to this ground
segment, the apron of this �ight can be determined.

Still, it is found that 5,194 �ights (42%) does not start or end on an apron. As the database does not cover
information regarding the gate or apron, this means no full ground track can be determined as long as no
apron is assigned. Consequently, it is decided to do an analysis on the most-used apron per aircraft hexcode.
It has been assumed that the missing aprons can be replaced by the aircraft most used gate, for which his-
toric data of 2016 is used. Only for the hexcodes for which no gate could be found in historical data, a manual
apron allocation has been done for 13 �ights, based on the airline and the aircraft type. Historical data was
missing for 15 out of the 5,194 �ights. It has been decided to remove these �ights, as a randomly selection
would be too arbitrary.

It is mentioned earlier that a �ight's runway is selected based on the runway gates it crosses. It is tested
whether the �rst data point of an arriving �ight or last data point of a departing �ight is within 100 metres of
the centre line of the runway. The difference is larger than 100 metres for 337 �ights. For 3 �ights, a different
runway is at least 200 metres closer than the runway speci�ed. Based on visual inspection, these tracks are
removed as no clear conclusion about the correct runway could be drawn. It also occurred once that the �ight
tracks does not cross any of the runway gates. It is then decided to allocate the runway that is closest to the
track's endpoint (last data point departure aircraft, �rst data point arriving aircraft).

Get data points between apron and runway
The �nal step in the data cleaning process is to select the relevant taxiway links of the ground path. As an air-
craft movement is only going to be simulated between the apron exit and runway entry, or vice versa, this part
has to be cut out off the full ground path. For departing aircraft, if data points are found on the apron area,
the last data point in this area is selected. Otherwise the �rst data point is chosen. For the runway element,
either the �rst point within a box of 100 metres around the runway's centre line is selected, or the �nal point of
the ground path in case no point is found in the runway box. For arriving aircraft, a similar strategy is applied.



4.3. Process ADS-B Data 27

Figure 4.7: Steps required to �lter track data

Figure 4.8: Steps required to clean and process track data

Figure 4.9: Airport boundary

The �ltering and cleaning process resulted in 12,366 �ights with 204 data points on average. in Now that the
interesting route segment is both selected and �ltered, the travelled route can be determined.

4.3.2. Determine ground path from location points
The cleaned set of ADS-B points is used in combination with the airport layout, as created in Section 4.2, to
determine the ground paths travelled. The route travelled cannot simply be read from the data points as a
result of:

• The simpli�ed airport layout, meaning that the location of taxiways deviates from the measured posi-
tion of the aircraft.

• Deviations between the actual position, and measured position of the aircraft.
• Incomplete ADS-B data, due to ADS-B transmitters that were turned off or the loss of the ADS-B receiver

which does not have full coverage.
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Figure 4.10: Merged arriving segment and ground segment
Figure 4.11: Points outside the airport boundary

Due to the uncertainty in the determination of the path travelled, it is decided to use Dijkstra's algorithm to
obtain the most likely ground path. The airport layout is transformed into a network graph, for which the ini-
tial weight w i is set to the distance of each taxiway segment i , si . The network graph is tweaked for each �ight
individually, in order to give preference to the most likely travelled segments. The origin and destination are
based on the apron and runway points used.

Preference most likely travelled segments
When determining a �ight's ground path, preference is given to the taxiway segments that are closest to the
ADS-B points. This preference is given by lowering the weights of segments that are likely to be travelled. The
new weight of each segment i is calculated using Equation (4.1). Variable xclosest,i indicates the number of
times segment i was closest to a data point. Consequently, the weight of a segment is inversely proportional
to the number of times it is closest to an ADS-B point.

w i Æ
si

xclosest,i Å 1
(4.1)

An elaboration on how the closest segment is determined for each ADS-B point is provided in Appendix A.
This step results is a �ight speci�c network graph, with weight reductions that are applied to segments that
are most likely to be travelled.

Estimation of origin and destination
Before Dijkstra's algorithm can be applied on the created network graphs, it is required to determine the ex-
act origin and destination of each �ight. For a departing �ight this is the apron exit node and runway entry
node, while it is the runway exit node and apron entry node for an arriving �ight. The apron node is found
by selecting the closest node of that speci�c apron to either the �rst or last point of a departing and arriving
�ight respectively. The same holds for determining the runway node. This runway node that is closest to the
last point or �rst point of a departing and arriving �ight respectively, is selected.

Apply Dijkstra's algorithm
All aspects of having an adjusted network graph, an origin and a destination are in place. Therefore Dijkstra's
algorithm is used to determine the expected ground path travelled by each aircraft. All calculated ground
paths are saved automatically, as well as a �gure that shows the ground path trajectory on the airport layout.

Manual corrections
Each �gure of the determined route is inspected manually, to determine whether the assigned trajectory is in
line with the locations as transmitted by the aircraft. Due to a lack of data, Dijkstra's algorithm believes it is
"best" to make a shortcut. Examples are given in Sub�gure 4.12(a) and Sub�gure 4.13(a). The ADS-B receiver
installed at AAS does not cover 100% of the airport, meaning that there are blind spots in the southeastern
region of the airport as shown in Figure 4.6. Due to the limited coverage in this area, there is almost no weight
reduction in the network graph to determine the most likely route. Consequently, it occurred on a regular
basis that Dijkstra's algorithm resulted in a path that does not match the routing strategy as applied by AAS's
ATC.
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(a) Incorrect path of �ight 1 (b) Corrected path of �ight 1

Figure 4.12: Corrections made to path of �ight 1

(a) Incorrect path of �ight 2 (b) Corrected path of �ight 2

Figure 4.13: Corrections made to path of �ight 2

When analysing the time stamps of a �ight's data points, it is found that they are not collected at a �xed
time interval. These time stamps are stored in the dataframe with a level of accuracy of 1 second. Conse-
quently, the time difference between two data points could range from 0 seconds up to minutes. It is the
latter of these two values that could cause issues. Due to a lack of data points along part of the path, there is
almost no weight reduction in the network graph to determine the most likely route.

The acquired understanding of routing strategies as applied by ATC is applied to improve or correct the paths
found. For the period 1 st ¡ 14th of May 2016, corrections had to be made for around 30% of the ground paths.
Examples of corrections are found in Figure 4.12 and Figure 4.13. For the former of the two �ights, it is con-
cluded that ATC would guide this aircraft directly to the outer taxiway (taxiway Bravo, see Figure 2.2), before
lining up on the runway. For the second �ight, the path is changed in such a way that the aircraft follows taxi-
way Alpha till the end, instead of switching to taxiway Bravo halfway. This decision is based on operational
knowledge regarding the routing strategies. Additional changes that had to be made regularly are related to
�ights where the apron entry that is closest to the last ADS-B data point does not correspond to the actual
apron entry used, as seen in Figure 4.14.

The �ltered and cleaned ADS-B points are used as input, to determine the travelled ground path. These ADS-
B points are mapped to the closest taxiway segment, which then get a reduced weight in order to stimulate
Dijkstra's algorithm to include these weights in the most likely travelled route. This route is used to estimate
the aircraft's location at each point in time.

4.3.3. Interpolation to obtain missing data
As the simulation model is going to simulate ground operations at a time step of 1 s, it is useful to make sure
also the actual data is at the accuracy level of 1 second. It is noted before that the current time difference be-
tween ADS-B points can range from 0 seconds up to minutes. Therefore it is required to interpolate between
the already known locations along the found path.
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(a) Incorrect path of �ight 3 (b) Corrected path of �ight 3

Figure 4.14: Corrections made to path of �ight 3

A few steps are required before interpolation can be applied:

• Each of the ADS-B data points is projected onto the route, based on the shortest orthogonal distance. In
case no taxiway segment along the route is found within a distance of 250 metres, this point is assumed
to be erroneous and thereby removed.

• The ADS-B points have a time stamp with a 1 second accuracy. It occurs that multiple ADS-B data
points are found with a similar time stamp. Attempts have been made to include as much real data as
possible, by allowing small time shifts. A description of the applied protocol is given in Appendix A.
Nine percent of the data points could be shifted. Twelve percent of the data points had to be removed
as there was no possibility to shift the similar time stamps.

• In a number of cases it occurred that a point projection on the route resulted in a location that is forward
in time, but backwards along the route, with respect to the previous data point. This occurs in cased
of e.g. an incorrect projection, or a push back at the departure gate. The assumption is made that an
aircraft can only move forward along the path. Details of the procedure to remove this inappropriate
behaviour can be found in Appendix A.

Based on the remaining data points, interpolation is performed. In case the �rst node is more than 1 metre
away from the origin, interpolation is done between the origin and �rst node using the speed v Æ30 knots.
This speed value is coming from the maximum speed vmax , as set in the simulations. Also, in case the dis-
tance between the last node and destination is more than 1 metre, interpolation is performed with the same
parameters. For all other nodes in between, interpolation is performed to determine the locations at the
missing time stamps.

On average, 279 points have been added per �ight. This brings the total number of data points to 5.6
million, which is 458 points on average per �ight.

4.3.4. Derive Flight Schedule
The �nal step in processing the ADS-B data is related to obtaining the �ight schedule. This �ight schedule
serves as input for the simulation model, and includes an aircraft ID, an origin, a destination, a start time
and information whether a �ight is arriving or departing. The origin and destination of each �ight have al-
ready been determined in Subsection 4.3.1. Therefore, the start time of each �ight is determined by selecting
the time stamp corresponding to the �rst data point in the set of �ight data, composed of both actual and
interpolated data. All aircraft are ordered on start time, and receive an ID accordingly. All tools are written
in the programming language Python, which has the characteristic to start counting at 0. Therefore, the �rst
�ight has aircraft ID 0, while the last �ight in a set of N �ights has aircraft ID N ¡ 1. Additionally, the column
whether each �ight is arriving or departing is added.

The result is stored in a . t xt �le, which is imported in the simulation model to create and spawn aircraft
agents according to this schedule. More information regarding the model can be found in Chapter 5.

4.3.5. Limitations of the ADS-B Tool
It is always a challenge to work with actual data, and the development of the described ADS-B tool is no ex-
ception. While analysing the actual �ights and the created ground paths, a few limitations are found.
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Manual corrections
The data source of the ADS-B data, the ADS-B receiver, does not have full coverage of AAS airport. As a re-
sult, it is found that the limited number of ADS-B data points make it sometimes dif�cult to obtain the actual
ground path. The blind spots in the routes have been adapted based on an understanding of ATC's routing
strategies, but it is unknown whether the right corrections have been made. The same aspect applies for
�ights which have a large time gap in between two data points. It is dif�cult to determine the most likely
route in this part, as almost no weight reduction is performed in the network graph. As a result, corrections
are made based on gained operational insights. Additionally, due to the fact that the ADS-B path was not al-
ways complete from apron to runway or vice versa, assumptions have to be made regarding the apron, as well
as the runway entry or exit. Therefore, ground paths are created according to the best available knowledge,
but no guarantees can be made whether this has been the actual path travelled.

Odd �ight behaviour
Some �ights included strange behaviour in their path, which are labelled as problematic �ights by the tool.
Examples are shown in Figure 4.15, where the yellow dots are ADS-B data (red is �rst data point, green is the
last data point) and orange is the found ground path. In Sub�gure 4.15(a), an aircraft travels in a circle before
travelling towards the runway. The operational explanation is that due to the fact that this speci�c apron has
only one point to both enter and exit the apron, the aircraft has to make room for another aircraft to enter
the apron. However, for the departure sequence it is required to get behind an other aircraft, and therefore it
has to make a detour on the taxiway layout. Sub�gure 4.15(b) shows a departing �ight which lines up on the
runway, leaves on the next runway exit before lining up once again. Some �ight paths are adapted manually,
while 10 �ights are removed from the data set as no clear path could be determined.

Simpli�ed airport layout
Another issue found is due to simpli�cations in the layout of AAS, as explained in Section 4.2. As a conse-
quence, the actual route could not be made in the simpli�ed layout. An example is shown in Figure 4.16.
Instead, the best possible path is selected in orange, even if it means that interpolation resulted in very high
speeds that are impossible on a taxiway layout.

Stationary aircraft
Some gate stands at AAS require a departing aircraft to be pushed back upon one of the main taxiways. In
practice this means that an aircraft is pushed back and holds stationary for some time at this location. How-
ever, the tool cannot differentiate between an aircraft that has to wait on the taxiway after receiving its push
back, or that it has to wait in a runway queue soon after the aircraft left from its apron. This means that the
ADS-B tool assumes the aircraft is already taxiing, as it has already left the apron area. Consequently, the start
time of this aircraft is set at the moment the aircraft leaves the apron area, even if the aircraft is actually not
taxiing yet.

Missing �ight tracks
There is another big limitation of using ADS-B data, even though it is not linked to the designed ADS-B tool
itself. It is found that around ADS-B data of 900 aircraft tracks is found on average for each day in May. How-
ever, the average number of �ights per day in May 2016 has been 1,400 [25]. This difference is caused by
aircraft that do not have an ADS-B transmitter. This transmitter is only mandatory for aircraft above a spec-
i�ed mass limit, and from June 2020 onwards [18]. The Fokker 70 is one of the aircraft which does not have
an ADS-B transmitter. In 2015, KLM Cityhopper still had 19 Fokker 70s, which was brought back to 9 in 2016
[39]. As these aircraft �y frequently each day, this has a large impact on the number of missing ADS-B �ight
tracks.

Unfortunately, more relevant aircraft tracks are missing, namely the ones of aircraft that are being towed.
Due to the fact that the take off and landing rights (so-called airport slots) are scarce at AAS, unfavourable
combinations in terms of turn around time are issued. Whenever the Turnaround Time (TAT) between land-
ing and take off is above a de�ned limit, aircraft could be towed to a parking location to make room for other
aircraft to use the gate. During this towing, an aircraft does not transmit ADS-B signals, meaning that also
these movements on the taxiways are unknown. Although the towing trucks do transmit their location, the
quality, in terms of frequency and accuracy, is too low to use it. Towing an aircraft is a slower process, meaning
a queue of aircraft is formed behind the towing truck, which creates some congestion and thereby increases
the taxi time of these �ights.
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