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Executive Summary

At many airports, the arrival and departure demand often outpaces the available airport capacity. Therefore,
the flow of arriving and departing aircraft needs to be controlled to ensure safe and efficient operations. Many
airports have been implementing systems that provide electronic assistance for air traffic control in planning
and sequencing the flow of arriving and departing aircraft. Those systems are called the Arrival Manager and
the Departure Manager.

At the moment the two systems do not take each other’s traffic situation into account. Arriving and depart-
ing aircraft are accepted to enter the same airspace, even though no information exchange exists between
the two. The lack in information exchange is not problematic for airports operating independent arrival and
departure runways, arriving aircraft paths do not hinder departing aircraft paths. However, for dependent
runways, when aircraft arrivals hinder departing aircraft, and vice versa, the lack of information exchange
between the two systems, ATC will not be able to fit as many departures into the arrival stream as is planned
by the Departure Manager. This can cause severe (surface-) congestion problems at airports that rely on de-
pendent runways.

This study focused on the interaction between arriving and departing aircraft for dependent arrival and de-
parture runway combinations and the magnitude of the resulting arrival and departure capacity interference.
With this knowledge, this research developed and assessed strategies for coordination between Arrival Man-
agement and Departure Management. First, the uncoordinated Arrival and Departure Manager (ADMAN)
was developed in BlueSky Open Air Traffic Simulator to represent the current management of arrivals and de-
partures; the AMAN and DMAN schedule inbound and outbound independently from one another. Second,
the coordinated ADMAN was developed in BlueSky Open Air Traffic Simulator as well. The coordinated AD-
MAN includes three different coordination modules between the AMAN and DMAN that aims to increase the
operational efficiency of dependent arrival and departure runway combinations. Each of the implemented
coordination modules checks the number of departure slots that are available in the scheduled arrival stream
and intervene if necessary, taking into account different assumptions.

To obtain insight into the future magnitude of arrival and departure capacity interference and to demon-
strate the for a coordination mechanism between the management of arrivals and departures, fast-time sim-
ulations were performed with the uncoordinated ADMAN. This experiment used an arrival and departure
runway combination with a missed approach dependency to assess future arrival and departure capacity in-
terference. To express the severeness of arrival and departure capacity interference, capacity was used as Key
Performance Area (KPA). The results showed that if the arrival load would increase, due to RECAT and TBS,
the arrival and departure capacity interference worsens. These results demonstrated the need for coordina-
tion mechanism between the management of arriving and departing aircraft.

A second experiment was set-up to assess the performance of the different coordination modules imple-
mented in the uncoordinated ADMAN. The three coordination modules were evaluated in terms of capacity,
delay, coordination module interventions and ATCO workload by performing fast-time simulations. Like the
first experiment, the second experiment used an arrival and departure runway combination with a missed
approach dependency to test the modules for different levels of arrival load during morning and evening ar-
rival peaks. The results showed that the departure capacity could be increased, and departure delay could be
decreased, when the AMAN meters the arriving aircraft as a function of the departure ground situation.

As this research set the start for coordinated arrival and departure management for dependent runway opera-
tions, other concepts could be developed to mitigate the effect of arrival and departure capacity interference.
Furthermore, to improve the realism of both the uncoordinated ADMAN and coordinated ADMAN, it is rec-
ommended to upgrade the Air Traffic Control module.






AAA Amsterdam Advanced ATC.

AAFI Actual Arrival Free Interval.

AAH Active Advisory Horizon.

AAI Actual Arrival Interval.

AAR Airport Acceptance Rate.

AAS Amsterdam Airport Schiphol.

ACC Area Control Centre.

ADMAN Arrival and Departure MANagement.
ADR Airport Departure Rate.

AFI Arrival Free Interval.

AMAN Arrival Manager.

APP APProach control.

ASAP Advanced Schiphol Arrival Manager.
ATA Actual Time of Arrival.

ATC Air Traffic Control.

ATCO Air Traffic Controller.

ATM Air Traffic Management.

ATS Air Traffic Services.

ATSR Air Traffic Services Route.

CAS Calibrated Airspeed.

CDA Continuous Descent Approach.
CFMU Central Flow Management Unit.
CoE Centre of Excellence.

CTA ConTrol Area.

CTOT Calculated Take-Off Time.

CTR ConTRol zone.

CWP Controller Working Position.

DADC Declared Airport Departure Capacity.
DLIV Dynamic Landing Interval.

DMAN Departure Manager.
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Acronyms
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Acronyms

LVNL Air Traffic Control the Netherlands.

MIP Mixed Integer Programming.
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SAFI Scheduled Arrival Free Interval.

SAI Scheduled Arrival Interval.

SARA Speed And Route Advisor.
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TAS True AirSpeed.

TBS Time Based Separation.
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TOBT Target Off-Block Time.

TP Trajectory Predictor.

TRACON Terminal Radar Approach CONtrol.
TSAT Target Start-up Approval Time.

TTOT Target Take-Off Time.

TU Delft Delft University of Technology.
TWR ToWeR control.

UDP Uniform Daylight Period.

UTA Upper conTrol Area.

VOR VHF Omnidirectional Radio Range.

VTT Variable Taxi Time.
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Introduction

1.1. Motivation

The demand for commercial air transportation has experienced a compelling increase in the past 20 years.
Despite the efforts in the development of new Air Traffic Control (ATC) technologies, the increase in capacity
has shown to be disproportionate to the increase in demand. [5] As the runway is the transition point between
airspace and surface operations, well-coordinated runway management is fundamental for the operational
efficiency of airports and their surrounding national and international airspace [18].

Efficient runway management becomes even more crucial at airports where a dependency exists between
arrival and departure capacity due to converging, diverging, or intersecting runways. The foreseen increase
in air traffic movements in combination with eased separation minima between aircraft is expected to em-
phasize current runway dependencies further. As the number of arriving aircraft in the vicinity of an airport
will increase, the number of departure slots will decrease as a result. If no coordination between arrival and
departure management will be implemented soon, airports that rely on dependent runways in their daily
operation await serious (surface-) congestion problems. [11]

Currently, ATC dictates the nominal flow of arriving and departing aircraft independently. No formal pro-
cedures or advisory tools exist for the optimization and de-conflicting of the arrival and departure flow for
dependent runway configurations. Moreover, Arrival and Departure Management systems do not take each
other’s traffic situation into account. Arriving and departing aircraft are accepted to enter the same airspace,
even though no formal communication or information exchange exists between the management of the two.
Arrivals and departures for dependent runways are tactically de-conflicted by ATC once entering terminal
airspace. [19]

It is clear that systematic strategies are needed for the coordination between arrivals and departures. The
conventional representation where airports consider their capacity by two separate variables, one for the
arrival and one for the departure of aircraft, is not durable for airports that rely on dependent arrival and de-
parture runways. Instead, these airports should see themselves as a single system resource since the arrival
and departure streams of aircraft interact with one another. [12]. Therefore, this research will focus on this
interaction between arriving and departing aircraft for dependent arrival and departure runway combina-
tions. Subsequently, the resulting knowledge will be used to develop and assessed strategies for coordination
between the management of arrivals and departures.

1.2. Research Objective

The main research objective of this research is:

“to identify and assess strategies that aim to increase the throughput of runway configurations
that experience interference between arrival and departure capacity due to the use of intersecting
or converging runways by developing and testing multiple strategies for coordinated Arrival and
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Departure Management which optimizes the combined sequencing and/or metering task of an
AMAN and DMAN”

1.3. Research Questions
The objective is translated into the following main research question:

"How can the throughput of runway configurations with a dependency between arrival and de-
parture runways be increased by coordinated Arrival and Departure Management, which opti-
mizes the combined sequencing and/or metering task of an AMAN and DMAN?

To answer this research question, several sub-questions have been formulated to direct the thought process
as well as to develop reasonable work packages for conducting the research. Therefore, the following sub-
questions are formulated:

1. What is the relation between arrival and departure capacity for dependent arrival and departure run-
ways?

(a) Which relevant factors can be identified that cause or contribute to the interference of arrival and
departure capacity of a runway configuration?
i. Which types of runway dependencies exist?
ii. How can interaction between arriving and departing aircraft on dependent arrival and depar-
ture runways be quantified?
(b) What are the conventional procedures for ATC to deal with dependent arrival and departure run-
ways?
i. Which runway separation procedures are followed currently?
ii. To what extent is there situational awareness between the different ATC units and what com-
munication mechanisms are currently available?

(c) To what extend are runway configurations affected by dependent arrival and departure runways
now and in the future?

2. What are the advantages and opportunities of coordinated Arrival and Departure Management?

(a) How is the management of arrivals and departures currently organized at airports?

i. What is the objective of an Arrival and Departure Manager?
ii. What does the system architecture of the Arrival and Departure Manager look like?
iii. What are the inputs and outputs of an Arrival and Departure Manager?
iv. Which logic’s are applied in an Arrival and Departure Manager?
v. Who are the stakeholders in the operation of an Arrival and Departure Manager and what are
their respective roles and tasks?

(b) What are potential strategies for coordinated Arrival and Departure Management and what are
their effects?
i. What is the objective and goal of coordinated Arrival and Departure Management?
ii. What requirements can be established for coordinated Arrival and Departure Management?
iii. Which factors, logic, tactics, and policies are involved in potential strategies?
iv. What advantages and disadvantages can be identified for the strategies?
v. Which activities and interactions among stakeholders are affected by potential strategies?
vi. How are new responsibilities delegated among stakeholders?

3. What is the operational potential of the identified strategies for coordinated Arrival and Departure
Management?

4. Which strategies for the coordinated Arrival and Departure Management can be recommended for fur-
ther investigation?
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1.4. Relevance

This thesis will give insight into current, and future arrival and departure capacity interference and will in-
dicate the operational potential of the strategies for coordinated Arrival and Departure Management. These
results can be used to decide whether or not a particular strategy is worth further investigation and/or to
guide airports in their design of ATM systems for dependent runway usage. Since this research is exploratory,
these outcomes are hard to predict. However, once having found and implemented a successful strategy, air-
port throughput is expected to benefit. These outcomes will have a positive contribution to the everlasting
challenge of balancing air transportation capacity and demand.

1.5. Research Structure

The research is divided into six work packages to arrange a structured, transparent and traceable research,
see Figure 1.1. In work package 1, the foundation of the research will be developed by formulating the re-
search problem, scope and relevant scenarios. This is done by listing and processing relevant information
regarding Arrival and Departure Management. Data will be collected and analyzed such that any operational
conditions that are affected by the use of dependent runways will be identified. After that, in work package
2, strategies will be conceptualized by assessing relevant literature and inquiring various stakeholders and
operational experts for their thoughts on coordinated Arrival and Departure Management. Executing work
package 1 and 2 will give answer sub-question 1 and 2.

‘Work package 1:
Desk and case-study research
— Q la, 1b, Ic and 2a

Work package 2: Work package 3:
Identification of strategies for Conceptual development and
coordinated Arrival and Departure implementation of the
Management uncoordinated model
—Q2b —Q3

Work package 4:
Conceptual development and implementation of the coordinated model

—Q3

Work package 5:
Performing experiments

—Q3

Work package 5:
Results analysis, validation and conclusion
— Q lc, 3,4a and 4b

Figure 1.1: Work packages

In work package 3, the conceptual model of the baseline model, called the uncoordinated model, will be de-
veloped and implemented in software using the knowledge and insights gained from work package 1. In work
package 4, the strategies for automated coupled Arrival and Departure Management will be developed and
implemented in software, which is called the coordinated model. For this, the same steps as described in
work package 3 will have to be executed. work packages 3 and 4 aim to answer sub-question 2.

The experiments will be performed in work package 5 by simulating the uncoordinated and coordinated
models for the same set of operational conditions. In work package 6, the performance of the models will be
analyzed by studying the difference between the simulation results. Finally, conclusions and recommenda-
tions on the performance of the strategies for automated coupled Arrival and Departure Management will be
given to answer the main research question.

1.6. Research Background

This research is initiated by a collaboration between Delft University of Technology (TU Delft) and the Centre
of Excellence (CoE). The CoE program is part of the Knowledge and Development Centre (KDC) mainport
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Schiphol and allows graduate students to finish their thesis in close collaboration with the aviation industry
through the KDC partners: Air Traffic Control the Netherlands (LVNL), Royal Dutch Airlines (KLM), Amster-
dam Airport Schiphol (AAS) and others. Through this collaboration, a wide range of diverse topics from the
KDC Research agenda will be addressed. During this project, academic support will be provided by TU Delft,
and KDC will contribute with technical and financial resources. This will automatically imply that during this
project, the focus will be given to AAS by using the airport in (potential) experimental set-ups. Because of
this, research on AAS concerning runway management is added to the scope of this report in Chapter 4. [26]
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Basic Concepts

Well-coordinated runway management is fundamental for the operational efficiency of airports and sur-
rounding national- and international airspace. Managing runways involves many different factors, con-
straints, and competing interests of various stakeholders. [18] The active arrival and departure runways and
their respective arrival and departure acceptance rates need to be chosen, and the aircraft are required to
be balanced efficiently across specific runways by ATC operating policies and systems. Understanding the
operational complexity and current decision-making processes within runway management is fundamental
before pursuing any improvement in Arrival and Departure Management. Therefore, basic concepts con-
cerning runway management will be clarified first in this chapter.

2.1. Air Traffic Management

A structured design of airspace and its control is the fundamental of any air traffic movement. The current Air
Traffic Management (ATM) system provides services to guarantee efficient and safe air traffic flows. Itincludes
all procedures, airborne and ground-based systems assisting an aircraft from departure to crossing airspace
and eventually landing at its destination. [22] This section provides a background into ATM emphasizing
airspace structure, air traffic control, and air navigational routes.

2.1.1. Airspace Structure

The Earths airspace is divided into Flight Information Regions (FIRs). Each FIR is controlled by a different
authority. The managing authority is responsible for providing air traffic services to all aircraft that enter their
FIR. Large countries may control more than one FIR, while small countries usually have responsibility for one
FIR. Each FIR is subdivided into sectors, each with varying dimensions and classifications. Each classification
has its own flight rules and limitations where pilots and air traffic controllers must adhere to. Roughly there
are three types of airspaces [21]:

1. Controlled airspace: separation is provided by ATC.
2. Uncontrolled airspace: aircraft themselves are responsible for separation, no ATC services are provided.
3. Special use airspace: airspace that is used by o.a. the military, or no-fly zones.

Controlled airspace is subdivided into smaller areas. The structure of controlled airspace is complex and
based on how air traffic service is provided. A distinction can be made between the following [20]:

e Upper Control Area (UTA): also called the upper airspace, refers to the airspace above Flight Level 245
(FL245). It is used by transition, en-route civil air traffic, and by military air traffic flying to and from
exercise areas.

¢ Control Area (CTA): refers to the airspace between FL95 and FL245 and is also called the lower airspace.
The CTA is used by civil and military air traffic that is descending or ascending to or from airports.

¢ Terminal Manoeuvring Area (TMA): the vertical and horizontal airspace that is surrounding an airport
(vertically ranging from 500m to 3km). Its primary function is to protect climbing and approaching
aircraft from other air traffic. In the TMA only Instrument Flight Rules (IFR) traffic is allowed. Therefore
itis inaccessible for general aviation and military air traffic.
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* Control Zone (CTR): the vertical and horizontal airspace that is directly surrounding an airport. Its
purpose is to protect aircraft that are in the initial climb or final approach phase of the flight.

2.1.2. Air Traffic Control

Air Traffic Controllers (ATCOs) are responsible for ensuring sufficient separation between aircraft whilst han-
dling air traffic in a smooth and orderly manner [20]. ATC is subdivided into various control units. Each
control unit is responsible for providing Air Traffic Services (ATS) to its part of airspace. The Area Control
Centre (ACC) is responsible for maintaining 5 NM horizontal radar separation and 1000 ft vertical separation
between aircraft in the Control Area (CTA) and Upper Control Area (UTA). Approach Control (APP) is respon-
sible for the approach control service in the Terminal Manoeuvring Area (TMA) and Control Zone (CTR). APP
uses wake turbulence radar separation minima when an aircraft maintains the same height or height less
than 1000 ft behind a second aircraft. Tower Control (TWR) provides ATS in the TMA and CTR. A supervisor is
in charge of each control unit. Figure 2.1 shows which ATC unit is in charge during which phase of the flight.

2.1.3. Air Navigational Routes

To make the work of ATCOs less complicated, a structure of air routes exists to limit the movement of aircraft.
The routes are derived from geographical points, which may or may not coincide with the location of a radio
navigation aid. The trajectory of aircraft is more predictable as it moves from one navigational aid to another
using a predefined path. Several different air navigational routes exist at different levels and functions:

* Air Traffic Services Routes (ATSRs): Air Traffic Services Routes are the highways of the sky. These routes
are nationally, but connect national airspace to the wider international air route network, connecting
national airports with every international airport. [3]

¢ Standard Instrument Departures (SIDs): fixed departure routes are defined between the runways thresh-
olds and initial departure fixes at the edge of the TMA. Aircraft operators must follow instrument de-
parture procedures to reach one of the major airways in the upper airspace. A SID procedure includes
specific altitudes, speed restrictions, and checkpoints. They are designed to ensure a safe and efficient
flow by separating inbound and outbound air traffic and reducing communication between the ATCOs
and pilots. Moreover, they are used to avoid obstacles and reduce the noise load on the ground. One
runway often has several different SIDs. [3]

¢ Standard Arrival Routes (STARs): standard arrival routes are defined to connect the airways to the be-
ginning of an approach procedure. For the same reason as SIDs, STARs are designed to separate in-
bound and outbound air traffic, to reduce communication between the ATCOs and pilots and to reduce
environmental impact. The approach procedure of an aircraft starts when it reaches one of the Initial
Approach Fixes (IAFs), which are located at the edge of the TMA. [3]

* Holding stacks: international legislation requires each STAR to have a holding stack. Holding stacks are
used when airport capacity is lacking behind the demand of approaching aircraft due to bad weather
or a high traffic load. Aircraft that are put in the holding stacks, circle in the same pattern at different
altitudes until they are allowed to enter the TMA and start their approach. When an aircraft is cleared to
leave the holding stack, the other aircraft decent one level until cleared to leave themselves. This way,
the first come first served criteria is maintained in the holding stacks. [1]

= FL245

Ground Tower Control Approach Approach Approach  Tower Ground
Control /Area Control /Area  Control  Control Control
Control
Turn around Take-off and Climb Cruise Descent Approach  Landing Taxi-in
and taxi-out initial climb

Figure 2.1: Aircraft in system
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2.2. Airport Capacity

Airport capacity depends on many factors deriving from airspace, airside and landside domains. The per-
formance depends primarily on the performance of the static design of the airport (infrastructure, airspace),
the support systems, and the procedures that are being followed by humans. Airspace and landside per-
formance both coincide with airside performance, as factors like runway and gate capacity influence both
the performance of airspace and landside since it serves as a gate between the two. Delays, pressure from
external parties, or an expected increase in air traffic demand can trigger an airport capacity assessment to
give insight in (potential) bottlenecks. To make use of latent capacity or to increase existing capacity, an
airport operator can choose to do a capacity enhancement. Depending on environmental and budgetary
constraints, roughly three options for capacity enhancement can be distinguished: (1) infrastructural and
airspace enhancements, (2) ATM system enhancements, and (3) human performance improvements.

2.3. Runway Capacity

The capacity if a runway can have different values at different times depending on the circumstances sur-
rounding the operation [22]. Hence, runway capacity can be seen as a probabilistic quantity, a random vari-
able. Neufville [22] described four definitions of runway capacity. Neufville [22] defined the declared capac-
ity is as the number of aircraft movements per hour that an airport can accommodate at a reasonable Level
of Service (LOS). For airports, the declared capacity is the most relevant definition as this capacity is com-
municated with the slot coordinator [17]. There is a limitation on the number of aircraft that can arrive or
depart on a single runway or runway configuration. This depends on several factors such as separation reg-
ulations, presence of independent- and dependent runways, aircraft fleet mix, airborne constraints, taxiway
constraints, meteorological influences and experience of ATCOs [22].

2.3.1. Separation Regulations

Aircraft separation regulation is coordinated by the International Civil Aviation Organization (ICAO) to ensure
the safe operation of aircraft. One might think that separation regulation is primarily meant for reducing the
risk of airborne collisions and runway incursions. However, aircraft in the vicinity create a potential safety
hazard before the risk of collision or incursion due to wake turbulence [14]. ICAO defined Wake Turbulence
Categories (WTCs) based on an aircraft Mean Take Off Weight (MTOW) to incorporate safety hazards due
to wake vortices. Using the redefined WTCs in RECAT-EU, new separation minima have been established
between combinations of leading and following aircraft of certain aircraft WTCs. Two types of separation ex-
ist (1) distance-based separation applicable for arrivals and (2) departures and time-based separation solely
applicable for departures. When no wake turbulence distance-based separation minima is prescribed, Mini-
mum Radar Separation (MRS) holds. [23]

Table 2.1: RECAT-EU WT distance-based separation minima on approach
and departure [23]

Leader / Follower A B C D E F
A 3NM 4NM O5NM O5NM 6NM 8NM
B 3NM 4NM 4NM 5NM 7NM
C ™ 3NM 3NM 4NM 6NM
D 5NM
E 4 NM
F 3NM

(*) means minimum radar separation (MRS), set at 2.5 NM, is
applicable as per current ICAO doc 4444 provisions.

2.3.2. Independent Arrival and Departure Runways

When the physical spacing between runways is sufficient, independent operations between arrival runways
and departure runways are allowed. This implicates that the arrival at a runway does not intervene in a depar-
ture at another runway. During independent runway operations, the separation between successive arrivals
and departures is solely dependent on the regulations regarding Inter-Arrival Time (IAT) and Inter-Departure
Time (IDT). The fundamental methodology to derive the IAT and IDT was described by Stamatopoulos et al.
[25].
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Table 2.2: RECAT-EU WT time-based separation minima on departure [23]

Leader / Follower A B C D E F
A 100s 120s 140s 160s 180s
B 100s 120s 140s
C 80s 100s 120s
D 120 s
E 100's
F 80s

Inter-Arrival Time

The radar and wake turbulence separation and runway occupancy time (ROT) is relevant for determining the
required Inter-Arrival Time (IAT) between two consecutive arrivals on a single runway. The first regulation
states that the radar and wake turbulence separation requirements (y;) should be maintained continuously
between two arrivals at a common approach path (D4). Secondly, an arrival is cleared for landing at the
runway threshold when the proceeding arrival has left the runway. The time separation imposed by this reg-
ulation is denoted as p». The time separation (u) that should be maintained by ATCO between the following
aircraft at the entry of the common path and the leading aircraft, such that the minimum IAT is achieved at
touch down of the leading aircraft, is presented by Equation 2.1. The derivation of both y; and p» is presented
below.

©=max(u, 12) (2.1)
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Figure 2.2: Time separation between a following aircraft i and leading aircraft j, at the entry at the common path of
following aircraft i and at touch down of leading aircraft j [27]

The required radar and wake turbulence separation should be maintained starting from the entry of the com-
mon path until the arrival has reached the runway threshold. Since different aircraft types have different ap-
proach speeds, the following aircraft may run in on or separate from the leading aircraft with time. When
closing, the average ground speed of the leading aircraft is lower than the average ground speed of the follow-
ing aircraft (V4,j < Vj,; ). Vice versa, when opening, the average ground speed of the leading aircraft is equal
or higher than the average ground speed of the following aircraft (V4 ; = V4 ; ). For closing and opening, dif-
ferent equations hold for the calculation of the required separations y;. For closing and opening respectively
Equation 2.2 and 2.3 hold, with S;; being the required distance-based separation between an aircraft pair.

Dy  Da-Sij
. S . & 2.2
Hi,closing VA,j Vas (2.2)
Sij
M1,0pening = 57— (2.3)
VA’j

The second regulation stated that the trailing aircraft is cleared to land when the leading aircraft has left
the runway. This means that the trailing aircraft must be at least a certain distance from the runway where
a missed approach procedure can be initiated the latest (Dj;4p) when the leading aircraft has just cleared
the runway. By doing this, the trailing aircraft can initiate a missed approach procedure without any risk.
The time separation imposed by this regulation (u,) for both the opening and closing case is determined by
Equation 2.4 and is added on top of the runway occupancy time of the leading arrival (R4 ;).

Dy Da—Dyap

H2 =
VA'J' Va,i

+Ra, 2.4)
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The IAT between a leading aircraft passing the runway threshold and a trailing aircraft is calculated by adding
the time separation resulting from Equation 2.1 to the difference in time needed for the two aircraft to fly the
common approach path, see Equation 2.5.

Dy Da

IAT; ;= =2 -
Vai Vaj

+u (2.5)
Inter-Departure Time

The Inter-Departure Time (IDT) is described as the time between two consecutive starts of take-off rolls. Sev-
eral regulations are of importance for determining the required IDT at airports using Standard Instrument
Departures (SIDs). Firstly, the wake turbulence time-based separation is relevant. Secondly, only one aircraft
is allowed to take off at a runway. Third, distance-based separation is needed between departing aircraft that
have a longer common path due to heading the same Initial Departure Fix (IDF). Lastly, a communication
buffer between departure clearance and the actual start of the take-off roll should be included. The commu-
nication buffer differs between operating airlines.

The IDT;; between leading aircraft j and following aircraft i is equal to the maximum of (1) the departure
runway occupancy time difference of of the leading aircraft j (Rp, ;) and the trailing aircraft i (Rp ;) plus a
time increment v and (2) the required time based separation for aircraft combination i, j (G;,;) plus a com-
munication buffer ¢py, see Equation 2.6.

IDT; ; =max(Rp,j—Rp,i+v,G;j)+¢C (2.6)

The time increment v depends on (1) the distance-based separation (S; ;), (2) the length of the common
departure path (Dp) and (3) the ground speed of both aircraft (Vp). When the length of the common path is
smaller than the distance-based separation (i.e. Dp <S; ;) the time increment is equal to the time the leading
aircraft needs to leave the common departure path, see Equation 2.7.

_ Sij

v= 2.7)
Vp,j

When the length of the common path is larger than the distance based separation (i.e. Dp =S;, ;) the time
increment depends on whether the aircraft runin (Vp ; < Vp ;) or separate from one another (Vp ; = Vp,;) over
the course of time. When the aircraft separate from one another Equation 2.7 holds for the time increment v,
when the aircraft run in on another Equation 2.8 holds.

Dp Dp-Si;
p=—L P70 (2.8)
Vp,j Vp,i

2.3.3. Dependent Arrival and Departure Runways

If operating one runway hinders the operation of another runway this is referred to as dependent runway use
[2]. When operating dependent runways, at a certain point the number of departures will start to decrease
when the number of arrivals increases any further. Four types of dependencies between runways can be
distinguished: (1) parallel, (2) intersecting, (3) converging and diverging, and (4) mixed mode. Intersecting
runway use occurs when runways physically intersect with each other. Converging and diverging runways do
not physically intersect, but the lengths of the runways intersect one another. At this location, called the con-
vergence point, a safety hazard exists. The layout of intersecting, converging and diverging runways causes
sub-dependencies due to jet blast hindrance and missed approach operations.

The interaction between arrivals and departures for dependent runways composes of two interactions: (1)
the arrival-departure interaction and (2) the departure-arrival interaction. The arrival-departure interaction
for dependent runways requires a minimum time interval before an aircraft can take-off after an arrival, the
Inter-Arrival-Departure Time (IADT). Likewise, the departure-arrival interaction for dependent runways re-
quires a minimum time interval before an aircraft can arrive at the runway threshold after a departure took
place, the Inter-Departure-Arrival Time (IDAT). Figure 2.3 gives an example of the interaction between ar-
rivals and departures for dependent runways. van der Klugt [27] mathematically expressed the IADT and
IDAT.
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Figure 2.3: Example of an arrival-departure interaction

Converging Runways - Jet Blast Hindrance

Figure 4.5 presents two dependencies for an arrival at a runway and a departure at another runway [27]. A de-
parture at runway one is only allowed when an arrival at runway two is at a certain distance from the runway
threshold, see Figure 4.5(a). The minimum time between a departure at runway one followed by an arrival
at runway two, the Inter-Departure-Arrival Time (IDAT), is equal to the minimum distance from the runway
threshold (D;;;,) divided by the approach speed of the arrival (V4,) minus a particular communication error

(Cp2), see Equation 2.9.
X
RW1 RW1
RW2 RW2

(a) arrival at distance ,k‘ - (b) arrival should pass ,k‘
from threshold convergence point

Figure 2.4: Jet blast hindrance between an arrival and departure for converging runways [27]

D
IDAT =

—Cp2 (2.9)
A2

A line-up clearance for a departure at runway one is given when an arrival at runway two has passed the

jet blast point, see Figure 4.2(b). Therefore, the time between an arrival followed by a departure, the Inter-

Arrival-Departure Time (IADT) is equal to the ROT until the arrival has passed the jet blast point on runway

two (Raz,in:) plus the line-up time of the departure (¢p;,;;,) and a communication buffer (¢p;), see Equation

5.21.

ITADT = Raz,int + tp1,iu + CD2 (2.10)

Converging Runways - Missed Approach

Two potential safety hazards for missed approach operations were distinguished by [27]. Figure 2.8 shows the
risk of a departing aircraft intersecting the missed approach path of an arrival van der Klugt [27]. A departure
is only cleared for taking off when an arrival is at a minimum distance (D,;;,) from the runway threshold, see
Figure 2.8(a). Consequently, the minimum time between a departure followed by an arrival (IDAT) is given
by Equation 5.18.

Dmin —

—Cp1 (2.11)

IDAT =
A2

When an arrival at runway two is already within the minimum distance from the runway threshold (D,;;), a

departure is cleared for taking off when the arrival has completed its landing. Therefore, the time between an

arrival at runway two followed by a departure (IADT) at runway one is equal to the arrival completion time

(Ra2,com) plus a communication buffer (¢p1), see Equation 2.12.
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Figure 2.5: Missed approach dependency between an arrival and departure for converging runways [27]

IADTZRA2’50m+ED1 (2.12)

Intersecting Runways

Figure 2.9 shows the dependency for an arrival at a runway and a departure at two intersecting runways [27].
An arrival should be at a minimum distance (D,;;,) from the runway threshold or should have passed the
intersection point before a departure is cleared. Furthermore, an arrival should be at the missed approach
distance (Dps4p) from the runway threshold when a departure ends its take-off roll, to avoid the missed ap-
proach conflict. From this, the minimum time interval between a departure followed by an arrival (IDAT) is
presented by Equation 2.13. Vice versa, the minimum time interval between an arrival followed by a depar-
ture (IADT) is presented by Equation 2.14.

-

Figure 2.6: Dependency between an arrival and departure for intersecting runways [27]

Dpni D
IDAT = max(Z22 — g5, =242 4 Ry ind) (2.13)
Vaz Vaz
TADT = Rpp.in; + ép1 (2.14)

2.4. Runway Capacity Allocation

The decision-making process of designating active runways, monitoring the performance of the active run-
ways, predicting future runway configurations, and selecting the adequate airport acceptance en departure
rates is complicated and depends on many factors, constraints, and competing interests of several stakehold-
ers. This section presents the principles of runway configuration- and airport acceptance and departure rates
selection.

2.4.1. Runway Configuration Selection

At airports that have access to multiple runways, often numerous combinations of active runways are pos-
sible given existing operational factors. The selected runways are used for arriving and departing aircraft or
both and need to be managed such that system, airport, and user demands are met [18]. ATC supervisors
are responsible for designating the optimal active runways by considering pre-determined runway config-
urations options for current and future operational circumstances. Multiple factors need to be taken into
account by ATC supervisors when selecting a runway configuration for maintaining efficient air traffic oper-
ations [18]:
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¢ Weather: e.g. weather minimums, convective weather

¢ Environment: e.g. noise and emissions

¢ Physical capacity-limiting factors: e.g. runway length, flight plan routing

¢ Airport layout: arrival and departure runways that are closest to the airport terminal and gates are
preferred.

¢ Runway spacing: active runways need to be sufficiently spaced to allow maximum throughput

» Airspace restrictions: Special Use Airspace (SUA) near an airport can impose restrictions on arrival and
departure flight plans

¢ Surface restrictions: e.g. taxi bottlenecks and space limitations

* Staffing factors: the required number of ATCOs for the operation of a runway configuration

» Terminal traffic flow of nearby airports: airports that have multiple proximate airports need to consider
potential conflicting flight paths among airports.

2.4.2, Arrival and Departure Rate Selection

Airport acceptance rates represent the maximum number of arrivals and departures an airport can facilitate
under specific operating conditions for a consecutive period of 60 minutes. They are called the Airport Ac-
ceptance Rate (AAR) and Airport Departure Rate (ADR) respectively for arrivals and departures. The rates are
determined in collaboration between Tower Control and ACC supervisors and are used as input for Airport
Traffic Management Systems, like Arrival and Departure Managers (which are explained in section 2.5). Com-
mon methods for determination are rules-of-thumbs and years of experience. The challenge within arrival
and departure acceptance rates selection is to determine, implement, manage, and communicate these to
all involved parties within a relatively short notice [18]. Once the rates are chosen, it is up to ATC to regulate
traffic as such that the rates are not exceeded. Factors that influence the AAR and ADR are [18]:

e Availability of high-speed taxiways

¢ Runway conditions i.e. wet or dry

e Number of arrival and departure runways

o Traffic mix

* Procedural limitations i.e. noise and missed approach
¢ Mixed mode operations

¢ Distance between arrival and departure runways

2.5. Runway Capacity Utilization

At many U.S. and European airports the arrival and departure demand often exceeds the available airport
capacity for specific periods. Therefore, the flow of arriving and departing aircraft needs to be adequately
controlled to ensure safe and efficient operations. Many airports have been implementing Airport Traffic
Management Systems that provide electronic assistance for ATCOs in planning and sequencing the flow of
arriving and departing aircraft. Those systems are called the Arrival Manager (AMAN) and the Departure
Manager (DMAN), respectively for the control of the arrival and departure flow. ATC uses AMANs and DMANSs
to schedule and meter inbound and outbound streams of aircraft [9]. Airports have been developing their
AMAN and DMAN independently from one another, which resulted in different systems operating at different
locations. The general working principles for both will systems will be outlined in this section.

2.5.1. Departure Management
The DMAN is a tactical planning tool supporting the departure scheduling of ground and tower control. The
DMAN optimizes the flow of departing aircraft by taking into certain aspects of departure management, e.g.
capacity and efficiency. From the scheduled departure times, the system derives the right times for (engine)
start-up and push-back clearance. [6]

Objective

A DMAN is capable of continuously adapting to the progress of all departure procedures. An earlier departure
clearance or a missed initial one may trigger the DMAN to reschedule the total outbound sequence. For this
reason, a DMAN should not be seen as an advisory tool system, but as a control mechanism. The DMAN aims
to increase departure throughput, the number of CFMU slot compliances, and the planning stability while
minimizing the taxi-out delay by optimal departure sequencing. The complexity of the used algorithms, the
system architecture, and the type of advisories differ from system to system. However, the underlying princi-
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ples in each DMAN are often similar. [6]

Departure Management Process

When an aircraft is at the gate, the aircraft operator/handler estimates the time that the aircraft will be ready
for engine start-up and push-back, the Target Off-Block Time (TOBT). This includes closed doors, the board-
ing bridge removed, the presence of a push-back vehicle. This time is continuously calculated and updated
by the operator/handler to the airports DMAN. The Central Flow Management Unit (CFMU) issues the time
the flight is expected to be airborne, the Calculated Take-Off Time (CTOT). This time is the result of tactical
slot allocating, taking into account the constraints of airspace capacity.

TOBT

cToT Departure

TSAT
Manager
EXOP

Call sign ry ry

ADR Dep. rwy

Figure 2.7: The input and output of the DMAN
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The TOBT, CTOT, the call sign, the estimated outbound taxi time (EXOP), the Airport Departure Rate (ADR)
and active departure runways are used as an input for the DMAN. With this information, the Departure Man-
ager calculates the time that an aircraft can expect start-up/push-back approval from TWR Ground Control,
called (TSAT). The TSAT is presented to the aircraft cockpit crew, and within a time frame of + 5 minutes, the
crew is allowed to ask for a start-up/push-back approval. The time difference between the TOBT and TSAT
is the Expected Stand Waiting Period (ESWP). The DMAN also calculates the Target Take-Off Time (TTOT),
which is the time that the aircraft becomes airborne.

After the aircraft has received its start-up/push-back clearance; the aircraft will start-up its engines and the
aircraft will leave the parking area by the push-back vehicle until the aircraft is aligned with the taxiway. The
TWR Ground Control provides the aircraft with its taxi route and departure runway. TWR Ground Control is
responsible for providing the final sequence of departing aircraft in which aircraft WTCs and SIDs are taken
into account. This is ensured by making last-minute tweaks in taxi routes or runway entries.

After taxiing, the aircraft reaches the runway holding point. Here it enters the queue of other departing air-
craft. The Expected Runway Waiting Period (ERWP) is the time between entering the queue and the line-up
at the runway. The ERWP plus the ESWP is the Expected Waiting period of the aircraft at the stand and run-
way holding point. A TWR ATCO verifies the runway is clear from any approaching or departing aircraft and
ensures the sequence of arriving and departing aircraft meets the arrival/departure separation standards.
When the clearance is received, the aircraft lines-up with the runway axis and roll to airborne from the run-
way holding point. This time interval is called the Estimated Line-up and Roll to Airborne Period (ELRP).
After reaching V1, the take-off may no longer be aborted.

TBOT TSAT TTOT

Ground ESWP | Push back/ EXOP Enter | ERW | Lipe- | ELRP
handling engine start queue 1 owp

Departure

Figure 2.8: Departure management process

System Architecture
A description of the basic set of modules that are present in a DMAN can be found below. Figure 2.9 shows
how modules are connected. [6]
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¢ Supervisor module: the supervisor module is regarded as the central module of the DMAN and is re-
sponsible for data management and message handling. This ensures that all modules will be updated
about flight plans, aircraft data, system parameters and, static data such as aircraft parking positions
and SIDs. Furthermore, the supervisor module is responsible for the communication of dynamic data
to the right ATCO resulting from the input of another ATCO. Moreover, the supervisor module calcu-
lates the ETOT, which is a hard constraint in departure planning. Based on the ETOT, the other time
points are calculated using operational models.

¢ Planner module: the planner module is continuously optimizing the departure take-off schedule, tak-
ing into account the actual situation. The planner also manages data like aircraft separation tables and
search-three information.

e HMTI’s for controllers: DMAN information is integrated into the electronic flight strips at the Controller
Working Position (CWP) of at least: one clearance delivery position for issuing en-route clearances, one
position of apron/ground control, one runway control position for line-up and take-off clearances.

¢ Gateway module: the gateway is responsible for translating communication between external systems
and internal modules.

‘ Gateway ‘ ‘ Planner ‘

HMI HMI HMI
Clearance Apron/Ground Runway
delivery controller controller

Figure 2.9: The basic system architecture of the DMAN

2.5.2. Arrival Management

An AMAN provides ATCOs electronic assistance in managing the flow of arriving aircraft to the runway thresh-
old or metering points [13]. It optimizes the runway capacity by sequencing or metering the number of air-
craft that enter particular airspace. To achieve this, the AMAN calculates expected and scheduled times for
each aircraft at the runway threshold and IAFs [13].

Objective

The overall objectives of the AMAN are to increase safety, capacity, and efficiency and to reduce environmen-
tal impact. These objectives act in different directions, improving one often deteriorates the other. The AMAN
needs to be implemented as such that it can find an optimal balance between the objectives to act as a useful
support tool [13]. As the AMAN was developed and used at many airports independently from one another,
considerable differences exist between them. The complexity of the used algorithms, the system architecture,
and the type of advisories differ from system to system. However, the underlying principles in each AMAN
are often similar.

Arrival Management Process

When an aircraft passes the Eligibility Horizon (EH), 150 to 200 NM from the runway threshold [28], the air-
craft is taken into account for sequencing and scheduling, together with the other approaching aircraft. The
AMAN uses flight plan data (FDPS), radar data (RDPS), weather data, and a trajectory prediction module to
compute the Estimated Time Over (ETO) and the Estimated Time of Arrival (ETA). The ETA is the estimated
time that the aircraft will reach the runway threshold (RWY) without considering any airport capacity con-
straint and is highly dependent on which runway is being operated [28]. The ETO is the estimated time the
aircraft will arrive at the Initial Approach Fix (IAF).

Because the airport and airspace around it has limiting capacity; the possibility exists that an aircraft cannot
arrive at its ETA because runway capacity is lacking. When this is the case, the aircraft needs to be delayed
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before it can start its approach to ensure the required inter-arrival times between approaching aircraft. The
AMAN determines this delay by calculating the Scheduled Time of Arrival (STA) for all approaching aircraft.
The STA is the time the aircraft is allowed to reach the runway threshold. The time difference between the
STA and ETA is the time delay or advance of the aircraft.

150 - 200 NM

< >
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EH FH AAH IAF TMA CTR RWY
entry entry
ACC > APP > TWR

Figure 2.10: The locations of the different planning horizons used by an AMAN

Since the delay is not allowed to be absorbed within the TMA or CTR; the AMAN projects the delay in the
Expected Arrival Time (EAT) at the IAE The time difference between EAT and ETO equals the aircraft delay.
The latter needs to be absorbed by ACC interference such that the aircraft reaches the IAF at its EAT. With the
STA’s of all approaching aircraft, the AMAN can start sequencing a stream of arriving air traffic. However, the
STA is subject to change until the aircraft reaches the Freeze Horizon (FH), 150 to 200 NM from the runway
threshold [28]. Once the aircraft passes the FH, its STA is fixed. Only when the aircraft reaches the Active Ad-
visory Horizon (AAH), 80 to 100 NM from the runway threshold, ACC is allowed to send speed and direction
commands actively. If the delay is too large to be solely resolved with speed vectoring, ACC can put the air-
craft in the holding stacks near each IAF at the TMA boundary. When the aircraft enters the TMA, the control
of the aircraft is handed over from ACC to APP. From this point onward, the AMAN is not used anymore. APP
uses tactical control techniques like path stretching or shortening to create the arrival sequence and optimal
inter-arrival spacing between an aircraft and its trailing and preceding one.

delay delay

+«——
tEn : ETO  EAT ETA  STA
IAF IAF RWY RWY

Figure 2.11: The planned times by the AMAN

System Architecture
A description of the basic set of modules that are present in an AMAN can be found below. Figure 4.4 shows
how modules are connected. [13]

e Aircraft performance module: the aircraft performance module is a database that contains information
about how different aircraft types perform. The databases can differ in accommodating a few aircraft
models to an extensive amount.

¢ Trajectory prediction module: the trajectory prediction module predicts the flight progress of an aircraft
based on aircraft performance, location, estimates of intent, expected environmental conditions, and
procedures. The module computes the ETAs and ETOs for aircraft.

¢ Sequencer module: the sequencer module builds a sequence based on relative times using prescribed
sequencing criteria.

¢ Weather data module: incorporating weather in the trajectory prediction module is vital for making
predictions. The data can be loaded at specific time points or dynamically.

* Flight plan data source and radar data source: flight plan data and radar data are used as the basis of the
trajectory prediction. Flight plan data is used to determine the intent of an aircraft and for predicting
ETAs when no radar information is available. Radar information is used to determine the location,
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altitude, and speed of an aircraft. The quality of the data depends on the accuracy of the radar system
that is operated at the airport.

¢ SYSCO connection module: the SYSCO connection module is used to communicate computed infor-
mation by the AMAN to the ATCOs and from ATCO to ATCO.

¢ Controller Working Position Human Machine Interface (CWP HMI) module: the CWP MHI is the graphic
interface between the AMAN and the ATCO. Common interfaces are schedule lists and timelines [28].

Flight data Aircraft Weather
source module performance data
module module
Y
Trajectory
prediction
module
Advisory -
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4 HMI
Sysco N
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Figure 2.12: The system architecture of the AMAN



Previous Research

As explained previously, AMANs and DMANSs are standalone systems [10], they are designed to optimize run-
way throughput by scheduling and metering the inbound and outbound stream of aircraft [9]. Past imple-
mentations of these systems share the same goal, but do not account for one another arrival or departure
demand or delay ([6], [16]). The number of studies in implementations that did the latter is marginal. These
studies differed from low-level of automation to high-level of automation and are elaborated upon below.

3.1. Coupled Arrival and Departure Management

Single European Sky ATM Research (SESAR) performed a study in flow-based integration of Arrival and De-
parture Management [8]. In this low-level of automation concept, the arrival and departure sequences of
aircraft, including the predicted delay of each aircraft calculated by the AMAN and DMAN, were displayed
alongside one another and presented identically to both supervisors. The supervisors were thus able to mon-
itor the delay of both aircraft streams and could decide upon a runway spacing strategy to balance the re-
quired arrival and departure rates. This prototype was referred to as coupled AMAN-DMAN and was tested at
Gatwick Airport (EGKK). Due to the poor data quality of the DMAN, the situational awareness between Arrival
and Departure Management was not increased. Nonetheless, the concept is relatively easy to implement at
airports without Time Based Separation (TBS) capabilities and advanced AMAN or DMAN systems.

3.2. Dynamic Aircraft Spacing

More advanced automation was obtained in concepts that provided dynamic inter-arrival spacing guidance
to ATCOs using TBS slot markers that account for the departure demand. Diffenderfer et al. [10] showed that
arrival and departure throughput can be improved and Air Traffic Controllers (ATCOs) were able to vector air-
craft as advised when using TBS slot marker guidance based upon scheduled departure demand. However,
no prioritization between arriving or departing aircraft flows was incorporated to create arrival free intervals
that allowed for more than one departure. Yoo et al. [29] continued this study by extending the concept to
allow for dynamical inter-arrival ATCO guidance at the entry of the TRACON. Furthermore, they designed
and tested three arrival schedule adjustment strategies to create arrival free intervals large enough to enable
the departure of more than one aircraft between two successive arrivals, while preserving arrival throughput.

In the first strategy called the Delay Control Strategy, for each arrival interval it is determined if delaying the
trailing aircraft results in an AFI large enough to accommodate a take-off. It is only possible to delay the trail-
ing aircraft when the delay does not cause a conflict with the minimum IAT with the subsequent aircraft. In
the second strategy, called Delay and Advance Control Strategy, the leading aircraft is allowed to be advanced
and the trailing aircraft is allowed to be delayed when there is sufficient slack to create an extra AFI. Again,
advancing and delaying is only possible when minimum separation is not violated. The main concept of the
last strategy is to discharge slack capacity from the arrival stream. For each pair of arriving aircraft it is deter-
mined if delaying the trailing aircraft results in an extra departure slot. If it does, the trailing aircraft will be
delayed, else, the trailing aircraft is moved forward to remove slack capacity. [29]
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The strategies were found to need sufficient natural slack between arrivals to generate additional departure
capacity. Results showed that a 10 to 60% increase in the number of departures could be expected during
peak hour operation, however, the impact of the uncertainty in arrival times was not verified. Also, it was not
verified whether the extra departure slots matched the departure demand or not. Furthermore, the question
arises whether the strategies will be useful at airports that are already operating at high arrival demand. A
densely packed arrivals flow might not have sufficient slack to create extra departure slots.

3.3. Integrated Arrival and Departure Management

Near to fully automated concepts for coordinated Arrival and Departure Management integrates the AMAN
and DMAN into one system which calculates and optimizes the arrival and departure sequence as a whole.
Bohme et al. [7] used information from the AMAN and DMAN to tailor arrival free intervals in the arrival flow
to account for the ground departure situation. This concept needs to be supported with an advanced AMAN
capable of generating 4D-trajectories to stretch the paths of aircraft. The system applies an algorithm that
uses fuzzy logic for the selection of a suitable time to introduce an arrival free interval.

The concept proved that integrating the AMAN and DMAN improves throughput at airports operating run-
ways in mixed-mode operations. The throughput is expected to further increase when the fuzzy rule set
will be optimised. However, a description of the defined rules was lacking, leaving the question of whether
or not the implementation of such a system would increase the throughput at airports that operate depen-
dent runways open. Considering that both arriving and departing aircraft trajectories carry a certain level
of uncertainty and variability due to high order effects such as weather and human actions [15], it is ques-
tionable whether or not the optimized sequences calculated by an integrated AMAN and DMAN would be
operationally deliverable by ATC once implemented in real-life.

3.4. Literature Gap

Research into the strategic coordination of Arrival and Departure Management was found to be marginal. Re-
search that did focus on combined Arrival and Departure Management differed in the level of sophistication.
The main advantage of the Coupled AMAN-DMAN is that it is accessible for airports to implement without
major adjustments to their current AMAN and DMAN. However, the spacing setting is still chosen by human
interpretation and entered manually. Also, ATCOs are still responsible for deciding when a departure will be
fitted in the arrival sequence.

The Dynamic Aircraft Spacing strategy has the potential to create many extra departure slots as long as there
is enough slack in the arrival sequence. At airports that are already operating at high demand or will be in the
future, there might not be enough slack to generate the right number of departure slots. Since the algorithms
cannot prioritize departures when needed, the Dynamic Aircraft Spacing strategies are less future proof.

The Integrated AMAN-DMAN exactly matches the arrival stream of aircraft to the departure demand. There-
fore the systems need advanced Arrival and Departure Managers to overcome the stochastic nature of aircraft
arrivals and departure to operationally execute the optimized sequence. This makes the Integrated AMAN-
DMAN less attractive for airports to implement as many airports will have to make major adjustments to their
operating AMAN and DMAN. Furthermore, when a departure misses its specially tailored slot and has to use
another, the whole optimized sequence could be messed up. Table 3.1 summarizes how each study scored
on different criteria.

Table 3.1: Summary of studies into coordinated Arrival and Departure Management

Coupled AMAN-DMAN  Dynamic Aircraft Spacing  Integrated AMAN-DMAN

Implementable ++ + .
Departure demand + - ++
Robustness ++ + -
ATCO influence - - - -
Extra departure slots - T+ +

Future proof + -- ++




Case Study: Amsterdam Airport Schiphol

With more than 71 million passengers in 2018, Amsterdam Airport Schiphol (AAS) is the largest airport in
the Netherlands and the third-largest airport in Europe. It facilitates almost 500.000 flights per year and is
known for its complex infrastructure [24]. The ATS to all incoming and outgoing aircraft is provided Air Traffic
Control the Netherlands. This chapter aims to give the reader understanding of the operational complexity
of Amsterdam Airport Schiphol by discussing its approach and departure routes, runway operations, and
runway capacity utilization systems. Furthermore, a traffic analysis will be performed to quantify variables
that might be of importance in future research.

4.1. Approach and Departure Routes

Inbound traffic to AAS uses predefined routes until reaching one of the three Initial Approach Fixes (IAFs):
(1) ARTIP, (2) RIVER, and (3) SUGOL. Near each IAF a holding stack is available for aircraft to absorb delay
when airport capacity is lacking, see Figure 4.1. In contrast with outbound traffic, no fixed route is defined
from the IAFs towards Final Approach Fixes (FAFs). Instead, aircraft are vectored towards the FAF of the active
runway by APP. The vectored approaches enable ATC to make maximum use of the available runway capac-
ity as the common approach path between arriving aircraft is shorter. However, during off-peak hours fixed
RNAV routes, such as Continuous Descent Approaches (CDAs), are used. Here, the common approach path
is significantly longer, decreasing the runway capacity.

As no fixed approach routes are defined inside the TMA radar data was analyzed to find the most practised
routes in the TMA from each IAF to each arrival runway. From the most practised routes, new waypoints are
derived which can be used to simulate the trajectory of approaching aircraft inside the TMA at AAS. Table 4.1
shows the exact locations of the waypoints that describe the most practised trajectory from each IAF to arrival
runway 18C.

Table 4.1: Coordinates of waypoints that descrbe the most practiced routes in the Schiphol TMA

IAF Latitude  Longitude
ARTIP 52.566918  4.773036
RIVER 52.492041 4.510528
SUGOL 52.546030  4.684377

AAS uses Standard Instrument Departures (SIDs) to lead departing aircraft from the runway threshold to
the upper airspace. All runways have one or more SID leading to each of the five different sectors in the
Dutch airspace. Figure 4.3 shows part of a chart in which the SIDs for departures from runway 24 to sectors
1-3. In this chart, the geographic locations of the waypoints, VHF Omnidirectional Radio Ranges (VORs),
and Distance Measuring Equipments (DMEs) that define a SID can be found. Furthermore, these charts
show the common departure paths between different SIDs, which influences the separation that needs to
be maintained between two departures. Departing aircraft from AAS are obliged to fly the horizontal path
defined in a SID using their Area Navigation (RNAV) instruments unless ATC instructs them differently.
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Figure 4.2: Part of a Standard Instrument Departure chart for departures from runway 24 (source: Air Traffic Control the Netherlands)
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4.2. Runway Operations

Amsterdam Airport Schiphol operates using six runways, consisting of five long runways and one short run-
way. All runways are used both for take-offs and landings, and most of them can be used in both directions.
The total of six runways resulted in the use of over a hundred different runway configurations in 2018. The
locations of the runways relative to each other are depicted in Figure 4.1. [4]

-

Figure 4.3: Runway layout of Amsterdam Airport Schiphol (Source: Air Traffic Control the Netherlands)

Table 4.2: Runway characteristics at Amsterdam Airport Schiphol

Runway name Designator Length [m] Remarks

Aalsmeerbaan 18L/36R 3400 Take-offs 36R and arrivals 18L not allowed
Buitenveldertbaan 09/27 3453 -

Kaagbaan 06/24 3500 -

Oostbaan 04/22 2014 -

Polderbaan 18R/36L 3800 Take-offs 18R and arrivals 36L not allowed
Zwanenburgbaan 18C/36C 3300 -

4.2.1. Runway Selection

The use of the runways is restricted due to noise abatement agreements with the Dutch government. There-
fore the use of the runways should follow the "Nieuw Normen- en Handhavingstelsel" (NNHS). The NNHS
includes a framework of rules concerning runway use, which aim to create as little as possible nuisance to
the communities surrounding Schiphol. The number of active arrival and departure runways is dependent
on the time of the day. During the daytime, Schiphol uses three runways simultaneously. This means that ei-
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ther two runways are used for departure and one runway for arrival, or vice versa. To accommodate a smooth
transition from inbound peak to outbound peak, a fourth runway may be used with some restrictions. Op-
erating a fourth runway is allowed for a maximum of 80 movements and a duration of 20 minutes per day
and an annual average of 40 per day. During the night and off-peak periods, one arrival and one departure
runway are used.

Table 4.3: Preference runway configurations during daytime (06:00h - 23:00h)

Preference Arrival1 Arrival2 Departurel Departure 2

1(%) 06 (36R) 36L (36C)
2(%) 18R (18C) 24 (18L)
3(9 06 (36R) 09 (36L)
4(%) 27 (18R) 24 (18L)
5a(**) 36R (36C) 36L (36C)
5b(**) 18R (18C) 18L (18C)
6a(***) 36R (36C) 36L (09)
6b(***) 18R (18C) 18L (24)

(*) When visibility > 5000 m, cloud base > 1000 ft (2000 ft for con-
verging runways) during UDP

(**) When visibility > 5000 m, cloud base > 1000 ft

(***) When visibility > 1500 m, cloud base > 300 ft

The selection of active runways is based on the sequence of preferred runway configurations. During good
weather conditions, the APP supervisor and TWR supervisor choose the runway configuration with the high-
est preference, see Table 4.3. During an inbound- or outbound peak, a change of runway configuration is not
necessary when another configuration has a higher preference due to changed weather conditions. However,
the APP supervisor and TWR supervisor need to reconsider the active runways, thus the configuration, when
(1) rainstorms or wind shear is present in the approach or departure areas, (2) the wind at low altitude (until
2000 ft) deviates from the wind speed at the ground, or (3) when the cross- or tailwind component of the wind
speed exceeds the limits. The capacity of the Main Landing Runway (MLR) and secondary landing runway
(SLR) is determined based on the crosswind component, see Table 4.4.

Table 4.4: Capacity limits due to cross wind

Crosswind  Capacity

25kt No air traffic flow and capacity management
30 kt 50 aircraft per hour (34 at MLR and 16 at SLR)
35 kt 40 aircraft per hour (34 at MLR and 6 at SLR)

> 35 kt kt 34 aircraft per hour (34 at MLR and no SLR)

4.3. Dependent Arrival and Departure Runways

As at many other airports, dependencies exist between the runways available at Schiphol as well. A de-
pendency between runways does not indicate that runways cannot be operated simultaneously. Air Traffic
Control the Netherlands has additional procedures for the use of dependent runways at Amsterdam Airport
Schiphol. For example, additional limitations for the visibility and cloud base are imposed, and different pro-
cedures need to be followed during the night. Table 4.5 summarizes the dependencies that exist between ar-
rival and departure runways due to missed approach conflicts, jet blast hindrance, and intersecting runways
at AAS. Table 4.5 also shows the occurrence of the dependency within a runway configuration in percent-
age. Over 2018 and 2019 in 23.1% of the time a runway configuration was used with dependent arrival and
departure runways. [2]

4.3.1. Missed Approach Dependency

During missed approach conflicts, several procedures exist for the Tower Control ATCOs. The ATCO is allowed
to give a take-off clearance when he/she has established the arrival at the other (dependent) arrival. Further-
more, the ATCO must give the take-off clearance such that the departing aircraft begins its take-off roll before
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the approaching aircraft to the dependent runway is less than 2 NM away from the runway threshold. If the
take-off roll has not started early enough, the take-off or landing from one of the aircraft has to be aborted
by the ATCO. Also, the ATCO must always monitor the arrivals to recognize a missed approach on time and
take proper action. A separation of less than 2 NM between the runway threshold and the arriving aircraft is
allowed during UDP when the visibility is higher than 5 km, and the cloud base is higher than 2000 ft under
the condition that the ATCO informs the arriving aircraft about the departing aircraft.

4.3.2. Intersecting Runways

When operating intersecting runways, the take-off clearance must be given as such that the departing aircraft
has passed the intersection point before the arriving aircraft is less than 1 NM from the runway threshold. The
ATCO must time the departures and arrivals at runways that experience jet blast hindrance as such that the
departure started before the arriving aircraft is within 1 NM distance away from the runway threshold. The
ATCO is only allowed to give a take-off clearance after the arriving aircraft has passed the jet blast intersection
point.

Table 4.5: Dependent departure and arrival runway combinations at Amsterdam Airport Schiphol

Departure  Arrival Dependency Percentage [%]
04 06 Missed approach 0.0
09 06 Missed approach 5.6

36R Missed approach 14

18L 06 Missed approach 0.0
22 Missed approach 0.4

09 Jet Blast(*)/ Intersecting runways (**) 0.0

27 Jet Blast(*)/ Intersecting runways (**) 1.7

18C 22 Missed approach 0.1
27 Missed approach 0.2

36C 27 Missed approach 0.5
27 36R Missed approach 0.0
24 18C Missed approach 13.0
36R Jet blast (*¥**) (****) 0.2

(*) When departure enters runway 18L from E5

(**) When departure enters runway 18L from E6

(***) When departure enters runway 36R from S7E

(****) When departure enters runway 36R from S8, S5 or S6 and WTC is equal to M
orH

4.4. Runway Capacity Utilization

As at many U.S. and European airports, the arrival and departure demand often exceeds the available capac-
ity at Amsterdam Airport Schiphol during periods of the day. Therefore, the flow of arriving and departing
aircraft is controlled to ensure safe operations by an Arrival and Departure Manager. Air Traffic Control the
Netherlands uses an AMAN and DMAN to meter the number of aircraft movements in the Schiphol TMA.
This section will explain the fundamental principles of the AMAN and DMAN that are currently used at AAS.

4.4.1. Departure Management

Amsterdam Airport Schiphol uses a DMAN called Pre-Departure Sequencer (PDS) to calculate at what time
and from which runway each aircraft is allowed to depart. Currently, a custom made sequencing component
called CPDSP is used. In the future, this component is updated by a new sequencer called CPDS. In this sec-
tion, the working principles of the new CPDS will be given.

System Initialization and Triggers

The PDS needs to be initialized with the available departure runways and its properties. The runway con-
figuration is filed by an APP- or ACC supervisor in consultation with other parties. The period for which a
specific runway configuration is selected is subdivided into multiple periods. For each period, the declared
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capacity and TMA Exit Points that are assigned to each runway need to be specified. The PDS only includes
an aircraft in its sequence if the aircraft is an IFR-flight, the flight plan is available in its system, the aircraft is
planned to depart from the main runway, TOBT plus EXOT is not more than 10 hours away, and the aircraft
is not suspended. Aircraft that are suspended are obliged to change their flight plan before it is allowed to
depart. The PDS is triggered to update the planning when a TOBT update of an aircraft with the TOBT earlier
than the previous TOBT or later than the current TSAT, a CTOT update is given by NMOC, a change in runway
configuration of capacity is issued, or the de-icing information is updated.

Runway Allocation

PDS assigns runways to departing aircraft using the runway configuration that is planned for the TTOT time
of the aircraft. When only one departure runway is planned, the aircraft is assigned to that runway. If there
are two departure runways, the PDS uses the TMA Exit Point of the aircraft and selects the runway to which
this TMA Exit Point is allocated to. Aircraft that do not have a TMA Exit Point, as a domestic flight, the default
runway is chosen as the departure runway. When the TTOT changes as such that there is a different depar-
ture runway at that time, PDS automatically changes the departure runway as long as no airway clearance is
given. When an airway clearance is already given, the PDS will give the Outbound Planner (OPL) a conflict
notification. Thereafter, the OPL either chooses to cancel the clearance or adjust the runway configuration
such that the aircraft can depart from its initially planned runway.

Variable Taxi Times

The PDS uses variable taxi times to estimate the time that is needed for an aircraft to taxi from the gate to
the runway (EXOT). The DMAN uses Variable Taxi Time tables (VIT tables) to determine the taxi-out time.
The tables include parameters like the gate, runway, aircraft type, time of the day, time of the year, weather
conditions, and the availability of taxiways to estimate the taxi time. The taxi times include the average times
for waiting clearances (push-back, taxi, runway) and for the aircraft waiting time in the queues near the run-
way. During situations for which the VIT tables do not account for, the Outbound Planner (OPL) is allowed
to adjust all EXOTs by entering a multiplication factor, for example, 10%, when the taxiways are incredibly
crowded. The OPL can also modify the EXOT of an individual flight when needed.

TTOT and TSAT Determination

PDS used time blocks of 10 minutes with a predefined number of aircraft that may depart in each time block.
For regulated aircraft, TTOT is equal to CTOT. For non-regulated aircraft, TTOT is equal to TTOT-target by
default as long as the capacity of the time block is not exceeded. This implies that PDS accepts aircraft having
the same TTOT. In practice, two aircraft cannot depart from the same runway at the same time. However, Air
Traffic Control the Netherlands thought it was not desirable to let PDS calculate the exact departure sequence
of aircraft within a time block since aircraft often request a departure clearance minutes earlier or later. The
exact departure time of an aircraft is determined by the OPL themselves.

When an aircraft has its CTOT, or TTOT-target planned within a time block which has not enough capacity
left, this aircraft or anther aircraft within the time block will be moved to the next time block where enough
capacity is left. Priority rules determine which flight will be moved to the next time block. The aircraft that
is moved to another time block will get a new TTOT equal to the start time of the time block. This means
that when there is a high demand, and many aircraft need to be moved to other time blocks, those aircraft
will receive the same TTOT. Since the taxi-out times are different, the aircraft will still get different TSATs.
Therefore, the aircraft will not call for a push-back clearance at the same time. Once TTOT is determined by
PDS, TSAT is equal to TTOT minus the estimated taxi-out time when no de-icing is required, see Equation
4.1.

TSAT=TTOT -EXOT 4.1)

De-icing Operations

At Amsterdam Airport Schiphol aircraft de-icing is possible at either the gate or at a remote platform and is
performed by a de-icing company. When a pilot requests de-icing, the de-icing company chooses whether the
de-icing will be done at the gate or remote and determines the estimated duration of the operation (EDIT).
This data is communicated to Air Traffic Control the Netherlands. Thereafter, PDS calculates the deadline for
de-icing to start in order to depart at TTOT (SCZT) and sends it to the de-icing company. The calculation of
SCZT for both gate and remote de-icing is respectively presented in Equation 4.2 and 4.3 and Figure 4.4.
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SCZTGate=TTOT -EXOT -EDIT 4.2)
SCZTremote=TTOT -EXOT2-EDIT (4.3)
SCZT TTOT

Gate de-icing: | Ground handling ‘ Delay | De-icing }L. Departure

SCZT TTOT

Remote de-icing: | Ground handling ‘ Delay &'| De-icing -2 Dcpunurc|

Figure 4.4: SCZT calculation

When the de-icing company receives (SCZT) it schedules the aircraft for de-icing (ECZT). If ECZT is later than
SCZT the ECZT is communicated with Air Traffic Control the Netherlands. Otherwise, ECZT is not commu-
nicated, and the planning is completed. In the case of de-icing at the gate, de-icing cannot start until ground
handling has finished. Furthermore, depending on the weather, the time between the end of de-icing and
start-up (TSAT) cannot be too long, to prevent new ice being formed. If Air Traffic Control the Netherlands
receives an ECZT, PDS needs to recalculate TTOT (based on ECZT), the sequence and re-determines the SCZT
(see Figure 4.5 and Equation 4.5 and 4.5). The updated SCZT is sent back to the de-icing company. This time
it is likely that the SCZT is accepted by the de-icing company and the planning is completed.

TTOTgate=ECST+EDIT+EXOT (4.4)
TTOTRemote = ECST+EDIT + EXOT2 (4.5)
SCZT ECZT TTOT
Gate de-icing: l Ground handling | Delay | De-icing ——— Departure
ECZT I'SAT IToT

‘ Ground handling | Delay De-icing Delay}L» Departure

Figure 4.5: When Air Traffic Control the Netherlands receives ECZT later than SCZT, it adjusts TTOT and TSAT

4.4.2. Arrival Management

From 1998 onwards Amsterdam Airport Schiphol uses an AMAN system called the Inbound Planner (IBP) to
manage the incoming aircraft. IBP was one of the elements of the Amsterdam Advanced ATC system (AAA).
Compared to other AMAN systems in Europe, its TP module was less advanced. IBP was outdated and in
need of an upgrade [28]. However, improving IBP would affect the whole AAA system. Therefore, the decision
was made in 2011 to develop an independent AMAN, called the Advanced Schiphol Arrival Manager (ASAP).
ASAP has similar functionalities as IBP, and for most ATCOs, no shift in responsibilities was made.

Working principles

ASAP uses horizons that are defined as categories of aircraft depending on their location. The three categories
are pre-planned flights, planned flights, and under control of APP flights. Pre-planned flights are the aircraft
that are available at radar but are not yet under the control of the Amsterdam FIR. Its STA and EAT are calcu-
lated by the TP module but are not yet fixed due to too large uncertainty in the calculation of them. About
14 minutes before ETO, the STA and EAT of the aircraft are fixed, and ACC is allowed to begin delaying and
advancing aircraft to meet their EAT. ACC must deliver the aircraft within a margin of + 2 minutes relative to
their EAT at the IAE When the aircraft enters the TMA control is taken over by APP, and ASAP is not actively
used anymore. However, the flights are still visible at the CWP HMI of ACC and APP. APP is responsible for
the adequate spacing of the aircraft in its final approach. Generally, ASAP automatically allocates an aircraft
to an active runway based on the IAE Nonetheless, ATCOs can adjust the allocated runway in ASAP when a
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situation calls for it. ASAP can show how the aircraft would fit in the arrival stream on the other runway.

Once an aircraft is within the pre-planned horizon, the TP module of ASAP calculates ETA. Knowing the ETA,
the STA can be determined using Equation 4.6 4.7 and 4.10. When the amount of traffic is low, the STA is
equal to the ETA. If not, the STA is equal to the Last Assigned Slot (LAS) plus the Dynamic Landing Interval
(DLIV). DLIV is based on the declared arrival capacity of the runways or the WTC distance-based separation
minima on approach. The declared arrival capacity is inserted per runway and is defined in spatial distance.
The separation minima that is the most constraining is used for calculating DLIV between two aircraft. The
approach planner, usually the APP supervisor, is responsible for interacting with ASAP. The sequencer and
scheduling algorithm uses the First Come First Serve (FCES) principle.

The sequence of aircraft created by ASAP is communicated to ACC. ACC receives the information from ASAP
as a stack list on their radar screen, showing an overview of which aircraft needs to be delayed how much (the
difference between EAT and ETO). At the moment, ACC is not aiming to minimize the difference between
EAT and ETO. This is due to the inaccuracy of the current TP module. As the Active Advisory Horizon (AAH) is
located 14 minutes from the IAE space and time to absorb delays are limited. ACC has three options to absorb
delay (1) speed reduction, (2) vectoring, or (3) stacking. When delays build up and become too large, speed
reduction and vectoring will not be an option anymore. ACC will need to stack aircraft in holding patterns,
which is highly unfavourable.

STA=ETA (4.6)

STAy, =LAS+DLIV 4.7)
STA=max(STA,,STAy) (4.8)
DLIV = SICASfinai (4.9)
S§=max(Swrc, Sdeclared) (4.10)

Trajectory Prediction Module

ASAP uses a TP module called Speed And Route Advisor (SARA) to calculate the ETA and ETO. SARA uses
the horizontal path, the vertical path, and speed profile to determine the 4D trajectory from its current lo-
cation to the runway threshold. Using flight plan data, which includes all active waypoints, the horizontal
path of the aircraft to reach the IAF is relatively easy to determine. Determining the time the aircraft takes
to reach the runway threshold from entering the TMA is more challenging because no fixed trajectories are
specified within the TMA. Therefore, SARA uses trajectory data deduced from numerous landings to deter-
mine the most likely trajectory for a particular IAF and runway combination. To determine the vertical path
and speed profile, the trajectory of the aircraft is segmented in phases from cruise until touchdown. Within
each segment, certain parameters like indicated airspeed, Mach number, flight path angle, rate of descent are
assumed to be constant and determined using historical data. With the calculated ETAs and ETOs by SARA
other ASAP modules can derive the EATs and STAs.

4.5. Traffic Analysis

Each arriving and departing aircraft reaches the airport through respectively one of the IAFs or sectors. The
arriving and departing traffic at AAS is not equally distributed over the IAFs and sectors. This means that one
sector may be overloaded while at the same time, another is not. Table 4.6 and 4.7 show the percentage of
arriving traffic over each initial approach fix and the percentage of departure traffic through each sector in
2018. The unequal distribution of departure traffic over the different sectors has the consequence that the
distribution of departure traffic over each SID is not equal as well. Table 4.8 shows the distribution of depart-
ing traffic from runway 24 to each of the SIDs.

The distribution of aircraft WTCs influences the capacity of runways since larger separation is required for
specific pairs of aircraft WTCs. Also, the approach and departure speed of aircraft influences the IAT and IDT
times when there is a speed difference between two aircraft at a common approach or departure path. The
total WTC distribution for arriving and departing aircraft throughout the day at AAS in 2018 is depicted in
Table 4.9.
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Table 4.6: Arriving traffic distribution at AAS

Initial Approach Fix ~ Percentage [%]

SUGOL 31
ARTIP 42
RIVER 27

Table 4.7: Departing traffic distribution at AAS

Sector Percentage [%]

1 16
2 30
3 24
4 15
5 15

Table 4.8: Departing traffic distribution at AAS

SID

Percentage [%]

ANDIK
ARNEM
RENDI
LOPIK
KUDAD
VALKO
BERGI

9.6

10.6
16.0
6.0

18.4
14.1
25.3

Table 4.9: Fleet mix and characteristics at Amsterdam Airport Schiphol in 2018

WTC Occurrence[%]

ROT arr RWY 18C  ROT dep RWY 24

Light 2.1
Medium 80.5

Heavy 17.1

Super 0.3

59.7 50.4
55.7 50.1
71.9 49.4
78.2 54.6

The fleet mix fluctuates during the day and differs for arriving and departing traffic. Table 4.10, 4.11, 4.12 and
4.13 show that the number of heavies AAS is higher in the morning than in the evening. The combinations of
arriving traffic mix and departing traffic mix during the same time interval influences the magnitude of arrival
and departure capacity interference. For example, when the percentage of heavies in the arriving traffic high,
larger arrival gaps will be created. After that, it is easier to interweave departing aircraft through the arriving

aircraft.

Table 4.10: Arriving fleet mix in the morning (7.40h - 9.20h)

at AAS
WTC Occurrence(%]
Light 0.7
Medium 72.1
Heavy 27.2
Super 0.0

Table 4.12: Departing fleet mix in the morning (7.40h - 9.20h)
at AAS

WTC Occurrence[%]

Light 0.1
Medium 64.9
Heavy 35.0
Super 0.0

Table 4.11: Arriving fleet mix in the evening (17.40h - 20.20h)

at AAS
WTC Occurrence(%]
Light 0.7
Medium 95.9
Heavy 2.7
Super 0.7

Table 4.13: Departing fleet mix in the evening (17.40h -
20.20h) at AAS

WTC Occurrence[%]

Light 0.1
Medium 89.9
Heavy 9.7

Super 0.3
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Furthermore, for each aircraft type that landed at AAS in 2018 the average approach ground speed on the
descent path from 2000 to 70 ft was calculated using radar data obtained from Air Traffic Control the Nether-
lands. This should reflect aircraft speed for different types at the common approach path, assuming that it
starts at approximately 2000 ft and ends at 70 ft above the runway threshold. Also, the average departure
ground speed for each aircraft type between 0 and 3000 ft is calculated using the radar data from 2018. Table
4.14 shows the speeds mentioned above for the five most frequently occurring aircraft types at AAS in 2018.

Table 4.14: Top 5 most frequently occurring aircraft types and their characteristics for AAS in 2018

Aircraft type  Occurrence [%] Approach speed [knots]  Departure speed [knots]

B738 21.6 156.4 167.5
E190 13.6 152.7 148.8
A320 10.6 149.5 161.1
B737 8.5 152.6 158.8
A319 6.3 146.4 153.8

In Chapter 2 it was described that the IDT, IAT, IDAT, and IADT are also influenced by the time a departing
aircraft takes between getting a departure clearance and start its take-off roll and by the time an arriving
aircraft passes the runway threshold and the actual arrival is established. The estimates of these times for
AAS were made by operational experts of Air Traffic Control the Netherlands and are presented in Table 4.15.

Table 4.15: Estimates of departure communication and arrival completion times by operational experts

WTC category Communication buffer time [s]  Arrival completion time [s]

Light 5 7
Medium 10-15 14
Heavy 20-30 10
Super 20-30 18

4.6. Arrival and Departure Capacity Interference Assessment

A capacity assessment of arrival and departure runway combinations is performed to give insight into what
extend the capacity of Amsterdam Airport Schiphol is currently affected by the use of dependent arrival and
departure runways. The data that was needed to perform the assessment was obtained from Air Traffic Con-
trol the Netherlands and concerned the total number of air traffic movements at AAS in 2018 and 2019. The
results are obtained for the two most occurring arrival and departure runway dependencies that were found
in Table 4.5, departure runway 24, and 09.

The departure capacity of runway 09 and 24 is calculated for different combinations of arrival runways for
marginal weather conditions and good weather conditions. Since arrival and departure capacity interference
will only appear when the runways are operating at maximum capacity, and the data also included off-peak
hours, the calculated departure capacities at the moments that there was not enough departure demand to
pressurize the runway capacity had to be filtered out.

4.6.1. Results

Departures from runway 09 have a missed approach dependency with arrivals at runway 06 and 36R. Fig-
ure 4.6a and 4.6b shows that departures at runway 09 were not operated in combination with arrivals at 36R
frequently enough to generate enough data samples. Furthermore, Figure 4.6a shows that the departure ca-
pacity at runway 09 is almost the same in combination with dependent and non-dependent arrival runways.
During marginal visibility, the dependency between departures at runway 09 and arrivals at runway 06 is
slightly visible as the departure capacity of runway 09 in combination with arrivals at 06 is lower than non-
dependent combinations.

Departures from runway 24 have a missed approach dependency with arrival runway 18C and jet blast hin-
drance with arrivals on runway 36R. Figure 4.7a shows that the departure capacity of runway 24 is lower for
dependent arrival runways than for non-dependent arrival runways during good visibility. However, this ob-
servation is drawn from a relatively small sample size. For marginal visibility, the sample size of the departure
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capacity of runway 24 in combination with arrivals on runway 36R is too small, see Figure 4.7b. The departure
capacity of runway 24 in combination with arrivals on runway 18C is respectively 4.3 and 2.5 atm/hour lower
than in combination with non-dependent arrival runways 27 and 18R.

| 4349 |
18R | n:1326 |

345
n:93

{

Arrival runway

=3
>

36C

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
Departure capacity [atm/hour]

(@)

09

344
36C n: 1191
p:334
18R n: 1106
- I
- }—-{

Arrival runway
o
8

36R

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
Departure capacity [atm/hour]

(b)

Figure 4.6: Departure capacity of 09 in combination with different arrival runways for (a) good, and (b) marginal weather conditions
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Figure 4.7: Departure capacity of 24 in combination with different arrival runways for (a) good, and (b) marginal weather conditions
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- End preliminary study -

The preliminary study was already graded for AE4020
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Uncoordinated Arrival and Departure
Management Simulator

The uncoordinated Arrival and Departure Management (ADMAN) simulator will serve as a baseline model to
evaluate. The performance of any future coordinated ADMAN(s). This model should represent the current
management of arrivals and departures. This chapter will elaborate on the conceptual design, the working
principles and algorithms active in the uncoordinated ADMAN. First, it explains the overview of the model,
including its elements, after which it explains each element separately.

5.1. Model Overview

Figure 5.1 shows the different modules that are present in the uncoordinated ADMAN. The flight data of
arriving and departing aircraft will serve as the input of the arrival manager (AMAN) and departure manager
(DMAN) modules. The AMAN sequences and schedules all arriving aircraft at the runway threshold and the
DMAN sequences and schedules all departing aircraft at the runways. In the uncoordinated ADMAN the
AMAN and DMAN schedule inbound and outbound independently from one another. The ATC module uses
the scheduled arrival and departure times as input. The ATC module ensures that arriving and departing
aircraft land and take-off at their assigned times. For this, the ATC module changes the states of aircraft by
adjusting the flight plan.

Coordinated Arrival and Departure Management Simulator

Aircraft Model

FMS

Flight Plan

i

ATC

AMAN DMAN

i i

Operational Conditions

Figure 5.1: Framework for the uncoordinated model
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5.2. Arrival Manager

The Arrival Manager is based on the knowledge from Chapter 2, and 4 on general Arrival Management and
the Arrival Management implemented at Amsterdam Airport Schiphol. The main goal of the Arrival Manager
(AMAN) implemented in this study is to mimic the effect of an Arrival Manager on the number of arriving
aircraft in the TMA and their respective spacing rather than the exact functioning of an Arrival Manager.

Sequencing
Module

A 4

A

ETA
ETO

. Aircraft
Trajectory <

. s - Performance
Prediction Module Module

Flight data

Airport acceptance rate
Active arrival runway(s)

Scenario File

Figure 5.2: Framework of the AMAN module

Chapter 2 introduced the different modules which an Arrival Manager uses: (1) the Trajectory Predictor (TP)
module, and (2) the Sequencing module. Figure 5.2 shows the location of these modules relative to one an-
other. The TP calculates the Estimated Time Over (ETO) at the Initial Approach Fix and the Estimated Time of
Arrival at the runway threshold (ETA) for each arriving aircraft that crosses its horizon. With the expected ar-
rival times of all approaching aircraft, the sequencing module establishes a sequence and calculates for each
aircraft their Scheduled Time of Arrival (STA) and delay. The sequencing module uses the same principles
as the arrival manager at LVNL, the First Come First Served (FCFS) principle, and it uses Dynamic Landing
Intervals (DLIVs).

5.2.1. Trajectory Predictor

The Trajectory Predictor (TP) predicts the Estimated Time of Arrival (ETA) of aircraft at the runway threshold
and the Estimated Time Over (ETO) of aircraft at the Initial Approach Fix (IAF). These predictions are used by
the sequencer to set up sequences of arriving aircraft and determine delays. Therefore, the accuracy of the
predictions is of crucial importance in the functionality of an AMAN. This section presents the theory behind
calculating the ETA and ETO.

Wpi-1 i-1

WP+l

Figure 5.3: Track distance of an aircraft when turning
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Track Distance

The nominal track distance (d,,) of a flight leg between two waypoints (wp; and wp;+1) in the horizontal
trajectory of an aircraft is calculated using the flat earth approximation. In the flat earth approximation the
distance between two location is calculated using geographical coordinates defined in terms of latitude (/af)
and longitude (lon), see Equations 5.1 - 5.3. Figure 5.3 supports the variables presented in these equations.
The calculation does not provide the exact distance due to some abstractions. However, as waypoints are
usually not spaced too far away from one another, this error is negligible.

Ay=60-(latyp,,, —latyp,) (5.1)

Ax=60-(lonyp,,, —lonyy,) cos((latyp,,, +1atyy,;)-0.5) (5.2)

dpom =/ Ay? + Ax? (5.3)

Aircraft do not manoeuvre directly from waypoint to waypoint but manoeuvre in flyby modus. Flyby modus
anticipates for tangential interception of the next flight leg of a route by making a turn. The actual track dis-
tance (d,¢) is, therefore, shorter than the nominal track distance. To find the actual track distance Equations
5.4 - 5.7 are used. First the turn radius (Ryp,;) of an aircraft is calculated using its current TAS and bank an-
gle (¢p), see Equation 5.4. After that, the distance (d;;,5,;) from which the turn is initiated and ends relative to
wp; can be determined knowing the heading difference (a) between the two flight legs, see Equation 5.6. The
length of the turn arc (dg;;) equals the heading difference multiplied by the turn radius. Finally, the actual
track distance can be determined using Equation 5.7.

Riurn; = LS? (5.4)
' go-tan(¢p)
diurn; = Reyrn; - tan(0.5-a) (5.5)
darc; = @ Reyrn; (5.6)
dact = Anom — Arurn; +0.5-dare; (5.7)

Estimated Flying Time

The calculation of the Estimated Flying Time (EFT) over each flight leg can start once the actual track dis-
tances between the waypoints are known. In this calculation, two situations are distinguished. In the first
situation the assigned speed of the aircraft at wp; is equal to the assigned speed at wp;.;, meaning no ac-
celeration or deceleration will occur at f/;. In the second situation the aircraft accelerates or decelerates due
to a difference in the assigned speeds at wp; and wp;+1. Considering that TAS is equal to the Ground Speed
(GS) and an aircraft is not accelerating or decelerating, Equation 5.8 shows the calculation of the EFT (EF T;)
over f1;.

EFT; = e (5.8)

If an aircraft is accelerating because the assigned speed at wp; is higher than the speed at wp;, Equation
5.8 no longer applies. Since the aircraft does not fly the whole flight leg at TAS;+;, the EFT is lower than
Equation 5.8 would give. The same holds for flight legs where aircraft decelerate, instead here the EFT would
be higher than Equation 5.8 would give. Equations 5.9 - 5.12 describe how to calculate the EFT for flight
legs where aircraft accelerate or decelerate. First the time an aircraft needs to accelerate or decelerate from
TAS; to TASi+1 (EFTycc,dec) is calculated, see Equation 5.9. In BlueSky the default acceleration (a,¢c) and
decelerating (ag4..) equals respectively 1 kts/s and -1 kts/s for for all flight phases. The travelled distance
during accelerating or decelerating (d ., q¢c) €quals to the average speed multiplied by the time that is needed
to accelerate or decelerate. Then, the time that is needed for an aircraft to cover the remaining distance equals
the actual track distance minus the acceleration or deceleration distance divided by TAS;+, (EF T, 1), see
Equation 5.11. The total EFT is the sum of the acceleration or deceleration time and the time that is needed
to cover the remaining distance.
TAS;+1 —TAS;
EFTacc,dec - (5.9)

Aacc,dec
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TAS; 1+ TAS;
ducc,dec = % . EFTacc,dec (5.10)
dact—$
EFTleft _ act acc,dec 5.11)
TASin
EFT; = EFTucc,dec+EFTleft (5.12)

Estimated Time Over and Estimated Time of Arrival

By summing all EFT per flight leg i, the ETA of aircraft j can be calculated and by summing all EFT up to the
waypoint that equals the IAF will result in the ETO of aircraft j. The ETA and ETO are relative to the creation
time of an aircraft; therefore, the simulation time needs to be added to the ETA and ETO, see Equation 5.19
and 5.20.

N
ETAj = tgm+ Y EFT; (5.13)
i=0
N=iaf
ETOj=tsm+ Y EFT; (5.14)

i=0

5.2.2. Sequencer

The sequencer module establishes a sequence of arriving aircraft based on relative times using prescribed
sequencing criteria. In this implementation, the sequencing strategy uses the principles of ASAP. ASAP uses
the First Come First Served (FCFS) principle and Dynamic Landing Intervals.

max(Swyee, Sdec)

DLIV; = ; (5.15)
TAS; finar + windfipa

STA; = max(ETA;, LAS + DLIV;) (5.16)

Delay; =STA; —ETA; (5.17)

EAT; =ETO; + Delay; (5.18)

An aircraft i is allowed to be scheduled when its ETO relative to the current time is smaller or equal to the
Eligibility Horizon. Knowing the ETA of an aircraft, the STA can be determined using Equations 5.21 - 5.18.
When the amount of traffic is low, the STA is equal to the ETA. If not, the STA is equal to the Last Assigned Slot
(LAS) plus the Dynamic Landing Interval (DLIV). The DLIV depend on either the declared arrival capacity
(Sgec) of the runway or the WTC distance-based separation minima on final approach (s,¢). The declared
arrival capacity is inserted per runway and is defined by the spatial distance. The sequencer in ASAP corrects
the TAS for the wind component at final. However, this implementation neglects the weather conditions, and
therefore, the wind speed at final is non-existing. The DLIV between two aircraft uses the separation minima
that is the most constraining. When the STA is determined, the delay that needs to be absorbed by an aircraft
equals the difference between STA and ETA. A positive delay means an aircraft needs to absorb time while a
negative delay means an aircraft needs to be advanced to meet its assigned STA.

5.3. Departure Manager

Chapter 2 and 4 presented the complexity of general Departure Management and the Departure Management
implemented at Amsterdam Airport Schiphol. The goal of the Departure Manager in this implementation is to
mimic the effect of a Departure Manager on the number of departing aircraft at the runway threshold aiming
to take-off. Therefore, the implemented DMAN includes several simplifications. In this implementation, the
Departure Manager (DMAN) assigns each departing aircraft a Target Take-Off Time (TTOT) by only taking
the minimum required IDT between two consecutive aircraft and the Declared Airport Departure Capacity
(DADC) into account.

3600
ADR = (5.19)
DADC

TTOT; = max(LAS+ ADR, LAS+IDTj_,,j) (5.20)
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Figure 5.4: Framework of the DMAN module

Figure 5.4 shows the different elements present in the DMAN. The Declared Airport Departure Capacity
(DADC) equals the total number of departing aircraft allowed to take off in one hour. Subsequently, the Air-
port Departure Rate (ADR) can be calculated, see Equation 5.19. The ADR represents the minimum IDT
between two aircraft due to the metering constraint of the DMAN. The TTOT of departing aircraft j equals
the Last Assigned Slot (LAS) plus the most constraining time between ADT and the minimum required IDT
between departing aircraft j and j — 1, see Equation 5.20.

5.4. Air Traffic Control

The Air Traffic Control (ATC) module mimics the role of ATC by making sure that arriving aircraft are at the
IAF and runway threshold around their assigned STA and EAT and departing aircraft take-off around their
TTOT. Figure 5.5 shows which elements are included in the Air Traffic Control module to perform this task.
For arriving aircraft, the Speed Advisory module performs this role.

i ATC |
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! ATA . IDAT Arival-departure | |
i Speed Module AAFI Finder Interaction Module i
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Figure 5.5: Framework of the ATC module

Since the arrival runway which the AMAN uses and departure runway which the DMAN uses may be depen-
dent; the departing aircraft cannot just start its take-off roll at its TTOT. In real-life, TWR has to confirm that
there is sufficient time between the departure and a possible arrival before giving a departure clearance. It
might be the case that right at the TTOT of the departing aircraft an arriving aircraft is already in its final
approach as scheduled by the AMAN, hindering the departure clearance. As arriving aircraft in their final
descent cannot be delayed anymore, aircraft arrivals are assumed to take priority over aircraft departures in
the uncoordinated model, meaning that the departing aircraft has to wait until TWR finds an arrival interval
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that is wide enough to serve the required IADT and IDAT. In the uncoordinated ADMAN, this role of TWR
is replaced by an algorithm that searches for arrival intervals large enough to fit the planned departure by
DMAN, which is named the Actual Arrival Free Interval Finder (AAFI Finder).

5.4.1. Speed Advisor

Once the TP and sequencer have determined the delay that needs to be absorbed by an aircraft, a speed advi-
sory module performs the role of ATC to provide commands to let the aircraft absorb its delay. In real life, ACC
is responsible for providing the appropriate commands such that an aircraft arrives at the IAF around its EAT.
ACC can choose to follow the advice of the speed, and route advisory module or they can discard the advice
and follow their plan. Generally, three types of delay adsorption can be distinguished: (1) speed reduction,
(2) vectoring, and (3) holding. The goal of the uncoordinated ADMAN is to simulate the effect of an AMAN on
the number of aircraft in the TMA rather than simulating the exact functioning of an AMAN. Therefore, the
ATC module solely gives speed commands to arriving aircraft by assigning each aircraft a Required Time of
Arrival (RTA).

ATAj=STA;j+rand(-SD,SD) (5.21)

In reality, the work of an AMAN stops when the arriving aircraft enters the TMA. ATC tactically performs the
actual sequence of arriving aircraft and their respective IAT. Therefore it is likely that arriving aircraft do not
arrive at their assigned STA. Since modelling the decision-making process of ATC is complicated and time-
consuming; in this implementation, the actual arrival sequence is the same as the arrival sequence planned
by the AMAN. However, because the TP will have a small error when calculating the ETAs, the Actual Time
of Arrival (ATA) is not equal to the Scheduled Time of Arrival (STA). The RTA will be set at the calculated ATA
once an aircraft has passed the Freeze Horizon.

5.4.2. Arrival- Departure Interaction Module

The Arrival- Departure Interaction module the required Inter-Arrival-Departure Time (IADT) between an ar-
riving aircraft i — 1 and departing aircraft j and the required Inter-Departure-Arrival Time (IDAT) between
departing aircraft j and arriving aircraft i. These times are used by the Actual Arrival Free Interval Finder to
determine whether a departure fits between two arrivals. The Inter-Arrival-Departure Time (IADT) and the
Inter-Departure-Arrival Time (IDAT) were already mathematically expressed in Chapter 2.

5.4.3. Actual Arrival Free Interval Finder

The layout of intersecting, converging and diverging runways hinders departing aircraft from being cleared
for take-off independently from arriving aircraft. In the uncoordinated ADMAN, the AMAN schedules incom-
ing aircraft without taking into account the departure ground situation. Aircraft arrive at the runway thresh-
old as such that two successive arrivals create Actual Arrival Intervals (AAIs). In the uncoordinated ADMAN,
departing aircraft are interweaved in the arrival sequence when an AAI offers enough time to account for the
required separation between the arriving and departing aircraft and between departing aircraft themselves.
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Figure 5.6: Definitions that are used in the Actual Arrival Free Interval Finder

The AMAN schedules arriving aircraf i — 1 and i at the arrival runway at times STA;_; and ST A; which results
in ATA;_; and AT A;. Each pair of arriving aircraft creates an Actual Arrival Interval (AAI), see Equation 5.22
and 5.23. During the simulation, the size of an AAI shrinks once the time of the simulation (s;,,) has passed
AAlstary;-

AAlsiqry; = ATA; (5.22)
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AAlpg, = ATA; (5.23)

For each departure that is ready to take-off, when f;;,, is larger or equal to TTOT, all available AAls will be
evaluated until an AAl is large enough for the departing aircraft to take-off. The evaluation starts with the AAI
of which AAI4y, is the earliest. To determine whether an AAl is large enough to accommodate a departure,
the module calculates the minimum required IADT;_1 j and 1D AT;, j between arriving aircraft i—1, departing
aircraft j, and arriving aircraft i. The IADT and IDAT determine the size of the Actual Arrival Free Interval
(AAFI), see Equation 5.24 and 5.25.

AAFIsqry; = AAlgrary, + IADT_y (5.24)
AAFIong, = AAlong, — IDAT; (5.25)
AAFIengin; = AAFIong, — AAF Igiary, (5.26)

When the length of the AAFI is smaller than zero, the AAI is not large enough to accommodate the departure,
and the AAFI Finder needs to evaluate the next AAL. When the length of the AAFI is larger than zero, the AAI
is large enough to accommodate the departure. Figure 5.6 visualizes the latter. The time interval between
arrival 1 and 2 is too small to accommodate departing aircraft 2, therefore departing aircraft 2 takes-off in the
subsequent Al.

ATA Agy ALAs » Arrival runway

Y

-

— IADTaip1 IADTam Y IADTaop | IADTam;

‘ » Departure runway
TTOT: ATOT:

Figure 5.7: Visualization of an example

However, the minimum required IDT with the previously planned take-off still has to be checked. It may be
that a departure in AFI i — 1 blocks a departure in AFI i due to the required IDT. When the previous assigned
ATOT (ATOT;-1) plus IDT for departure j with the previous cleared departure is not larger than AAF Is;qr;,
the Actual Take-Off Time (AT OT;) of departing aircraft j equals AAFI5q;y;, see Figure 5.8.
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Figure 5.8: Visualization of an example
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When the previous assigned ATOT (AT OTj;-1) plus IDT for departure j with the previous cleared departure
is larger than AAF Iy ; but smaller than AFI,;4,, the Actual Take-Off Time (AT OT;) of departing aircraft j
equals ATOT;j-1 +IDTj, -1, see Figure 5.10.
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Figure 5.9: Definitions that are used in the Actual Arrival Free Interval Finder

ATOT;j = max(AAF Iy, ATOTj_ + IDTj j_1) (5.27)

If the previous assigned ATOT (ATOT);-1) plus IDT for departure j with the previous planned departure is
larger than AAFIsqry, and AAF1,,4;, AF1; is not available for departure j and the next AAI will need to be
evaluated.
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Figure 5.10: Visualization of an example

When a departure is cleared for take-off within AAI i, the starting time of the AAI is adjusted to the ATOT of
that specific departing aircraft. Doing this, the AAI may be re-evaluated for the take-off of another departure,
and if it is sufficiently another departing aircraft can be planned in the same AAI. When determining if a
second to n‘" is allowed to be cleared departure in the same AAI, the IADT does not play a role anymore. An
AAI allows for a second to n'"* departure when the length of the AAFI is larger than the IDT.

AAFIsmrti = AAIsmrti (5.28)
AAFIong, = AAlppg, — IDAT; (5.29)
AAFligngin, = AAFIpna, — AAF Lsary, (5.30)

Furthermore, it may be the case that the first departure in line for take-off does not fit in the nearest available
AFI due to a too large IDT with the previous departure. This causes the AAFI finder to schedule the departure
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in another available AFI. The first AFI will remain open for scheduling departing aircraft further down the line.
Therefore a departure which was released later for take-off than another departure may receive an earlier

ATOT.






Coordinated Arrival and Departure
Management Simulator

Past research in coordinated arrival and departure management showed that no optimal strategy was found
that takes the actual departure demand into account while at the same time creating robust arrival and de-
parture sequences and being easily implementable at the same time. Moreover, no study has yet focused
on developing a coordination mechanism between the AMAN and DMAN for airports that use converging
or intersecting runways. Instead, they were all aimed at mixed-mode operations. This chapter presents a
coordinated Arrival and Departure Management simulator (coordinated ADMAN). The coordinated ADMAN
includes three different coordination mechanisms between the AMAN and DMAN that aims to increase the
operational efficiency of dependent arrival and departure runway combinations.

6.1. Design Requirements

Since AMANs and DMANSs are developed and used at many airports independently from one another, consid-
erable differences exist between them. The complexity of the used algorithms, the system architecture, and
the type of advisories differ from system to system. Therefore, the coordination mechanism should be uni-
versally applicable and should not require advanced arrival and departure managers to function sufficiently.
This also means that the coordination between the AMAN and DMAN should provoke at least as possible
adjustments to the core working principles of the AMAN and DMAN. Additionally, the coordination cannot
change the existing division of responsibilities between ATCOs.

6.2. Model Overview

Figure 6.2 shows an overview of the coordinated Arrival and Departure Management model (coordinated AD-
MAN). The difference with the uncoordinated ADMAN is the presence of a coordination module between the
arrival manager and departure manager. As in the uncoordinated ADMAN, a scenario file contains arriving
and departing aircraft to and from a particular airport. The flight data of these aircraft are used by the arrival
and departure manager to schedule them for arrival and departure. The coordination module uses informa-
tion from the AMAN and DMAN to check whether the number of planned departures matches the arrival
stream of aircraft. If this is not the case, the coordination module should take action. In the coordinated
model, the AMAN and DMAN do not work independently anymore, the AMAN schedules using the departure
ground situation as input.

The AMAN module in the coordinated model uses the same working principles and algorithms as presented
for the uncoordinated model. The same holds for the departure manager and the ATC module, in the co-
ordinated ADMAN, the DMAN and ATC module use the same working principles and algorithms as in the
uncoordinated ADMAN.

49
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Figure 6.1: Framework for the coordinated ADMAN model

6.3. Coordination Module I: M only

Figure 6.2 shows an overview of the different elements present in the coordination module. The module ob-
tains the arrival planning and departure planning every time the AMAN pushes a schedule update. With the
STAs of the AMAN, the conflict detector sets up the Scheduled Arrival Intervals (SAIs). The conflict detector
calculates the expected number of departure slots that fit in the arrival stream as was sent by the AMAN con-
sidering the specific arrival and departure runway dependency. The module compares the expected number
of departure slots to the preferred number of departure slots. The difference between the two represents the
number of departure slots that need to be created by the coordination module. The conflict solver creates
these departure slots in the arrival schedule by changing the STAs of the arriving aircraft. Subsequently, the
AMAN receives the adjusted STAs. The following section explains each element of the coordination module
in more detail.

Coordination Medule
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Figure 6.2: Framework of the coordination module
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6.3.1. Horizon of Action

Once arriving aircraft have passed the Eligibility Horizon (EH), AMAN takes the aircraft into account for
scheduling. However, the assigned STA is still subject to change until the aircraft reaches the Freeze Hori-
zon (FH). As the STAs of arriving aircraft are only allowed to change in this time interval between EH and FH,
the coordination module should also work in this time interval. This way, the STAs of arriving aircraft can be
assigned as a function of the departure ground situation.

As the horizon of action of the coordination module lies between EH and FH, the planning horizon of the
DMAN must be equal or greater than the planning horizon of the AMAN. When taking the AMAN of Amster-
dam Airport Schiphol as an example, the EH is 14 minutes away from the IAF, and considering that the time
from IAF to runway threshold is approximately 10 minutes, the planning horizon of the DMAN should be at
least 24 minutes.

6.3.2. Steering Mechanism

Several options exist to steer the level of coordination between arrival and departure management. The co-
ordinated ADMAN uses preferred departure-to-arrival ratio (ap,.r) as a steering mechanism between the
arrival and departure rate. The preferred departure-to-arrival ratio represents the minimum required depar-
ture slots (n4.p) that fit should in the arrival stream relative to the number of planned arrivals (n,,) by the
AMAN. As @ and the number of planned arrivals is known, the minimum required departure slots in the
planned arrival stream can be calculated, see Equation 6.1.

Ngep = Apref * Nar (6.1)

6.3.3. Conflict Detector

The conflict detector element of the coordination module calculates the estimated number of departure slots
that fit in the stream of arriving aircraft as is planned by the arrival manager each time the AMAN updates its
schedule. By obtaining the unfixed STAs of the AMAN, the conflict detector can set up the Scheduled Arrival
Intervals (SAIs). An SAl is the scheduled time between arrival i and the previously scheduled arrival i —1. The
starting time of an SAI i is the STA of arrival i — 1 and the end time of the SAI is equal to the STA of the arrival
i, see Equation 6.2 and 6.3.

SAItqry; = STA;j (6.2)
SAIppng, = STA; (6.3)

After this, the conflict detector will calculate the number of departure slots that fit in each SAIL. Aa Schedule
Arrival Free Interval (SAFI) defines a departure slot, and its length depends on the minimum required time
between an arriving aircraft i — 1 and a departing aircraft j, the IADT, the minimum required time between a
departing aircraft j and an arriving aircraft i, the IDAT. The arrival-departure interaction module calculates
the IADT and IDAT. In chapter 2 it was mentioned that the length of the IADT and IDAT depends on aircraft
type and WTC. Since the AMAN knows the aircraft type of each arriving aircraft, for the calculation of IADT
and IDAT the actual aircraft WTCs of the arriving aircraft can be used.

STA. STAx

|' H t
|

SATends iq SAL p} SATstarty

| |
| _IADT SAFL. TDAT, |
T ——re———pt—Pp
! SAFleads SAFTstarty !

Figure 6.3: Definitions used in the conflict detector

However, for the departing aircraft, this is different. As the DMAN is assumed to be rather a metering sys-
tem instead of a sequencer, the exact departure sequencing is tactically performed last-minute by ground
and tower control. Hence, the DMAN cannot give exact information on which departing aircraft will depart
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between which combination of arriving aircraft. Therefore, for the calculation of the IADT and IDAT, the de-
parting aircraft WTC remains unknown. As at AAS over 80% of the arriving and departing aircraft is of aircraft
WTC M, coordination module I assumes all departing aircraft in coordination module I of category M. There-
fore, the module neglects the presence of heavy aircraft in the departing aircraft traffic mix.

Ifthelength of an SAl is larger than the sum of IADT and IDAT, this does not directly mean that a departure slot
is available in the SAI due to the minimum required IDT. The minimum IDT between two departing aircraft
must be taken into consideration as well. A departure slot in a prior SAI may block the presence of another
departure slot in the subsequent SAI. Since coordination module I considers all departing aircraft as WTC M,
the conflict detector calculates with an IDT of 80 seconds between two departing aircraft. Taking the latter
into consideration, the starting time of a SAFI (SAFI;;4ry;) is the most constraining time of the end time of
the previous SAFI i — 1 plus the IDT of 80 seconds and the starting time of SAI i plus the minimum required
IADT, see Equation 6.4. The end time of SAFI i is equal to the end time of SAI i minus the minimum required
IDAT, see Equation 6.5.

SAFIsary; = max(SAFloyg,_, +IDT, SAlsary, + IADT) (6.4)
SAFIung, = SAlyya, — IDAT (6.5)

The length of the SAFI can be calculated with Equation 6.6. If the length of a SAFI i is larger than zero, at
least one departure fits in the SAI. Subsequently, the number of departure slots that fit in SAI i is equal to the
length of the SAFI divided by IDT rounded down to the closest integer. The total number of departure slots
that fit in the scheduled arrival stream is the sum of the departure slots per SAI, see Equation 6.7.

SAFIlengthi = SAFIend,- - SAFIstart[ (6.6)
Rar SAFIlength

Slots, = _ 6.7

dep ;) DT (6.7)

Using the previously explained steering mechanism, the preferred departure-to-arrival ratio (&), the min-
imum required departure slots (S[0tsgep,,;,) t0 meet & ¢ is known. The DMAN gives the number of planned
departures within the same time interval. (SI0Sgep, ;oqueq)- SIDCE it is unfavourable to create more depar-
ture slots than is scheduled by the DMAN, the minimum required number of departure slots is compared
by the actual number of scheduled departures. If the minimum required departure slots are larger than the
actual number of scheduled departures, the minimum required departure slots is equal to the actual number
of scheduled departures.

Conflicts =Slotsgep,,;, — SI0tSgep (6.8)

Subsequently, the number of extra departure slots, defined as conflicts, that needs to be created by the co-
ordination module is equal to the minimum number of departure slots minus the number of departure slots
currently available in the scheduled arrival stream, see Equation 6.8. If the number of conflicts is larger than
zero, the coordination module needs to reschedule the STAs of the arriving aircraft such that the arrival stream
accommodates the minimum number of departure slots.

6.3.4. Conflict Solving

The previous section explained the calculation of the number of extra departure slots, called conflicts, that
needs to be created by the coordination module. The so-called conflict solver element of the coordination
module solves the conflicts. The conflict solver rearranges the STAs of the arriving aircraft such that the min-
imum required IAT is maintained and at the same time the minimum needed departure slots are available.
The conflict solver consists of three parts: (1) the SAI selector, (2) the slack shifter, and (3) the aircraft delayer,
see Figure 6.4. The following section explains the working principles of the conflict solver.
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Figure 6.4: Framework of the conflict solver element of the coordination module

SAI Selection

The previous chapter explained that the DMAN is a metering system rather than a sequencing system. Hence,
no information on which departure takes-off in which SAI is available. The coordination module does not
precisely know which SAIs are too small to accommodate a departure; it has solely information about the
number of conflicts that need to be solved. Therefore, a so-called SAI selector selects the SAIs that will be
enlarged to create the extra needed departure slots and resolve the conflicts.

The selection of SAls is performed by a Mixed Integer Programming (MIP) optimization algorithm. The algo-
rithm selects SAIs such that it minimizes the extra time added to the sequence of arriving aircraft. To do this,
for each SAI two variables need to be known: (1) the time needed to create one extra departure slot (Zextrq),
and (2) the slack SAI time (#;4c1). When the number of departure slots in SAI i is equal to zero, the length
of the SAI is too short of overcoming the minimum required IADT and IDAT. The time needed to create one
departure slot is then the difference between the length of the SAI, and the sum of IADT and IDAT, see Equa-
tion 6.9. When the number of departure slots in SAI i is nonzero, the SAI needs extra time to overcome the
IDT between two departures to create an extra departure slot. The extra needed time is equal to the num-
ber of departure slots that are currently available in the SAI times the IDT, minus the length of the SAFI, see
Equation 6.10.

‘ IADTy + IDATy (+ IDT)

<4“—» SAlend1 SAlstart.1

tJ .extra

Figure 6.5: SAI extra needed time

= (IADT + IDAT) — (SAlong, — SAlstars;) (6.9)
= Slotsgep- IDT — SAF Liongrn, (6.10)

tiextra

tiextru

The slack SAI time can be defined as the time that comes available when the SAI does not get selected. When
the number of departure slots in SAI i is equal to zero, the slack SAI time is equal to the arrival slack time, see
equation 6.11. The arrival slack time is the difference between the minimum required IAT and the scheduled
IAT, see Figure 6.6.

SATend 1 SALarta
—— 1ATo, [ R N
<>
thlack

Figure 6.6: SAI slack time when no departure slot is available in the SAI

i = (SAIong, — SALstar,) — IAT 6.11)

lslack —
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When the number of departure slots in SAI i is nonzero, the slack SAI time is equal the most constraining
slack time between the arrival slack and departure slot slack, see Equation 6.12. Figure 6.7 depicts the situ-
ation when the IAT between two arrivals is the most constraining, and Figure 6.8 shows when the required
minimum departure slot length is constraining the SAI slack time.

SAIem‘Ll‘ AT SAIslart;l
. 01
[ IADTy + IDATy
<
tl:slack

Figure 6.7: SAI slack time when one departure slot is available in the SAI

SAIend,i SAIslar!,l
—® | IATq,
\ IADTy + IDATy
<>
tl,slack

Figure 6.8: SAI slack time when one departure slot is available in the SAI

tiaer = MIN(SAlpna, ~SAlstart;) ~ IAT, (SAlena, ~SAlsrar;)—~IADT+IDAT)~(Slotsgep—1)-1DT) (6.12)

As said before; the algorithm selects SAIs such that it minimizes the extra time added to the sequence of
arriving aircraft. If a SAI is selected, d; = 1, the SAI will be enlarged by ¢;, ,,, and its SAI slack time will not
become available. When an SAl is not selected, d; = 0, the SAI will not be enlarged and its SAI slack time will
become available. Equation 6.13 presents the objective of the optimization algorithm. The total number of
selected SAIs needs to be equal to the number of conflicts, see Equation 6.14.

Nar
z=minimize Z di - tiyyyo +(di=1) 1, o (6.13)
i=0
Nar
Y di=conflicts (6.14)
i=0

Slack Shifting

When the SAIs are selected, the module checks if somewhere in the scheduled arrival stream SAIs with avail-
able slack is present. If there is, the module uses the slack of those SAIs to enlarge the selected SAIs and create
the extra departure slots. The scheduled arrival times (STAs) of the arriving aircraft are rearranged in the same
time interval without violating the minimum IAT. This way, extra departure capacity may be created without
losing arrival capacity.

STAz STAz STA1
STA4 — —_— — tidack =2 STAo

—— L an L an *@ L e

SAL SAl SATy SALL

Figure 6.9: Slack advancing

Figure 6.9 shows that SAI 1 has a seconds of slack time, and the SAI selector selected SAI 4 for creating an
extra departure slot by adding b extra time to SAI 4. As no more slack can be shifted from SAI i to SAI j than
is available and it is unfavourable to shift more seconds of slack than is needed, the allowable slack that the
module can shift is equal to the minimum of the two, see Equation 6.16. Assuming that 71, , is smaller than
I4,,10» the slack capacity of SAI 1 can be shifted from SAI 1 to SAI 4 by advancing the intermediate STAs by a.

IShiftedi,j = min(tislack’ tjextra) (6.15)
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Figure 6.10 the opposite situation is presented; here slack will be shifted from SAI 1 to SAI 4. Now the interme-
diate arriving aircraft are not advanced by a but are delayed by a. So, when the slack shifter moves slack from
SAI, i to SAI j and i is larger than j the intermediate arriving aircraft will be delayed. When slack is shifted
from SAI i to SAI j, and i is smaller than j, the intermediate arriving aircraft will be advanced.

STA3 STA2 STA:
STA4 tack=a + - P R— +a STAp

SAls SAT3 SAL SAT

Figure 6.10: Slack delaying

Aircraft Delaying

When there is no slack or not enough slack in the scheduled arrival stream of aircraft to solve all the conflicts,
the module adds time to SAIs by delaying the trailing aircraft. Figure 6.11 shows that after slack shifting SAI
2 still needs a seconds to create an extra departure slot. As no more slack is available, the module adds a
seconds to SAI 2 by delaying the trailing aircraft by a.

STA STA:
STas Pl Pl +a STA, STAo
00— [ = ] @ @ o ————P»
SAL SAL SAL SATL

Figure 6.11: Aircraft delaying

6.4. Coordination Module II: Heavy Time Margin

The previous section explained that coordination module I assumes all departing aircraft as WTC M since
over 80% of the departing aircraft is of this category. In coordination module II it is chosen to account for
the number of heavy departing aircraft by applying an extra time margin over the minimum time between
arriving and departing aircraft, IADT and IDAT. This difference between coordination mechanism I and coor-
dination mechanism Il results in a slightly modified conflict detector; however, the horizon of action, steering
mechanism and conflict solver remain the same. The following sections explain the calculation of the heavy
time margin and its implementation in the conflict detector.

6.4.1. Heavy Time Margin

When the AMAN updates its schedule, the coordination module retrieves the number of heavy departing
aircraft from the DMAN (n4.p,,). The number of scheduled heavy departures is multiplied by the difference
in JIADT and IDAT between a medium and heavy departure (AIAD Ty, and AID ATy p) to obtain the total
time difference. The total time difference is divided by the number of arrival slots (n,,) to obtain the heavy
time margin each SAI has to account for on top of IAD Ty and ID ATy (th)-

_ Ndepy * (AIADTMYH + AIDATM,H)

Rar

(6.16)

hm

6.4.2. Conflict Detector

As each SAI has to account for the number of heavies in the departing aircraft traffic mix, the length of each
SAFI is decreased by t3,,, see Equation 6.17. This means that, when calculating the number of departure
slots, the length of an SAI has to be larger compared to coordination module I before at least one departure
slot is assigned to the SAL If the length of a SAFI is larger than zero, at least one departure slot fits in the SAI.
For assigning second or more departure slots to the SAI the same equation holds as in coordination module
I, see Equation 6.18.

SAFIlengthi = SAFIend,- - SAFIstarti ~Ihm (6.17)

Rar SAFIlengthi

Slotsgep =)

(6.18)
=  IDT
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6.4.3. Conflict Solver

In coordination module II the selection of SAIs is the same as in coordination module 1. However, the input
variables, t;, .., and t; ., are slightly different. When the number of departure slots in SAI i is equal to zero,
the length of the SAI is too short of overcoming the minimum required IADT and IDAT. The time needed to
create one departure slot is then the difference between the length of the SAI, and the sum of IADT, IDAT
and the heavy time margin, see Equation 6.19. When the number of departure slots in SAI i is nonzero, the
SAI needs extra time to overcome the IDT between to departures to create an extra departure slot. The extra
needed time is equal to the number of departure slots that are currently available in the SAI times the IDT,
minus the length of the SAFI, which already included the heavy time margin, see Equation 6.17 and 6.20.

‘ IADTy + IDATy + tyy (+ IDT)

> SAIend,l SAlstart.1

t 1.extra

Figure 6.12: SAI extra needed time

= (IAD Ty + IDATy + thyn) = (SAleng, — SALstars,) (6.19)

tiextra

= S10t54ep - IDT — SAF Ijgngsn; (6.20)

tiextm

When the number of departure slots in SAI i is equal to zero, the slack SAI time is equal to the arrival slack
time, see equation 6.22. The arrival slack time is the difference between the minimum required IAT and the
scheduled IAT, see Figure 6.13.

SATend 1 SATtart
— 1ATos ®
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tl:slack

Figure 6.13: SAI slack time when no departure slot is available in the SAI

tigoer = (SALeng, — SALstars,) — IAT (6.21)

When the number of departure slots in SAI i is nonzero, the slack SAI time is equal the most constraining
slack time between the arrival slack and departure slot slack, see Equation 6.22. Subsequently, the conflict
solver will adjust the STAs of the arriving using the same principles as in coordination module I.

SAIemU‘ T SALgar 1
‘ 0.1
[ IADTw + IDATM+ tom
<>
tlzslack

Figure 6.14: SAI slack time when one departure slot is available in the SAI

= min((SAlena, —SAlstars) ~ AT, (SAlpna,~SAlstars,) —(IADTa+ IDATpg+ tm) —(Slotsaep—1)-IDT)
(6.22)

tislaclc
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Figure 6.15: SAI slack time when one departure slot is available in the SAI

6.5. Coordination Module III: M and H

Coordination module IT accounts for the number of heavy departures by counting a heavy time margin over
the IADT and IDAT. Coordination module IIT accounts for the scheduled heavy departures differently; it dis-
tinguishes between departure slots that fit aircraft WTC M and departure slots that fit aircraft WTC H. The
coordination module evaluates for each SAI specifically whether it can accommodate a heavy departure slot,
a medium departure slot, or possibly a combination both. Subsequently, it determines the number of ex-
tra medium departure slots and the number of extra heavy departure slots that need to be created by the
coordination module. This results in a different conflict detector and conflict solver compared to coordina-
tion module I. However, the horizon of action, steering mechanism are the same. The following sections will
explain the working principles of the conflict detector and conflict solver of coordination module III.

6.5.1. Conflict Detector

The conflict detector element of coordination module III calculates the estimated number of departure slots
that fit in the stream of arriving aircraft as is planned by the arrival manager each time the AMAN updates
its schedule. It calculates two variables: (1) the number of departure slots that fit a departing aircraft of WTC
M (Slotsgep,,) and (2) the number of departure slots that fit a departing aircraft of WTC H (Slotsgep,,). As
in coordination module I, by obtaining the unfixed STAs of the AMAN, the conflict detector can set up the
Scheduled Arrival Intervals (SAIs).

SAIiqry; = STAj (6.23)
SAlena; = STA; (6.24)
SAIlengthi =SAlena; — SAlstary; (6.25)

After this, the conflict detector will calculate the number of departure slots that fit in each SAI. For each pair of
arriving aircraft i and i — 1 the conflict detector calculates two time intervals: (1) the minimum time between
that is needed between the two arriving aircraft to accommodate a departing aircraft of WIC M, and (2) the
minimum time between that is needed between the two arriving aircraft to accommodate a departing aircraft
of WTC H. These time intervals are respectively called AFIy; and AFIy. AFIys is equal to the minimum
IADT between arriving aircraft i — 1 and departing aircraft j plus the minimum IADT between arriving aircraft
i assuming departing aircraft j to be of WIC M, see Equation 6.26. AFIy is equal to the minimum IADT
between arriving aircraft i — 1 and departing aircraft j plus the minimum IADT between arriving aircraft i
assuming departing aircraft j to be of WTC H, see Equation 6.27.

AFIiM = IADTZ'_L]'M + IDAT,',]'M (6.26)
AFl;, =IADT; 1, j, + IDAT; j, (6.27)

Depending on the length of each SAI, different actions are required. Here, three circumstances are distin-
guished: (1) when SAlj.pg¢p, is smaller than AFI;,, (2) when SAljeygp, is greater than AFI;,, and smaller
than AFI;;,, and (3) when SAljepg:p, is greater than AFI;,, and AFI;;,. Each of them will be explained below.

(1) When SAljeng; is smaller than AFl;,

If the length of SAI i is smaller than AFI;,, the SAI cannot accommodate a departure slot for an aircraft of
WTC M. In addition to that, the length of SAI i is not sufficient to accommodate a departure slot for an air-
craft of WTC H as well. The number of departure slots for WTC M, and the number of departure slots for WTC
H that fit in the SAl is equal to zero.
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(2) When SAljepg, is greater than AFI;, and smaller than AFl;,

If the length of SAI i is larger than AF1;,,, it is checked if the length is also larger than AFI;,,. If the length
is not larger than AFI;,, SAI i has the potential to accommodate a departure slot for WTC M, but certainly
cannot accommodate a departure slot for WTC H. An expected departure slot in a prior SAI i — 1 may block
the presence of another departure slot in SAI i. Therefore, whether or not a departure slot is present in SAI
i — 1 and whether the departure slot is intended for a departing aircraft of WTC M or H has to be checked. If
no departure slot is present in SAI i — 1 the number of departure slots for WTC M that fit in the SAl is equal to
1, and the number of departure slots for WTC H that fit in the SAI is equal to zero.

SAFIstary; = max(SAFlong, |+ IDTj_1,jy, SAlsrars; + TADTi_y j,,) (6.28)
SAFlong, = SAlona, — IDAT; j,, (6.29)
SAFLiengh; = SAFIong, — SAF Istary, (6.30)

If a departure slot is present in SAI i — 1, the module calculates the start and end time of SAFI i. The starting
time of the SAFI is then most constraining starting time of the end time of the previous SAFI i1 plus the mini-
mum required IDT between the WTC of departure slot j —1and the current departure slot of WIC M, and the
starting time of SAI i plus the minimum required IADT, see Equation 6.28. Figure 6.16 shows the situation
when the IADT is the most constraining when determining the starting time of the SAFI. Figure 6.17 depicts
the opposite situation. Here the IDT with the previous departure slot constrains the starting time of the SAFI.
The end time of SAFI i is equal to the end time of SAI i minus the minimum required IDAT, see Equation 6.29.
If the length of SAI i is larger than zero the number of departure slots for WTC M that fit in the SAI is equal
to 1, and the number of departure slots for WIC H that fit in the SAI is equal to zero. Else, the number of
departure slots for WIC M and H are both equal to zero.

SAFTstart,2
SAlend.1
SAlend> IADT,j gSALstart2 SAFTend.1

IDT, 1M

Figure 6.16: SAI slack time when one departure slot is available in the SAI
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Figure 6.17: SAI slack time when one departure slot is available in the SAI

(3) When SAljengy, is greater than AFI;, and AFI;,

If the length of SAI i is larger than AFI;,,, and also larger than AFI;,,. SAI i has the potential to accommodate
a departure slot for both WTC M and H. Assuming the departure slot accommodating a departure for WTC H;
the module checks the presence of a departure slot in SAI i — 1. If no departure slot is present in SAI i1 at least
one departure slot for WTC H is available in the SAI The start, end time and length of the SAFI are calculated
respectively with Equation 6.31, 6.32 and 6.33. Subsequently, the number of departure slots of WTC H that fit
in SAI i equal to the length of the SAFI divided by IDT rounded down to the closest integer, see Equation 6.34.

SAFIstart; = SAlstary; + IADTi-jy, (6.31)

SAFIong, = SAlyna, — IDAT; j,, (6.32)

SAFIiengtn; = SAF Iong, — SAF Iszary, (6.33)
SAFIjength;

SlotsdepH =1+ (6.34)

IDTH i
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If a departure slot is present in SAI i — 1, the start and end time of SAFI i is calculated. The starting time of
the SAFI is then most constraining starting time of the end time of the previous SAFI i1 plus the minimum
required IDT between the WTC of departure slot j—1and the current departure slot of WTC H, and the starting
time of SAI i plus the minimum required IADT, see Equation 6.35. This process was already depicted in
Figure 6.16 and Figure 6.17. The end time of SAFI i is equal to the end time of SAI i minus the minimum
required IDAT, see Equation 6.36. If the length of SAI i is smaller than zero, it is checked if the SAI could still
accommodate a departure slot by performing option 2. If the length of SAI i is larger than zero, the number
of departure slots of WTC H that fit in SAI i equal to the length of the SAFI divided by IDT rounded down to
the closest integer, see Equation 6.34.

SAFIsiars; = max(SAFIppg, , +IDTj -1y, SAlsiars; + IADTi—1 jy) (6.35)
SAFlpg, = SAlona, — IDAT; jy, (6.36)
SAFLiengn; = SAFIong, — SAF Istars, (6.37)

Conflicts

When for every SAI the number of departure slots that fit a departing aircraft of WIC M and H are calcu-
lated, the total number of available departure slots (slotsgep,,,,;) can be calculated according to Equation
6.38. Using the previously explained steering mechanism, the preferred departure-to-arrival ratio (apref),
the minimum required departure slots (Sl0tsgep,,;,) t0 meet &y ¢ is known. If the minimum required de-
parture slots is larger than the available departure slots, the coordination mechanism will have to create extra
departure slots.

Rar

S10tSaep,pp = 2 SIOtSdepy, +SI0tSaep,,, (6.38)
i=0

Conflictsy = Slotsgep,,;, — SI0tSgep (6.39)

Conflictsy = Slotsgep,,;, — Sl0tSqep (6.40)

6.5.2. Conflict Solving

As in the previous coordination modules, the conflict solver has to rearrange the STAs of the arriving aircraft
to accommodate the extra needed departure slots. Since coordination module III distinguishes between de-
parture slots that fit a departing aircraft of WIC M and departure slots that fit departing aircraft of WIC H,
the SAI selector has to choose which SAIs will be enlarged to fit a medium departure and which SAI will be
enlarged to fit a heavy departure. This results in a different compared to coordination module I and II. This
section explains the SAI selector of coordination mechanism III.

SAI Selector

The selection of SAls is performed by a Mixed Integer Programming (MIP) optimization algorithm. The al-
gorithm selects SAIs such that it minimizes the extra time added to the sequence of arriving aircraft. To do
this, for each SAI specific three variables need to be known: (1) the time needed to create one extra slot for a
medium departure (fexrra,,), (2) the time needed to create one extra slot for a heavy departure (Zx¢rq;) and
(3) the slack SAI time (#s;4ck)-

When the number of departure slots in SAI i is equal to zero, the length of the SAI is too short of overcoming
the minimum required IADT and IDAT for a medium or heavy departure. The time needed to create one
departure slot for a medium or heavy is then the difference between the length of the SAI, and the sum of
IADT and IDAT, see Equation 6.42 and 6.43. The slack SAI time is equal to the arrival slack time, see Equation
6.43.

= (IADT;_y,jy, + IDAT; j,) — (SAlena, — SALsart) (6.41)

tiextraM

= (IADT;_1,j,, + IDAT; ;) — (SAlena, — SALstart,) (6.42)

tiextraH

ligaer = (SAlend; — SAlstary;) — AT 11 (6.43)
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Figure 6.18: The extra time needed to create a departure slot for a medium and heavy departure slot

When a medium departure slot is available in an SAI, the SAI needs extra time to overcome the IDT between
to medium departures to create an extra departure slot for a medium departure, see Equation 6.44. The time
that is needed to create an extra departure slot for a heavy aircraft is more complicated. When a heavy de-
parture slot is added behind a medium departure slot in the same SAI, the size of minimum required IDAT
becomes larger. However, the size of the IADT remains the same. So the SAI has to be enlarged to over-
come the minimum IDT between a leading medium and trailing heavy and the difference in IADT between a
medium departure and heavy departure, see Equation 6.45.

liextray, = 1D Tv,m = SAF Lengtn; (6.44)
tiex[raH =UDTy,u+ IDAT;-1,j,) — (SAlena, — SAF Istart;) (6.45)
Uigack = min((SAlend,- - SAIstart,-) —IAT; -4, (SAIend,- - SAFIsmrt,-) - IDATi,jM) (6.46)

When one or more heavy departure slots are available in an SAI, the SAI needs extra time to overcome the
IDT between to heavy departures to create an extra departure slot for a heavy departure, see Equation 6.47.
When a medium departure slot is added behind a heavy departure slot in the same SAI, the size of minimum
required IDAT becomes smaller. However, the size of the IADT remains the same.

= SlOtSdepHi H,H—SAFIjength; (6.47)

tiextraH

= (IDTy,m +IDAT;_1 o)) — (SAlena, — SAF Isare;) (6.48)

tiextraM

tisluck = mln((sAIend, - SAISICII’[,‘) - IATi,i—l) (SAIend, - SAFISZ’(U‘I,‘) - IDATL,]H) - (SlorsdepHi—l)HyH (649)

The optimization algorithm decides which SAIs will be enlarged such that it minimizes the extra time added
to the arrival sequence. If an SAl is selected to be enlarged to create a medium departure slot, dy, = 1, the
SAI will be enlarged by ;,,,,, and its SAI slack time will not become available. If an SAI is selected to be
enlarged to create a heavy departure slot, dp; = 1, the SAI will be enlarged by ¢,,,,,, and its SAI slack time
will not become available. When a SAI is not selected, dy;, = 0 and dg, = 0, the SAI will not be enlarged and
its SAI slack time will become available. Equation 6.50 presents the objective of the optimization algorithm.
The total number of selected SAIs needs to be equal to the number of conflicts, see Equation 6.52 and 6.53.

Nar
zZz=minimize Z dMi . (dML- . Iiexth + (dMi -1)- Iislmk) + dH,- . (dH,- . tiexth + (dH,- -1)- tislack) (6.50)
i=0
dM[ + dHi <1 (6.51)
Nar
Z dy; =conflictsy (6.52)
i=0
Nar
ZdHi =conflictsy (6.53)

=0



Software Implementation

The previous chapters the conceptual working principles and applied algorithms of the uncoordinated and
coordinated models were explained. In this chapter it will be explained which software is chosen and how
the models are implemented.

7.1. Software

BlueSky Open Air Traffic Simulator (BlueSky) was chosen as software for implmentation. BlueSky is meant as
a tool to perform research on Air Traffic Management and Air Traffic Flows. Its goal is to provide everybody
who wants to visualize, analyze or simulate air traffic with a tool to do so without any restrictions, licenses
or limitations. For the uncoordinated model, in which a small optimization problem is included, Gurobi
Optimizer was chosen as solver. Since BlueSky uses the programming language Python, the python version
of Gurobi Optimizer will be used and the implementation of both models is done in python as well.

BlueSky Open Air Traffic Simulator

Adircraft Model >
FMS
< Flight Plan
| BlueSky Open Air Traffic Simulator Plugin l i
1
I
i ATC |
I |
I |
| T T i
I |
I |
] |
| |
i
| AMAN DMAN |
1 I
i I
1 I
1 I

I
Scenario File

Figure 7.1: Framework for the uncoordinated ADMAN implemented in software
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Figure 8.1 and 7.2 show the implementation of the uncoordinated and coordinated ADMAN in BlueSky. The
uncoordinated ADMAN and coordinated ADMAN will be implemented in BlueSky by creating a plugin object
because this is the easiest way to implement it in de existing modules of Bluesky. A plugin object has direct
access to the traffic object, which requires for calculating and adjusting per-aircraft states. Furthermore, by
creating a plugin object, new per-aircraft states can be defined, and BlueSky tools can be used. A BlueSky
scenario file feeds the operational conditions into the model.

BlueSky Open Air Traffic Simulator

Aircraft Model .

EMS

™ Flight Plan

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, [

ATC

Coordination
Module

Scenario File

Operational Conditions

Figure 7.2: Framework for the coordinated ADMAN implemented in software

7.2. Plugin Architecture

For the implementation of the uncoordinated model, four scripts are written: (1) the uncoordinated ADMAN
plugin, which is the main file that communicates with the traffic object of BlueSky. It includes the AMAN
module, the DMAN module and the ATC module. During the simulation, the per aircraft variables are con-
tinuously monitored and if needed to be updated by the plugin. (2) The Trajectory Predictor function that
is called by the uncoordinated ADMAN plugin every time it needs to revision ETA and ETO of an arriving
aircraft. The function uses the index of the arriving aircraft as input to retrieve the flight plan of the aircraft
from the BlueSky’s route object and returns its ETA and ETO using the equations presented in the previous
chapter. (3) The arrival-departure interaction function that is called every time the AFI finder wants to evalu-
ate whether an arrival interval is large enough to suit the departure of a specific departure. The function uses
the arrival completion time of the leading arriving aircraft, the average approach speed of the trailing arriving
aircraft and the communication buffer time of the departing aircraft as input. It returns the minimum IADT
and IDAT between arriving and departing aircraft pairs. (4) The aircraft performance function that is called
when variables are needed that is not defined in any of BlueSky’s object. The function uses the arriving or de-
parting aircraft type as input and returns several variables like aircraft WTC, average approach speed, average
departure speed, arrival completion time, runway occupancy time, runway occupancy time, and distance-
and time-based separation minima.

The implementation of the coordinated ADMAN uses one script more compared to the uncoordinated model.
The Trajectory Prediction function, the arrival-departure interaction function and the aircraft performance
function are the same files as for the uncoordinated ADMAN. The coordinated ADMAN plugin is different
than for the uncoordinated model. It includes the AMAN module, the DMAN module, the ATC module and
the coordination module. Furthermore, the coordinated ADMAN uses two optimizer functions, one for co-
ordination module I and II and one for coordination module III. Within the coordinated ADMAN plugin, the
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specific coordination module I, IT or III can be activated.

7.3. Model Parameters

The functioning of modules and elements of both the uncoordinated and coordinated ADMAN depends on
many different variables. Table 7.1 and 7.2 give an overview of the arriving and departing variables used by
the uncoordinated and coordinated ADMAN. Most of the variables presented here do not need any explana-
tion. However, the arrival status and departure status do.

To keep track of where each arriving aircraft is in the arrival process, each arriving aircraft is given an arrival
status which is continuously updated in the simulation. The arrival process uses seven different states are
used: (1) aircraft arrival status 0 represents the arriving aircraft that exist in the scenario, but is still too far
away to take into account for scheduling by the AMAN. (2) Aircraft arrival status -1 represents the arriving
aircraft that have passed eligibility horizon of the AMAN, and are therefore allowed to be taken into account
for scheduling. (3) Aircraft arrival status 1 represents the arriving aircraft that have been scheduled by the
AMAN, and so, these aircraft have been given an arrival slot. However, since the aircraft has not passed the
active advisory horizon, the assigned slot time is still subject to change. (4) Aircraft arrival status -2 represents
the aircraft that have passed the active advisory horizon of the AMAN and is therefore allowed to receive a
speed advisory by the ATC module to absorb its delay. (5) Aircraft arrival status represents the aircraft that
have received a speed advisory from the ATC module. (6) Aircraft arrival status -3 represents the aircraft that
have completed their arrival process and are allowed to be deleted from the scenario. (7) Aircraft arrival status
3 represent the aircraft that are deleted from the scenario.

Table 7.1: Arriving aircraft variables

Variable
Aircraft ID Table 7.2: Departing aircraft variables
]]:atltl,lged Variable

or'lgl uae Aircraft ID
Altitude

SID
Ground Speed Destination
Calibrated Air Speed .
Average Approach speed Aircraft type
. § . pb P Aircraft WTC

Destination .. . .

. Minimum distance-based separation
Flight plan . . .

. Minimum time-based separation
Aircraft type Communication buffer time
Aircraft WTC

Average departure speed
Average runway occupancy time
Target Take-Off Time (TTOT)
Actual Take-Off Time (ATOT)
Departure status

Minimum distance-based separation
Arrival completion time

Expected Time of Arrival (ETA)
Expected Time Over (ETO)
Scheduled Time of Arrival (STA)
Actual Time of Arrival (ATA)

Arrival status

Departing aircraft use less states compared to the arriving aircraft. For the same reason, to keep track of where
each departing aircraft is in the departing process, each departing aircraft is given a departure status which
is continuously updated in the simulation. Departing aircraft use four different states: (1) Aircraft departure
state 0 represents a departing aircraft that is allowed to be scheduled in by the DMAN (TTOT). (2) Aircraft
departure state 1 represents a departing aircraft that has moved to the runway threshold and is allowed to
be given a take-off clearance by the ATC module (ATOT). (3) Aircraft departure state 2 represents a departing
aircraft that has received an actual departing slot (ATOT) but has not departed yet because the simulation
time has not passed its ATOT yet. (4) Aircraft departure state 3 represents a departing aircraft that has taken
off.
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Table 7.3: AMAN input variables
Table 7.4: DMAN input variables

Variable

Active arrival runway Variable

Declared capacity Active departure runway
Eligibility horizon Declared capacity

Active Advisory horizon

The AMAN, DMAN and coordination module use specific input variables before it is operational, see Table
7.3, 7.4, and 7.5. For both the AMAN and DMAN the active runway and its declared capacity are needed.
Furthermore, the AMAN needs to know the locations of the eligibility and active advisory horizons. The
coordination modules require the preferred departure-to-arrival ratio and need to know which of the three
coordination modules is active. As said before, the aircraft performance module is a function that is called
when variables are needed that are not available in any of BlueSky’s objects. Therefore, the performance
function demands data concerning the variables presented in Table 7.6

Table 7.6: Performance module input data

Variable
Table 7.5: Coordination module input variables Average approach speed
Average departure speed
Variable Arrival completion time
Preferred departure-to-arrival ratio Departure communication buffer time
Active coordination module Runway occupancy time

SID common departure path
Distance-based separation minima
Time-based separation minima

7.4. Model Update

The plugins of the uncoordinated ADMAN and coordinated ADMAN together with the other supporting files
updates its variables and, if needed, changes the per-aircraft variables every second in the simulation. This
section demonstrates the update of the plugin for both the uncoordinated ADMAN and the coordinated AD-
MAN.

7.4.1. Uncoordinated Model

At the start of the update, possible new arriving aircraft are identified. If there are new arriving aircraft, which
were not there in the previous time step, the empty variables of the new arriving aircraft are added to the vari-
ables of the already existing arriving aircraft. Hereafter, the variables of all the arriving aircraft are updated
with the help of the TP and the traffic object. The updated aircraft arrival states determine the subsequent
action for each aircraft. Figure 9.1 presents an overview of this process.

The arriving aircraft assigned with aircraft arrival status -1, have just passed the eligibility horizon of the
AMAN and are allowed to be scheduled. The arrival manager sorts the ETA of all arriving aircraft with air-
craft arrival status -1 in ascending order and assigns each aircraft an arrival slot (STA) using the sequencing
method previously described. The last fixed arrival slot is the starting point from which the AMAN is allowed
to schedule. Arriving aircraft with status -2 have just passed the active advisory horizon. Their assigned STA
and their arriving aircraft status will be fixed and set to 2 respectively. Arriving aircraft with status 2 are as-
signed an ATA. Once the ATA is known, the RTA of the aircraft will be activated. Every time a new ATA is added,
a new Actual Arrival Interval (AAI) is known. The start time of the new AAI is the ATA of the previous arrival
and the end time of the AAI is the new added ATA. Since no departure has been planned yet in the AAI, the
AAI planning status equals 0.
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Figure 7.3: Model update of the arrival process in the uncoordinated ADMAN

Parallel to the planning of the arrivals, departing aircraft are processed as well. At the start of the update,
possible new departing aircraft will be identified. If there are new departing aircraft, empty variables of the
new departing aircraft will be added to the variables of the already existing departing aircraft. Also, the TTOT
of the departing aircraft is assigned right away as it has no constraining factor. Hereafter, the variables of all
the departing aircraft are updated. The updated aircraft departure states indicate the subsequent action of
each aircraft. Figure 9.2 presents an overview of this process.

The aircraft with departure status 1 will be moved to the runway threshold, and the AAFI finder will try to
find a suitable AAI. If the AAFI finder does, the ATOT was determined, and its status will be changed to 2.
Also, the concerned AAI variables are updated; the starting time of the AAI equals the ATOT of the departure.
The aircraft ID of the departing aircraft is logged as an AAI variable as well. From now, at least one departure
takes-off in the AAI. Therefore, the AAI status will be updated to 1. Departing aircraft with status 2 will take-off
when the simulation time is equal to the ATOT of the departing aircraft.

To ensure that departing aircraft will not be planned in an AAI that has already passed in time, in every update,
it checks for each AAI whether the simulation time is larger than the starting time of the AAIL If it is, the
simulation time is catching up with the position of the AAI in time. In this case, the start time of the AAI will
continuously be equal to the simulation time. Furthermore, when the starting time of the AAI is equal to the
end time of the AAI, the AAl is closed for planning by setting its status to 3. Figure 7.5 depicts this process.
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Figure 7.4: Model update of the departure process in the uncoordinated ADMAN
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7.4.2. Coordinated Model

At the start of a model update of the coordinated ADMAN, the arriving aircraft and departing aircraft are pro-
cessed according to Figure 7.3 and 7.4. Hereafter, the coordination module will start acting. The previous
chapter explained the development of three different coordination modules. Even though the used algo-
rithms and working principles are different between the three, how each coordination module is updated is
the same. Figure 7.5 shows how the coordination module is updated each time step.

In every time step, the coordination module retrieves the unfixed STAs from the AMAN. With the unfixed
STAs of the arriving aircraft, the coordination module can establish the SAls and calculate the number of
departure slots that are available in the scheduled arrival stream. If the number of departure slots is larger
than the minimum required departure slots, the coordination module does not need to proceed. However,
when the number of departure slots is smaller, the coordination module will have to calculate the number of
conflicts that will have to be solved by the conflict solver.

Update time -+
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from AMAN

Set SAT variables

Calculate available
departure slots

Update AMAN STAs
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NQAD{ Delay aircraft

Set minimum required
departure slots at no.
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Available departure
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departure slots
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Retrieve no. planned
departures from DMAN|
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Figure 7.6: Model update of the coordination module of the coordinated ADMAN






Scenario Generator

The previous chapters outlined the working principles of the uncoordinated and coordinated ADMAN. Here
it was explained that the models require a scenario file containing arriving and departing aircraft to and from
a specific airport. The flight data of these flights is input for the AMAN and DMAN. This chapter explains the
generation of scenario files that can be run in BlueSky Open Air Traffic Simulator (BlueSky) and obtain results.

8.1. Overview

The goal of the scenario generator is to construct scenario files for different operational conditions such that
experiments can be performed with the uncoordinated and coordinated models. BlueSky uses .scn files as
an input. In these files, plugins are loaded into BlueSky and aircraft, and their flight plans are defined. Figure
8.1 shows an overview of the scenario generator. The scenario generator uses two types of input to generate
scenarios: (1) user input, and (2) airport-specific input. Table 8.1 and 8.2 show the user and airport input
variables.

Input Orutput

— | |Uncoordinated

. .- scenario file

User Airport

Coordinated I

* scenario file
Seenanio Generator Coordinated 11

scenario file

. Armmiving Departing
cenane Aireraft Mireraft | [

Initialization N i Coordinated I1T

Generation Generation scenario file

Figure 8.1: Overview of the scenario generator

With the specified input, the different elements of the scenario generator will write a scenario. Since the
scenario generator uses distributions as input, it uses a fixed seed to generate semi-random scenarios. This
means that it generates identical scenarios at another time with the same input. Furthermore, the number of
repeats is used as input to generate n different scenarios using the same input.

The scenario generator consists of roughly three elements. The first element will initialize the settings of the
model, the second part will generate the arriving aircraft at specific times in the scenario, and the last element
will generate the departing aircraft at specific times as well. Each scenario will be written four times, one time
in which the uncoordinated plugin will be loaded and three times in which the different coordinated modules
will be loaded. Scenario i for the uncoordinated model is identical to scenario i for the coordinated models.
Because of this, a fair comparison can be made between different coordination strategies.
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. Table 8.2: Airport input
Table 8.1: User input

Variable

Active arrival runway

Active departure runway
Arrival routes

Departure routes
IAF-runway combination
SID-runway combination
Arrival fleet mix distribution
Departure fleet mix distribution
IAF traffic load distribution
SID traffic load distribution

Variable

Number of arrivals per hour
Number of departures per hour
Scenario duration

Declared arrival capacity
Declared departure capacity
Eligibility horizon

Active advisory horizon
Number of repeats

Output directory

8.2. Scenario Initialization

The model initialization element will specify at the start of a simulation specific parameters. First of all, the
right plugin file will have to be loaded in the scenario. After this, the AMAN, DMAN and coordination module
input variables according to Table X, Y and Z are initialized. The output directory is used such that the plugin
file knows where to dump its data at the end of a simulation.

8.3. Arriving Aircraft Generation

The number of arrivals per hour, and the scenario duration determines the total number of arriving aircraft
that the scenario has to contain. Each arriving aircraft gets a distinct aircraft ID. First of all, each arriving
aircraft will be assigned to a specific aircraft type using the airports arriving traffic mix distribution. Using
a traceable seed, semi-random p values (pacype) between 0 and 1 are generated for each arriving aircraft i
(ACarriving). The airports’ traffic mix distribution includes all occurring aircraft types and their respective
p-value interval. If the p-value of arriving aircraft 7 falls within the p-value interval of aircraft type j, arriving
aircraft i will be of aircraft type j, see Equation 8.1.

dACtypesj,l < PACtype; = dACtypesj (8.1)

Hereafter, it is determined over which IAF each aircraft will approach the airport. Using a traceable seed,
semi-random p values (pr4r) between 0 and 1 are generated for each arriving aircraft i (ACqrriping). The IAF
traffic load distribution input includes which IAFs are present and their respective p-value interval. If the p-
value of arriving aircraft i falls within the p-value interval of IAF j, arriving aircraft i will approach the airport
over IAF j, see Equation 8.2.

drar;_, < prar; < diar; 8.2)

Subsequently, the scenario generator needs to determine the creation time of each arriving aircraft in the
scenario. The arrivals must be reasonably equally distributed over time such that the arriving aircraft do not
arrive all around the same time. The total number arriving aircraft over each IAF is calculated. With the total
number of arriving aircraft per IAE the average inter-generation time per IAF can be calculated by dividing
the scenario duration by the number of arriving aircraft per IAE Subsequently, the creation time of arriving
aircraft i is equal to i times the average inter-generation time plus a semi-random integer to include some
variability. As in this research, it is less important how the arriving aircraft reach the horizon of AMAN; each
IAF connects to one origin flight plan. The creation time is the time the aircraft appears at the origin.

8.4. Departing Aircraft Generation

Likewise generating the arriving aircraft, the number of arrivals per hour, and the scenario duration deter-
mines the total number of departing aircraft that the scenario has to contain. Each departing aircraft gets
a distinct aircraft ID. For generating the aircraft types for each departure, the same method holds as for the
arrivals. However, here the airports departing traffic mix distribution is used.



8.4. Departing Aircraft Generation 71

Furthermore, each departing aircraft is allocated to a SID. Using a traceable seed, semi-random p values
(psip) between 0 and 1 are generated for each departing aircraft i (ACgeparring). The airports’ traffic load
SID distribution includes all SIDs and their respective p-value interval. If the p-value of departing aircraft i
falls within the p-value interval of SID j, departing aircraft i will take-off via SID j, see Equation 8.3.

dsip; , < psip; < dsip; (8.3)

The airports’ gate coordinates input is used to assign each departing aircraft to a gate location. To avoid each
departure being generated at the same location; for each departing aircraft, the scenario generator uses semi-
random integers to match a departing aircraft to a gate at the specific airport.

Last, the creation time of each departure must be determined. The departures must be relatively equally
spread throughout the scenario. Moreover, it is crucial to make sure that the AMAN and DMAN schedule their
aircraft in the same time interval, otherwise arriving and departing aircraft do not conflict with one another.
Assuming that DMAN know at time t-50 minutes, the first departing aircraft need to appear 50 minutes in
advance to the first arrival reaches the AMANs EH. The SID number of the departing aircraft determines the
trajectory of the departing aircraft within the TMA. Each SID connects to one destination. Once a departing
aircraft is below 50 ft. at its destination, the scenario file deletes the aircraft.
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Experiment I: Arrival and Departure
Capacity Interference

Chapter 4 showed that the departure capacity of dependent arrival and departure runways combinations is
lower than the departure capacity of independent arrival and departure runways. These results contributed
to answering the first part of research question X: what is the current magnitude of arrival and departure
capacity interference? However, the second part of the research question, which investigates the future mag-
nitude of arrival and departure capacity interference, cannot be answered with empirical data. Therefore
experiment I is designed to give insight into the future magnitude of arrival and departure capacity inter-
ference. This experiment may also demonstrate the importance of a coordination mechanism between the
management of arrivals and departures.

9.1. Experimental Set-Up

Table 4.5 showed that arrival runway 18C and departure runway 24 is the most frequently used arrival and
departure runway combination at AAS which is affected by the missed approach dependency, see Figure 9.1.
Therefore, experiment I uses arrival and departure runway combination to assess future arrival and departure
capacity interference. The 1+1 configuration causes arriving aircraft from each IAF will all land on the same
runway. Likewise, departing aircraft for all sectors will depart from the same runway.

18R

36L

18L .

Figure 9.1: Arrival runway 18C in combination with departure runway 24 at AAS
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The missed approach dependency at AAS states that a departing aircraft receives a take-off clearance when
the nearest arriving aircraft is at least 2 NM away from the runway threshold. When the next arriving aircraft
is already within 2 NM distance from the runway threshold, the departing aircraft will only be released when
the arriving aircraft has completed its landing. Chapter 2 mathematically expressed this dependency.

9.1.1. Apparatus

As the uncoordinated model aims to mimic current day arrival and departure management, this model can be
used to investigate the severeness of arrival and departure capacity interference now and in the future. In the
uncoordinated model, arrivals are scheduled independently from departures and departures are interweaved
in the arrival sequence when an arrival interval is large enough to accommodate a departure.

9.1.2. Independent Variables

The results of this experiment depend on many inputs of the different modules and elements of the unco-
ordinated model. Since this research is in collaboration with the Knowledge and Development Center, Air
Traffic Control the Netherlands provides the empirical data and expert knowledge used as input by the mod-
ules. Table 9.1 shows an overview of the required input of the uncoordinated model and which input is used
for it.

Table 9.1: AMAN input variables

Variable Input Table 9.2: DMAN input variables
Ac‘tl‘ve‘ a}rrlval runway 18C . Variable Tnput
Eligibility horizon 30 min -

. . . . Active departure runway 24
Active Advisory horizon 15 min Declared capaci variable
Declared capacity 3NM pacity
TP SD 3NM

Table 9.3: Performance module input data

Variable Input Defined per
Average approach speed EHAM runway 18C aircraft type
Average departure speed EHAM runway 24 aircraft type
Arrival completion time SYSTEM X aircraft WTC
Departure completion time LVNL operational expert  aircraft WTC
Runway occupancy time EHAM runway 24 aircraft WTC
SID common departure path AIP the Netherlands SID combination
Distance-based separation minima ICAO aircraft WTC
Time-based separation minima ICAO aircraft WTC
9.1.3. Traffic Scenarios

In the conditional set-up of experiment I, three levels of arrival loads are chosen, (1) alow level of arrival load,
30 arrivals per hour, (1) an medium level of arrival load, 35 arrivals per hour, and (3) a high level of arrival
load, 40 arrivals per hour. For the departing aircraft load, the experiment only uses levels to decrease the total
number of experimental set-ups, (1) a low level of departure load, 30 departures per hour, and (2) a high level
of departure load, 40 departures per hour. The declared capacity of the DMAN is equal to one of the two loads.

The arriving and departing aircraft traffic mix at AAS differs during the day. The number of heavies is higher
in the morning than in the evening due to the transatlantic traffic. Therefore, a distinction between the traffic
mix in the morning and the evening in the conditional set-up. The morning uses the arriving and correspond-
ing departing traffic mix distribution of an arrival peak period. Likewise, the evening uses the arriving and
corresponding departing traffic mix distribution of an arrival peak period.

The scenario generator described in Chapter 10.1.3 is used to generate scenarios according to the experimen-
tal set-ups presented in Table 9.4 and the independent variables. Each scenario performs 25 repeats. In total,
12 scenarios will be examined in this experiment and thus, 300 simulations.
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Table 9.4: Traffic scenarios

Scenario  Arrivals  Departures Traffic mix distribution = Duration Repeats

1 30/hour  30/hour Morning arrival peak 1.5 hour 25
2 Evening arrival peak 1.5 hour 25
3 40/hour Evening arrival peak 1.5 hour 25
4 Morning arrival peak 1.5 hour 25
5 35/hour  30/hour Morning arrival peak 1.5 hour 25
6 Evening arrival peak 1.5 hour 25
7 40/hour Evening arrival peak 1.5 hour 25
8 Morning arrival peak 1.5 hour 25
9 40/hour  30/hour Morning arrival peak 1.5 hour 25
10 Evening arrival peak 1.5 hour 25
11 40/hour Evening arrival peak 1.5 hour 25
12 Morning arrival peak 1.5 hour 25

9.1.4. Measurements
To express the severeness of arrival and departure capacity interference, experiment I uses capacity as Key
Performance Area (KPA). Therefore, each repeat will be evaluated using the following metrics:

1. Arrival capacity: the number of arrivals that landed per hour, which is equal to the total number of ar-
rivals (n,,) divided by the arrival time interval times the number of seconds in one hour, see Equation
10.1. The arrival time interval equals the Actual Time of Arrival of the last arriving aircraft (AT A;=) rel-
ative to the Actual Time of Arrival of the first arriving aircraft (AT A;—¢). The arrival capacity is calculated
per repeat.

Nar

T ATAi—, - ATAi—

Car 3600 9.1

2. Departure capacity: the number of departures that landed per hour, which is equal to the total number
of departures (n,,) that took off divided by the departure time interval times the number of seconds
in one hour, see Equation 10.2. Since the time interval in which aircraft arrive and the time interval
in which aircraft depart may not fully align, the departure time interval starts when the first departure
takes off, the Actual Take-Off Time (AT OT;-¢). Considering that the AFI finder cannot give departure
clearances anymore after the last arrival has landed, the end of the departure time interval is equal to
the Actual Time of Arrival of the last arriving aircraft (AT A;=,). As the latter may cause that not all
departing aircraft take-off within the arrival time interval, the departure time interval is divided by the
number of departures that took-off. The departure capacity is calculated per repeat.

Ndep

Caep = -3600 9.2
4P = AT Ai—p,, — ATOT,— ©-2)

3. Arrival delay: the time difference between the Actual Time of Arrival (AT A;) and the Earliest Time of
Arrival (ETA;) summed over all arriving aircraft and divided by the total number of arriving aircraft
(ngr), see Equation 10.3. The latter is the average delay imposed by the AMAN to ensure the minimum
required time between two arriving aircraft. The arrival delay is calculated per repeat.

Y 4 ATA; —ETA;
Dgr = — 9.3)
Rar

4. Departure delay: the time difference between the Actual Take-Off Time (AT OT;) and the Target Take-
Off Time (T TOT;) summed over all departing aircraft that took-off and divided by the total number of
departing aircraft that took-off (n4)), see Equation 10.4. This delay represents the delay that is due
to the dependency between the arrival and departure runway. The departure delay is calculated per
repeat.

Y 9P ATOT; — TTOT;

Dygep = —=2 (9.4)
Ndep
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9.1.5. Hypotheses

Assuming that the arrival load will increase due to RECAT and TBS in the future, the AMAN will schedule
tighter arrival streams. Subsequently, it becomes harder to interweave departing aircraft in the arrival stream
when the arrival intervals are smaller. This will probably result in a lower departure capacity and higher de-
parture delay compared to lower arrival load scenarios. So, the expectation is that the arrival and departure
capacity interference will worsen in the future.

When distinguishing between the arrival and departure capacity interference during morning arrival peaks
and evening arrival peaks at AAS, the outcomes are hard to predict. Table 4.10 and 4.11 show that the number
of heavies is higher in the morning than in the evening. More heavies in the arriving fleet mix will result in
larger arrival intervals. Theoretically, this would make it easier to interweave departures in the arrival stream.
However, the number of heavies in the departing fleet mix is even higher than the number of heavies in the
arriving fleet mix. Due to the increased spacing between departing aircraft, the benefit of the increased arrival
spacing may fade away. The exact interaction between the arriving fleet mix and the departing fleet mix is
unknown, and therefore this part of the experiment is exploratory.

9.2. Results

The results of experiment 1 are presented for: (1) when no distinction is made in the time of the day, and
(2) when a distinction is made between morning and evening. Arrival and departure capacity interference
becomes most apparent when the pressure at the departure runway is high, this section presents the results
for a departure load of 40 atm/hour. Appendix B presents the same results for a departure load of 30 atm/hour.

9.2.1. Total

Figure 9.2 and 9.3 shows the departure capacity as a function of the arriving capacity when no distinction is
made between morning and evening. The figures depict the interaction between arrival capacity and depar-
ture capacity. The departure capacity decreases as a result of an increase in the arrival capacity. When the
arrival load increases with 10 atm/hour, the departure capacity drops with almost 5 atm/hour.
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Figure 9.2: Departure capacity as a function of the arrival capacity
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Figure 9.3: Departure capacity as a function of the arrival load



9.2. Results

79

Figure 9.2 also shows that the arrival capacity at an arrival load of 30 arrivals per hour approximately ranges
between 28 and 31.5 atm/hour. For an arrival load of 35 atm/hour, the arrival capacity ranges between 31.5
and 36 atm/hour. For the highest arrival load, the arrival capacity ranges between 36.5 and 41 atm/hour.
Figure 9.2 and 9.3 show the spread of the departure capacity. The spread of the departure capacity is signif-
icantly larger compared to the spread arrival capacity. For each of the arrival load, the departure spread is

approximate + 3.5 atm/hour relative to the median.
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Figure 9.4: Departure delay as a function of the arrival delay
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Figure 9.5: Departure delay as a function of the arrival load

Figure 9.4 and 9.5 respectively show the average departure delay as a function of the arrival delay and arrival
load. Figure 9.4 shows that the arrival delay increases for higher arrival loads. Also, the departure delay in-
creases for higher arrival loads. For each increase of 5 atm/hour in arrival load, the departure delay increases

with over 20%.

9.2.2. Morning and Evening

This section splits the results presented above into two: (1) for a morning peak-period, and (2) for an evening
peak-period. This results in the sample size being half of the sample size of the previous section. The morn-
ing results used the arriving and corresponding departing traffic mix distribution at AAS during the morning.
Likewise, the evening results were obtained using the arriving and corresponding departing traffic mix dis-
tribution during the morning. The number of heavies in the traffic mix for both arrivals and departures is

higher in the morning compared to the evening.
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Figure 9.6 and 9.7 show the departure capacity as a function of the arrival capacity in respectively the morning
and evening. The spread of the arrival capacity in the evening is higher compared to the morning. The range
of the departure capacity in the morning and evening are similar to one another. Furthermore, Figure 9.6 and
9.7 show that the interaction between arrival and departure capacity is stronger in the morning than in the
evening. Figure 9.8 and 9.9 support this. Here, the departure capacity is plotted as a function of the arrival

load. The departure capacity is approximately 2 atm/hour lower for each of the arrival loads in the morning
compared to the evening.
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Figure 9.10 and 9.11 depict the departure delay as a function of the arrival delay for respectively the morning
peak period and the evening peak period. Comparing the two figures shows that the range in arrival delay is
larger in the morning than in the evening. The maximum average arrival delay is approximately 50 seconds
higher in the morning than in the evening. Figure 9.12 and 9.13 show the departure delay as a function of the
arrival load during respectively a morning and evening peak period. Here it is seen that the departure delay
is higher in the morning for an arrival load of 30 and 35 atm/hour compared to the evening. The departure
delay for an arrival load of 40 atm/hour in the evening is significantly higher than in the morning.
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Figure 9.12: Departure delay as a function of the arrival load in the Figure 9.13: Departure delay as a function of the arrival load in the
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9.3. Discussion

Experiment I was designed to give insight into the future magnitude of arrival and departure capacity in-
terference. The dependency of arrival runway 18C and departure runway 24 at AAS was used to assess the
interference. The experiment used the uncoordinated model for testing various conditions which distin-
guished between different levels of arriving and departure load and between arrival and departure traffic mix
distribution in the morning and evening.

The ranges in departure capacity is probably a cause of a combination of two: (1) the scenario generator
and, (2) the working principles of the AMAN and the ATCO module. The scenario generator determines the
creation times of arriving aircraft semi-randomly. The AMAN in imposes delays solely. The AMAN will not
schedule arriving aircraft such that they will need to be advanced. Furthermore, the ATCO module cannot
perform the tactical actions executed by ATCOs in real life, like changing the arrival sequence and frontload-
ing. The combination of these may cause the timings of the arriving aircraft at the eligibility horizon to be
more advantageous for the departures for one scenario compared to the other.

The average arrival delay increases for higher arrival loads compared to lower arrival loads, as was expected.
Considering that the pressure at the arrival runway increases for higher arrival loads, and the AMAN sched-
ules maintaining at least the minimum required IAT, arriving aircraft delays will accumulate. The results
showed as well that the average arrival delay is higher in the morning than in the evening. This is as expected
since in the evening the percentage heavies in the traffic mix are low, arriving aircraft are allowed to land
closer to one another, which increases the arrival capacity and lowers the delay.

The results showed that when the arrival load increases the departure capacity decreases as a result. This cor-
responds to the hypothesis, when the arrival load increases, the AMAN will generate tighter arrival streams.
For the ATCO module, it will become more challenging to find an arrival interval that is large enough to fit a
departure. Furthermore, the arrival and departure capacity interference is more substantial in the morning
than in the evening at AAS. This means that, even though larger IATs are present due to high amount of heav-
ies in the mix, the departure ground situation cannot take advantage of this because the number of heavies
in departing aircraft traffic mix is also high.

Assuming a current arrival load of 35 atm/hour and assuming the arriving and departing aircraft traffic mix
does not significantly change in the future, it can be concluded that the departure capacity at runway 24 will
drop by 2.3 atm/hour and 3.1 atm/hour respectively during the morning arrival-peak period and evening
arrival-peak period when the arrival load increases to 40 atm/hour.
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Experiment II: Coordinated Arrival and
Departure Management

Chapter 6 elaborated the working principles and algorithms of three coordination modules between the
AMAN and DMAN. Each of the coordination modules aims to increase the throughput of dependent ar-
rival and departure runway combinations. This experiment will assess the performance of each coordination
module to answer research question X.

10.1. Experimental Set-Up

Like in experiment I, arrival runway 18C and departure runway 24 at AAS is used to assess the three coordina-
tion modules. Arrival runway 18C and departure runway 24 is the most frequently used arrival and departure
runway combination at AAS, which is affected by the missed approach dependency, see Figure 10.1. Chap-
ter 2 explained the interaction between arrivals and departures for this dependency. The single arrival and
departure runway combination causes arriving aircraft from each IAF will all land on the same runway. Like-
wise, departing aircraft for all sectors will depart from the same runway.
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Figure 10.1: Arrival runway 18C in combination with departure runway 24 at AAS
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10.1.1. Apparatus

For performing this experiment 4 models are used: (1) the uncoordinated ADMAN, (2) the coordinated AD-
MAN using coordination module I, (3) the coordinated ADMAN using coordination module II, and (4) the
coordinated ADMAN using coordination module III. The uncoordinated ADMAN serves as a baseline model
to which the coordination modules can be compared to. Chapter 6 explained that coordination module I
calculates the number available departure slots assuming all departures as WTC M. In coordination module
II, the number of heavies in the departing fleet mix is taken into account by incorporating a time margin over
the minimum required IADT and IDAT. The last coordination module, coordination module III, distinguishes
between departure slots that fit aircraft WTC M and departure slots that fit aircraft WTC H.

10.1.2. Independent Variables

The independent variables that are used in experiment 2 can be found in Table 10.1, 10.2, 10.3, and 10.4.
Since the coordination modules will be evaluated using AAS as case, the performance module is filled with
data from AAS as well.

Table 10.1: AMAN input variables
Table 10.2: DMAN input variables

Variable Input

Active arrival runway 18C Variable Input
Eligibility horizon 30 min Active departure runway 24

Active Advisory horizon 15 min Declared capacity 30, or 40 atm/h
Declared capacity 3NM

Table 10.3: Coordination module input variables

Variable Input
Preferred departure-to-arrival ratio 1.0
Active coordination module Module I, II or III

Table 10.4: Performance module input data

Variable Input Defined per
Average approach speed EHAM runway 18C Aircraft type
Average departure speed EHAM runway 24 Aircraft type
Arrival completion time SYSTEM X Aircraft WTC
Departure completion time LVNL Operational expert  aircraft WTC
Runway occupancy time EHAM runway 24 Aircraft WTC

SID common departure path AIP the Netherlands SID combination
Distance-based separation minima ICAO Aircraft WTC
Time-based separation minima ICAO Aircraft WTC

10.1.3. Traffic Scenarios

In the conditional set-up of experiment 2, three levels of arrival load are chosen, (1) alow level of arrival load,
30 arrivals per hour, (1) an medium level of arrival load, 35 arrivals per hour, and (3) a high level of arrival
load, 40 arrivals per hour. For the departing aircraft load, the experiment only uses levels to decrease the total
number of experimental set-ups, (1) a low level of departure load, 30 departures per hour, and (2) a high level
of departure load, 40 departures per hour. The declared capacity of the DMAN is equal to one of the two loads.

The scenario generator described in Chapter is used to generate scenarios according to the experimental set-
ups presented in Table 9.4 and the independent variables. Each scenario performs 25 repeats. In total, 12
scenarios will be examined in this experiment and thus, 300 simulations.
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Table 10.5: Traffic scenarios

Scenario Arrivals Departures Traffic mix distribution Duration Repeats

1 30/hour 30/hour Morning arrival peak 1.5 hour 25
2 Evening arrival peak 1.5 hour 25
3 40/hour Evening arrival peak 1.5 hour 25
4 Morning arrival peak 1.5 hour 25
5 35/hour 30/hour Morning arrival peak 1.5 hour 25
6 Evening arrival peak 1.5 hour 25
7 40/hour Evening arrival peak 1.5 hour 25
8 Morning arrival peak 1.5 hour 25
9 40/hour 30/hour Morning arrival peak 1.5 hour 25
10 Evening arrival peak 1.5 hour 25
11 40/hour Evening arrival peak 1.5 hour 25
12 Morning arrival peak 1.5 hour 25

10.1.4. Measurements
To assess the performance of the three coordination modules, capacity will be used as the main Key Perfor-
mance Area (KPA). Therefore, each repeat for every model will be evaluated using the following metrics:

1. Arrival capacity: the number of arrivals that landed per hour, which is equal to the total number of ar-
rivals (n4;) divided by the arrival time interval times the number of seconds in one hour, see Equation
10.1. The arrival time interval equals the Actual Time of Arrival of the last arriving aircraft (AT A;=,) rel-
ative to the Actual Time of Arrival of the first arriving aircraft (AT A;=¢). The arrival capacity is calculated

per repeat.
Nar

T ATA,,, - ATA—

Car -3600 (10.1)

2. Departure capacity: the number of departures that landed per hour, which is equal to the total number
of departures (n,,) that took off divided by the departure time interval times the number of seconds
in one hour, see Equation 10.2. Since the time interval in which aircraft arrive and the time interval
in which aircraft depart may not fully align, the departure time interval starts when the first departure
takes off, the Actual Take-Off Time (AT OTj-¢). Considering that the AFI finder cannot give departure
clearances anymore after the last arrival has landed, the end of the departure time interval is equal to
the Actual Time of Arrival of the last arriving aircraft (AT A;=,). As the latter may cause that not all
departing aircraft take-off within the arrival time interval, the departure time interval is divided by the
number of departures that took-off. The departure capacity is calculated per repeat.

Ndep

-3600 (10.2)
ATA;-p,, —ATOT;—

Cdep =

3. Arrival delay: the time difference between the Actual Time of Arrival (AT A;) and the Earliest Time of
Arrival (ETA;) summed over all arriving aircraft and divided by the total number of arriving aircraft
(n4r), see Equation 10.3. The latter is the average delay imposed by the AMAN to ensure the minimum
required time between two arriving aircraft. The arrival delay is calculated per repeat.

Y4 ATA; —ETA;
Dyr === (10.3)
Nar

4. Departure delay: the time difference between the Actual Take-Off Time (AT OT;) and the Target Take-
Off Time (T TOT;) summed over all departing aircraft that took-off and divided by the total number of
departing aircraft that took-off (n4¢,), see Equation 10.4. This delay represents the delay that is due
to the dependency between the arrival and departure runway. The departure delay is calculated per
repeat.

¥ % ATOT; - TTOT;
Dgep = (10.4)
Ndep
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5. Coordination module interventions: the number of times the coordination module had to adjust the
scheduled arrivals by (1) slack advancing, (2) slack delaying and (3) aircraft delaying. Each coordination
module could perform the latter three in one update, so the number does not represent the number of
times the coordination module changes the arrival schedule.

6. Workload: the coordination modules changes the arrival schedule. This may result in more consider-
able delays for the arriving aircraft to absorb. ATCOs use information from the AMAN to guide aircraft
in the TMA by either speed adjustments, vectoring or holding. As the type of delay adsorption depends
on the size of the delay, the delay changes may cause a change in the distribution between the types
of delay absorption. The workload metric categorizes each arrival delay as one of the delay adsorption
types by Equation 10.5, 10.6 and 10.7.

Speed: Dg4r; =180s (10.5)
Vectoring: 180s< Dy, =540s (10.6)
Holding: Dgyr; >540s (10.7)

10.1.5. Hypotheses

Experiment II evaluates the logic behind the coordination modules for the first time. Therefore, it is part
of exploratory research. For this, no formal hypothesis testing will be performed. However, some probable
outcomes have been formulated to help the thought process. All coordination modules use the departure
situation as input for the metering of arriving aircraft in the TMA. Consequently, the departure capacity will
become higher, and the departure delay will become lower, compared to when there is no coordination mod-
ule present between the AMAN and DMAN. On the arrival side, the arrival capacity will decrease, and the
arrival delay will be higher for the coordinated cases compared to the uncoordinated cases. No estimation of
the magnitude of the increases and decreases of the delays and capacity can be made.

Since coordination module II uses a heavy time margin on top of the minimum required IADT and IDAT
for a medium departure, Als need to be larger before coordination module II assigns a departure slot to the
Al compared to coordination module I. Coordination module II meters the inbound traffic using larger Als,
therefore, the expectation is that the resulting departure capacity of coordination module IT will be larger, and
the resulting departure delay lower compared to coordination module I.

Coordination module III meters the arriving aircraft as a function of the departure situation by distinguishing
between departure slots that fit a departure of WTC M and WTC H. The coordination module creates Als for
departures of WTC M or H, only having knowledge on the number of heavies in the departing traffic, but
without knowing the exact location of the planned departure in the arrival stream. It may be the case that a
medium departure takes-off in an Al which is tailored for a heavy departure because no heavy departure is
ready to take-off. To what extend this will or will not happen is unpredictable.

10.2. Results

The results of experiment 2 are presented for the different levels of arrival load: (1) low arrival load, (2)
medium arrival load, and (3) high arrival load. Arrival and departure capacity interference becomes most
apparent when the pressure at the departure runway is high; this section presents the results for a departure
load of 40 atm/hour. Appendix C presents the same results for a departure load of 30 atm/hour. One should
keep in mind that the coordination modules aim for a preferred departure-to-arrival ratio of 1.

10.2.1. Low Arrival Load

Figure 10.2 shows the arrival and departure capacity for an arrival load of 30 atm/hour. For the uncoordi-
nated model, the arrival capacity is approximately 30 atm/hour. The departure capacity is slightly lower than
the arrival capacity, 0.5 atm/hour lower. Coordination modules I, II and III raise the departure capacity by
respectively 1.8, 3.2, and 2.7 atm/hour. The departure capacity of coordination module III is lower compared
to coordination module II; however, the spread is slightly lower.

Figure 10.3 shows the average arrival and departure delay for an arrival load of 30 atm/hour. The average ar-
rival delay hardly changes over the uncoordinated ADMAN and coordination mechanism I and II. The arrival
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delay is even lower for coordination mechanism I and II compared to the uncoordinated case. For coordina-
tion module I the arrival delay increases with 23.4 % relative to the uncoordinated ADMAN. The departure
delay decreases with 25.7%, 35.1% and 36.7% for respectively coordination modules I, II and III.

Figure 10.4 show the number of times the coordination module had to intervene in the arrival schedule by
slack delaying, slack advancing or delaying for an arrival load of 30 atm/hour. The number of times coor-
dination module I and II resolve the conflicts by delaying aircraft is almost zero. Coordination module II
intervenes the arrival schedule more often than coordination module I as the number of times coordination
module II adjusts the arrival schedule by slack advancing and slack delaying is higher. The total number of
interventions of coordination module III is higher than the number of interventions of coordination module
I and II. Specifically, the number of times coordination module III adjusts the arrival schedule by delaying
arriving aircraft is high compared to coordination module I and II. The number interventions per minute for
coordination module I, II, and III is respectively 0.5, 0.6 and 0.9.

Figure 10.5 shows that the distribution between the types of delay adsorption hardly changes for coordination
module I and II. The number of arriving aircraft that absorbs its delay by vectoring is even lower than for the
uncoordinated case. As the delays increase for coordination module III, the number of aircraft that absorb its
delay by vectoring is also higher for coordination module III.
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Figure 10.2: Arrival and departure capacity for the uncoordinated and coordinated ADMANs

10.2.2. Medium Arrival Load

Figure 10.6 shows the arrival and departure capacity for an arrival load of 35 atm/hour. For the uncoordinated
model, the arrival capacity is approximately 33.5 atm/hour, which is less than the arrival load. Furthermore,
the departure capacity is significantly lower than the arrival capacity, 6.9 atm/hour lower. Coordination mod-
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ules I, IT and III raise the departure capacity by respectively 4.0, 4.5, and 5.2 atm/hour without losing note-
worthy arrival capacity. The spread of the departure capacity for coordination module III is about half the
spread of the departure capacity of coordination module I and II.

Figure 10.7 shows the average arrival and departure delay for an arrival load of 35 atm/hour. The average ar-
rival delay hardly changes over the uncoordinated ADMAN and coordination mechanism I and II. The arrival
delay is even lower for coordination mechanism I and II compared to the uncoordinated case. For coordina-
tion module II], the arrival delay increases significantly relative to the uncoordinated ADMAN. The departure
delay decreases with 40.4%, 43.7% and 48.6% for respectively coordination modules I, II and III.

Figure 10.8 show the number of times the coordination module had to intervene in the arrival schedule by
slack delaying, slack advancing or delaying for an arrival load of 35 atm/hour. The number of times coor-
dination module I and II resolve the conflicts by delaying aircraft is approximately ten times. Coordination
module II intervenes the arrival schedule more often than coordination module I as the number of times co-
ordination module II adjusts the arrival schedule by slack advancing and slack delaying is higher. The total
number of interventions of coordination module III is higher than the number of interventions of coordina-
tion module I and II. Specifically, the number of times coordination module III adjusts the arrival schedule
by delaying arriving aircraft is high compared to coordination module I and II.

Figure 10.9 shows that the distribution between the types of delay adsorption hardly changes for coordination
module I and II. The number of arriving aircraft that absorbs its delay by vectoring is even lower than for the
uncoordinated case. For coordination module III the distribution between the types of delay absorption is
turned around. The number of arriving aircraft that will be vectored into the TMA or stacked before entrance
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increases respectively with 42.2 % and 8.8 %.
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10.2.3. High Arrival Load

Figure 10.10 shows the arrival and departure capacity for an arrival load of 40 atm/hour. For the uncoordi-
nated model, the arrival capacity is approximately 38.0 atm/hour, which is less than the arrival load. Further-
more, the departure capacity is significantly lower than the arrival capacity, 14.0 atm/hour lower. Coordina-
tion modules I, IT and III raise the departure capacity by respectively 6.7, 7.0, and 7.6 atm/hour. The increase
in departure capacity is hardly at the expense of arrival capacity for coordination module I and II.

Figure 10.11 shows the average arrival and departure delay for an arrival load of 40 atm/hour. The average
arrival delay hardly changes between the uncoordinated ADMAN and coordination mechanism. For coordi-
nation module II and III, the arrival delay increases significantly relative to the uncoordinated ADMAN. The
departure delay decreases with 49.9%, 53.3% and 56.4% for respectively coordination modules I, IT and III.

Figure 10.12 shows the number of times the coordination module had to intervene in the arrival schedule
by slack delaying, slack advancing or delaying for an arrival load of 40 atm/hour. The spread of the number
of arrival schedule adjustments by slack delaying and aircraft delaying is significantly high for coordination
module I and II. The number of schedule adjustments by slack delaying is low compared to the others for all
three coordination modules. The number interventions per minute for coordination module I I and III are
respectively 1.8, 1.4 and 0.9.

Figure 10.13 shows that the distribution between the types of delay adsorption hardly changes for coordina-
tion module I and II. The number of arriving aircraft that absorbs its delay by vectoring is even lower than
for the uncoordinated case. For coordination module III the distribution between the types of delay absorp-
tion is turned around. The number of arriving aircraft that will be vectored into the TMA or stacked before
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entrance increases respectively with 4.3% and 56.1 %.
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Figure 10.10: Arrival and departure capacity for the uncoordinated and coordinated ADMANSs

10.3. Discussion

Experiment II was set-up to assess the performance of the coordination modules. The dependency of arrival
runway 18C and departure runway 24 at AAS was used to assess the coordination modules. The experiment
used the uncoordinated and coordinated models for testing various conditions in which distinguished be-
tween varying levels of arriving and departure loads.

10.3.1. Coordination Module I

The results for a low level and medium level of arrival load showed that the departure capacity could be raised
without losing any arrival capacity. Furthermore, the results noted that the arrival delay is even lower for co-
ordination module I compared the uncoordinated ADMAN. The logic behind this is that when an AMAN
is metering a load of 30 atm/hour, the arrival load is lower than the arrival runway capacity resulting in a
substantial amount of slack in the arrival stream. Coordination mechanisms I uses this slack to rearrange
the STAs of the arrivals by slack advancing or slack delaying. However, since both coordination modules
advanced slack more often than delayed slack and almost did not delay any aircraft, see Figure 10.4, it is plau-
sible that the arrival delay decreases for coordination module I compared to the uncoordinated results.

The results of the medium arrival load and high arrival load for coordination module I showed that the pre-
ferred departure-to-arrival ratio of 1 is not achieved, the departure capacity is still lower than the arrival
capacity. Coordination module I overestimates the number of departure slots that are available in the sched-
uled arrival stream. This is logical since it assumes all departing aircraft as WTC M, which is of course not the
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case.

10.3.2. Coordination Module II

The results of the medium arrival load and high arrival load for coordination module II showed that the pre-
ferred departure-to-arrival ratio of 1 is also not achieved. Coordination module II applies a heavy time mar-
gin. This time margin compensates for the difference in IADT and IDAT between a departure of WTC M and
a departure of WTC H. However, it does not compensate for the difference in the minimum required IDT be-
tween a heavy and medium departure.

In coordination module II, the time that is required between two arrivals before a departure slot is assigned
is larger than in coordination module I as it uses a heavy time margin. The extra time between arriving air-
craft that is needed to accommodate the departing aircraft of WTC H is equally spread over all the SAIs, and
the arriving aircraft are metered into the TMA accordingly. However, the ATCO module in this study cannot
accumulate the extra time that is available in the TMA to specific Als to create AAFIs that better match the
departing traffic mix. In this implementation, the time is there for ATCOs to create Als specifically aimed for
heavy departures, but it is unused. Therefore, the results of this experiment may undervalue the potential of
coordination module II.

For each level of arrival load, the resulting departure capacity of coordination module II is higher, and the
resulting departure delay is lower compared to the results of coordination module I. This result agrees with
the hypothesis: coordination module II outperforms coordination module 1.
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10.3.3. Coordination Module III

For low and medium arrival load coordination module III was able to increase the departure capacity and
decrease the departure delay without imposing a considerable delay on the arriving aircraft or without los-
ing significant arrival capacity. The latter appears for the same reason as was explained in the discussion of
coordination module I. The small increase in arrival delay matches the fact that for a low level of arrival load
coordination module III delayed arriving aircraft significantly more than coordination module I and II, see
Figure 10.4 and 10.8.

The results for a high level of load showed that a significant increase in departure capacity could be achieved
at the price of losing arrival capacity. Figure 10.10 showed that the difference in increase of departure capacity
between coordination module III and the other two is relatively small. However, coordination module I and II
do notlose as much arrival capacity as coordination module IIT does. The significant increase in arrival delay
for coordination module III reflects the loss of arrival capacity. An explanation for this behaviour could be the
one that was explained in the hypothesis. Here it was told that coordination module III meters the arriving
aircraft as a function of the departure ground situation by distinguishing between departure slots that fit a
departure of WTC M and departure slots that fit WTC H. The coordination module creates Als for departures
of WTC M or WTC H, only having knowledge on the number of heavies in the departing traffic, but without
knowing the exact location of the planned departure in the arrival stream. It may be the case that the STAs
of two arriving aircraft are planned as such that it can accommodate a heavy departure. Nonetheless, the
departure slot, which was meant for a heavy departure, is taken by a medium departure because the heavy
departure is sequenced later in the departure stream.
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Conclusions

This study focused on the interaction between arriving and departing aircraft for dependent arrival and de-
parture runway combinations and the magnitude of the resulting arrival and departure capacity interference.
With this knowledge, this research developed and assessed strategies for coordination between Arrival Man-
agement and Departure Management.

During the literature study, four types of dependencies between runways were distinguished: (1) parallel, (2)
intersecting, (3) converging and diverging, and (4) mixed mode. The interaction between aircraft arrivals and
departures for dependent arriving and departing runways composes of two parts: (1) the arrival-departure
interaction and (2) the departure-arrival interaction. The quantification for the two interactions differs per
arrival and departure runway dependency and depends on aircraft performance characteristics. ATC uses
additional procedures for the use of dependent arrival and departure runways, such as extra limitations on
the visibility and cloud base.

Additionally, during the literature study, an arrival and departure capacity interference assessment for Am-
sterdam Airport Schiphol was performed. Here it was found that arrival runway 18C in combination with
departure runway 24 is the most frequently used dependent arrival and departure runway combination. Fur-
thermore, the assessment demonstrated that the departure capacity of runway 24 is lower when it is in com-
bination with a dependent arrival runway compared to an independent arrival runway.

Arrival and Departure Managers were developed and used at many airports independently from one another,
which results in large differences among them. The complexity of the used algorithms, the system architec-
ture, and the type of advisories differ from system to system. Along with this, research into strategic coordi-
nation between Arrival and Departure Management was found to be marginal. The studies that did focus on
combined Arrival and Departure Management differed in the level of sophistication. None of them focused
on developing a coordination mechanism between the AMAN and DMAN for airports that use converging or
intersecting runways; instead, they were all aimed at mixed-mode operations.

The literature study concluded that any future coordination between the Arrival Manager and Departure
Manager should not require advanced Arrival and Departure Managers. This also meant that the coordina-
tion mechanism should provoke at least as possible adjustments to the core working principles of the AMAN
and DMAN. Additionally, the coordination mechanism cannot change the existing division of responsibilities
between ATCOs.

The uncoordinated Arrival and Departure Management (ADMAN) simulator was developed for two purposes:
(1) to assess the future magnitude of arrival and departure capacity interference at AAS, and (2) to serve as a
baseline model to which any future coordinated ADMAN could be compared to. The uncoordinated ADMAN
mimicked the current management of arriving and departing aircraft in which the AMAN and DMAN work
independently from one another. To fulfil the first purpose, experiment I was executed by performing fast-
time simulations. The first experiment used arrival runway 18C in combination with departure runway 24 to
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test the capacity interference for different levels of arrival load during morning and evening arrival peaks.

Assuming a current arrival load of approximately 35 atm/hour and no significant change in traffic mix dis-
tribution, the results showed that the departure capacity of runway 24 in combination with arrival runway
18C will drop by by 2.3 atm/hour and 3.1 atm/hour respectively during the morning arrival-peak period and
evening arrival-peak period when the arrival load increases to 40 atm/hour. Relatively speaking, the depar-
ture capacity drops with 9.0% and 11.1% respectively during the morning arrival-peak period and evening
arrival-peak period when the arrival load increases to 40 atm/hour. These results demonstrated the need for
coordination mechanism between the management of arriving and departing aircraft at AAS.

Subsequently, the coordinated ADMAN simulator was developed in which three types of coordination mod-
ules were implemented that operate between the AMAN and DMAN. Each of the implemented coordination
modules checks the number of departure slots that are available in the scheduled arrival stream and intervene
if necessary. They aim to increase the throughput of dependent arrival and departure runway combinations.
Experiment IT assessed the performance of the coordination modules in terms of capacity, delay, coordination
module interventions and ATCO workload. Experiment II was executed by performing fast-time simulations.
The experiment used arrival runway 18C in combination with departure runway 24 to test the modules for
different levels of arrival load during morning and evening arrival peaks.

Experiment II showed that the departure capacity could be increased, and departure delay could be de-
creased, when the AMAN meters the arriving aircraft as a function of the departure ground situation. Coordi-
nation module I overestimated the number of departure slots and therefore failed to achieve the departure-
to-arrival ratio of 1. Coordination module II outperformed coordination module I for all levels of arrival load.
In coordination module II a heavy time margin was included. The heavy time margin added time on top of
the minimum required IADT and IDAT for a medium departure to compensate for the number of heavies in
the departing traffic mix. The concept proved to be beneficial. However, its performance was likely underval-
ued due to the limited performance of the ATCO module. Coordination module III outperformed module I
and II for low and medium arrival load but showed significant arrival capacity loss compared to coordination
module I and II when testing it for high arrival loads.



12

Recommendations

The research presented in this report set the first steps toward coordinated Arrival and Departure Manage-
ment for dependent arrival and departure runway operations. However, new questions arose during the
research process and still need answers. Therefore, within the scope of the project, several recommendations
can be formulated to complement this research in the future.

First of all, during this research, all input variables were obtained from data concerning Amsterdam Airport
Schiphol. Furthermore, the working principles of the AMAN were based on the AMAN operational at Amster-
dam Airport Schiphol also. For other airports that suffer from arrival and departure capacity interference as
well, the results of this research may not be valid for their use. However, by relatively simple changes to the
model, results for other airports could be achieved.

In real life, arriving aircraft enter the TMA around their assigned EAT. Once they have entered the TMA, APP
establishes that the arriving aircraft will be aligned with the runway before they are handed over to TWR and
start their final approach. During this phase of the approach, APP may swap aircraft and change inter-arrival
spacing ifitis beneficial for the runway throughput. The ATCO module implemented in this study is not capa-
ble of changing the sequence and inter-arrival spacing between arriving aircraft that have entered the TMA.
For assessing the performance of coordination module II, this lack may have undervalued its performance.
To overcome this and, moreover, to improve the realism of the simulator, it is recommended to upgrade the
ATCO module.

As coordination module I was outperformed on all aspects by coordination module II, it is recommended to
not proceed any further with this concept. For coordination module II it is advised to revise the heavy time
margin and find options to include the difference in the minimum required IDT between two medium de-
parting aircraft and when one of the departures is heavy. As this research set the start for coordinated arrival
and departure management for dependent runway operations, other concepts could be developed to miti-
gate the effect of arrival and departure capacity interference.

Each coordination module used an optimizer function to select the SAIs that were to be enlarged to generate
extra departure slots. The current drawback of the optimizer function is that it selects SAIs to accommo-
date one extra departure only, not two or more departures. This means that when the preferred arrival-to-
departure ratio was to be larger than one, the optimization algorithm could potentially give errors. Therefore
the SAI selector still needs to be adjusted such it can facilitate the latter. In this research, the coordination
modules were tested using a preferred arrival-to-departure ratio of 1. The functionality of the coordination
modules with different values for the preferred arrival-to-departure ratio still needs to be tested. Also, studies
testing other types of steering mechanisms to control the arriving and departing are recommended.
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Case Study: Arrival and Departure Capacity
Interference Assessment

This appendix shows the arrival and departure capacity interference results for departure runway 18L, 18C
and 36C at AAS. The figures depict the departure capacity in combination with different arrival runways dur-
ing good and marginal weather conditions.
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Figure A.1: Departure capacity of 18L in combination with different arrival runways for (a) good, and (b) marginal weather conditions
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Departures from runway 18C
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Figure A.2: Departure capacity of 18C in combination with different arrival runways for (a) good, and (b) marginal weather conditions
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Figure A.3: Departure capacity of 36C in combination with different arrival runways for (a) good, and (b) marginal weather conditions



Experiment I: Arrival and Departure
Capacity Interference

This appendix shows the results of Experiment I when there is a departure demand of 30 atm/hour. The
results of experiment 1 are presented for: (1) when no distinction is made in the time of the day, and (2) when
a distinction is made between morning and evening.
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Figure B.1: Departure capacity as a function of the arrival capacity Figure B.2: Departure capacity as function of the arrival demand
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B. Experiment i: Arrival and Departure Capacity Interference
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112 B. Experiment i: Arrival and Departure Capacity Interference
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Experiment II: Coordinated Arrival and
Departure Management

This appendix shows the results of Experiment II when there is a departure load of 30 atm/hour. The results
of experiment 2 are presented for the different levels of arrival load: (1) low arrival load, (2)medium arrival
load, and (3) high arrival load.
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C. Experiment ii: Coordinated Arrival and Departure Management
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Planning

The planning and workflow logic of this thesis can be found in the Gantt Chart presented below.
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