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Introduction

The air transport industry suffered greatly during the corona pandemic. In 2020, the five main airports in
the Netherlands together experienced a 55% total reduction in flight movements and a 71% loss in passenger
numbers. This had a great impact on airlines and airports economically. Nonetheless, flying has become an
essential aspect of society nowadays and the pandemic has not lessened the public’s desire to travel. Gov-
ernments have also provided substantial economic support to keep the sector afloat since it is a large source
of capital. For this reason, the aviation industry is expected to make a full recovery. McKinsey expects the
aviation sector to return to the level it had in 2019 around 2024, after which the further growth of the industry
is likely [33].
Before the pandemic, the growth of air travel was reaching its limits. In 2019, Amsterdam Airport Schiphol
(AMS) was restricted to 500,000 flight movements due to environmental concerns and this amount was easily
reached [40]. However, the expansion of airports and increase in flight movements to meet demand comes at
the great cost of sustainability. Aircraft noise disrupting local communities and emissions leading to climate
change are the two main environmental factors inhibiting growth [33]. For this reason, the overarching goal
of the air transport industry is to continuously make flying more sustainable to allow for the expansion of
airports and the growth of aircraft movements and passenger numbers.
In the Netherlands, this goal is currently being tackled by restructuring the airspace above the country. More
direct routes to and from airports will result in fewer track-miles and thus less fuel consumption and fewer
emissions. Furthermore, it will allow for fixed arrival and departure routes that limit noise annoyance near
airports. This research focuses on the optimization of Standard Instrument Departures (SID) at Schiphol
Airport. The objective is to contribute to making air travel more sustainable by creating new aircraft type
dependent departure trajectories that are optimized for noise and fuel consumption.

Motivation & Process
The research was started in the Summer of 2020, it was an independent study that was performed at Delft Uni-
versity of Technology in the Air Transport & Operations department. The process started with an extensive
literature study to provide a basis for many of the topics that were covered in the final thesis. The Literature
Study was previously evaluated under the course: ’AE4020 - Literature Study’. This study can be viewed as a
continuation of previous work by B. Ceulemans [7] where aspects of trajectory optimization modelling were
covered. The current thesis evaluates the benefits of aircraft type dependent departure trajectories and al-
lows for the analysis and comparison of optimal trajectories for many different aircraft types. Furthermore it
highlights the trade-off being made between flying a fuel optimal or a noise optimal trajectory.

Research Objective
The research objective of this thesis is formulated below. The aim of this study is to:

evaluate the effect of optimal aircraft type dependent departure trajectories for a variety of aircraft types at
Schiphol Airport by developing a trajectory optimization model that can calculate an aircraft type specific de-
parture trajectory and uses multi-objective optimization to optimize them for fuel consumption and noise.

The objective can be achieved by answering the following research questions:

• What is the quantifiable benefit of tailored (aircraft type dependent) departure trajectories that are
optimized for noise and fuel consumption for a variety of different aircraft types?

• What is the trade-off between noise and fuel consumption when an aircraft is flying a fuel optimal or a
noise optimal departure trajectory?

• Can an aircraft fly the optimal trajectories (noise and fuel) of another aircraft?

• What is the effect on noise and fuel consumption when an aircraft flies another aircraft's optimal tra-
jectories?

xi



xii Introduction

Thesis Structure
This MSc thesis is organized into three main parts. In Part I the scientific paper is presented. This paper
describes the methodology, results and conclusions of the research that was conducted. Part II contains the
preliminary literature study that was completed before the study was executed. Finally, in Part III supporting
work is presented. This part provides supplementary information and explanations that act as support to the
claims that were made in Part I of this thesis.
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Multi-Objective Optimization of Aircraft Type Dependent Departure
Trajectories at Amsterdam Schiphol Airport

Hanna Lanwehr∗

Delft University of Technology, Delft, The Netherlands

Abstract

Due to the growing demand in air transport, measures need to be taken to reduce the impact of noise and
emissions on local communities and the environment. The generic nature of current departure procedures
leaves room for improvement in the form of aircraft type dependent departure trajectories. In this study a
trajectory optimization model is implemented that uses a multi-objective evolutionary algorithm to optimize
departure trajectories for fuel consumption and awakenings from noise. A parameterization technique is ap-
plied that reduces the number of optimization parameters by splitting the horizontal and vertical profiles
into segments, thereby reducing the complexity of the problem. The model is used to optimize a specific
departure trajectory at Schiphol Airport. A 15% reduction in fuel and a 60% decrease in number of awak-
enings is possible when an aircraft flies a fuel or noise optimal trajectory respectively. An intermediate
trajectory provides a trade-off between the two objectives that is still superior to the reference. Medium
aircraft can share an optimal trajectory without significant deterioration in performance while this does not
apply for heavy aircraft. The achieved fuel savings translate to lower CO2 emissions which contribute to
reaching EU climate goals, while the reduction in number of awakenings results in fewer restrictions on the
maximum number of aircraft movements. Both aspects allow the air transport industry to continue growing
in a sustainable manner in the future.

1 Introduction
Air transport is an ever growing and developing industry that is greatly beneficial for economic growth [1].
However, it also has repercussions in the form of noise annoyance and emissions from fuel burn. Fuel usage
directly translates to CO2 and other pollutant emissions causing harm to the environment as well as lowering
the quality of life of communities living near airports [2]. The continuous increase in air traffic demand calls for
action from the industry to mitigate the adverse climate effects, therewith allowing further growth. In 2019,
81 million aircraft movements took place in civil aviation, transporting around 4.5 billion passengers across the
world [3]. These numbers contribute to 2.5% of the total global CO2 emissions and 3.5% of climate change
[4]. Thus, if operations continue in the current trend without taking climate action, the air transport industry
will have used up all of the allowable emissions set by the Paris Agreement between 2070 and 2100. After
this, negative emissions would be necessary [5]. The Paris Agreement stipulates that greenhouse gas emissions
must cease to exist around 2050 [6], however, current international measures in aviation are still not effective
enough to achieve this goal [5]. The Dutch government provides guidelines ("Luchtvaartnota" [7]) for safe and
sustainable aviation to help in achieving climate and noise abatement objectives. Furthermore, the Dutch
Airspace Redesign Project (DARP) aims to make the airspace more efficient so that air transport can continue
to grow in the future.
A continuous increase in global population causes residential areas to encroach on airports. Therefore, expanding
airports to keep up with demand is met with much opposition by locals, primarily due to noise annoyances.
In the Netherlands in 2016, around 48,300 people were exposed to more than 55 dB Lden as a direct result of
air traffic from Amsterdam Schiphol Airport (AMS) [8]. Many airports are currently subject to government
restrictions and regulations to limit aircraft movements [9]. These restrictions can only be alleviated if aircraft
noise and emissions can be significantly reduced.
Technology is continuously developing with respect to cleaner and quieter aircraft [10]. It is the EU’s goal that
future aircraft result in 75% less CO2 emissions, 90% less NOx emissions and a reduction of the perceived noise
level of 65% per passenger kilometer compared to the average aircraft that was new in 2000 [11]. While these
technologies are effective, it takes time and money to develop and introduce new aircraft into an airline’s fleet,
therefore this is done very gradually. A more immediate solution can be to adapt the way current aircraft fly by
changing operating procedures [10]. It has been shown that aircraft noise and engine emissions can be greatly
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reduced by trajectory optimization [12][13].
Currently, Schiphol Airport uses Standard Instrument Departures (SID) that are generic for all aircraft types.
These SIDs provide a defined ground track and vertical procedure to be followed by every aircraft from take-off
to departure fix. This provides a simple, safe departure with minimal Air Traffic Control (ATC) communication
and intervention necessary. However, every aircraft type has different characteristics, such as weight and engine
type, that affect its performance during departure. Therefore, the SID cannot be flown in the same way by every
aircraft with the same defined thrust and speed settings. This results in sub-optimal departure trajectories.
Additionally, the SIDs at Schiphol were designed when the population was smaller and less dense, and the need
to slow down climate change was not as apparent and crucial as it is today [14].
The goal of this research is to evaluate the effect of noise and fuel optimal departure trajectories that are aircraft
type dependent. This is achieved by creating a trajectory optimization model that can calculate the aircraft
type specific ground track and vertical profile of a departure trajectory for a variety of aircraft types. A multi-
objective evolutionary algorithm is used to optimize the trajectories for the two contradicting objectives: fuel
consumption and total awakenings. The noise optimal and fuel optimal trajectories are compared and a third,
intermediate solution is used to evaluate the trade-off that is made when optimizing for either objective. To
minimize the amount of separate trajectories, the aircraft are flown on each other’s optimal routes to evaluate
the effects on fuel and noise. The model is applied to a specific case scenario at Schiphol Airport.
The rest of this paper is structured as follows. The next section provides a literature review discussing current
measures for aviation noise and emissions as well as previous research on tailored departure trajectories and
optimization. Section 3 provides the theory and methodology for this study. The building blocks of the trajectory
optimization model are discussed in detail here. Then, Section 4 describes a case study for a specific runway
and departure fix combination at Schiphol Airport. This serves as the reference scenario on which the analysis
of the optimized trajectories is based. Section 5 presents the results of the study and Section 6 discusses them.
Finally, Section 7 gives conclusions and Section 8 provides recommendations for future work.

2 Literature Review
The environmental impact of air transport can be summed up in three groups according to the International
Civil Aviation Organization (ICAO): 1) The perceived noise impact on the ground, 2) local air quality and 3)
global warming [15]. Optimizing departure procedures is a large area of interest because it directly influences
perceived noise level and local air quality, while indirectly affecting global warming [16]. In this section, current
noise abatement and emission reduction schemes are discussed as well as previous research done on the topic of
trajectory and multi-objective optimization.

2.1 Noise Abatement
There are two general ICAO measures in place at airports that aim to reduce noise levels during take-off [17].
These are referred to as Noise Abatement Departure Procedures (NADP) and their difference lies mainly in the
initiation of flap retraction after take-off. NADP1 aims to reduce noise only close to the airport and NADP2
reduces the overall noise footprint. Additionally NADP2 provides significant reductions in CO2 emissions and
fuel costs [18].

Figure 1: Vertical departure procedures
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During an NADP1 departure, after initial take-off thrust a power reduction occurs at an altitude of 240m
(800 ft) while flaps and slats remain in take-off configuration. The aircraft climbs further toward 915m (3000 ft)
at which the flaps are retracted. Finally, the aircraft accelerates to en-route climb speed.
Schiphol Airport is officially an NADP2 airport as this procedure ultimately provides higher noise and emission
reductions than NADP1 [19]. During NADP2, flap retraction already starts at 800 ft while a power reduction
occurs and the aircraft accelerates to zero flap speed. This procedure is depicted in Figure 1 alongside NADP1
[17]. ICAO regulations require the minimum acceleration altitude to be 800 ft for safety reasons. This is so that
in case an engine fails during take-off, the pilot can still transition to a single-engine departure profile. NADP2
allows for a higher ground speed which shortens the noise event and has been found to decrease the number of
highly annoyed people in the vicinity of the departure trajectory. The earlier thrust cutback also results in less
noise and 3-4% less fuel emissions than NADP1 [18].

2.2 Fuel & Emissions
It is a well known fact that CO2 emissions contribute greatly to global warming. As mentioned, the aviation
industry accounts for around 2.5% of global CO2 emissions resulting from human activity [4]. The majority
of this stems from international aviation. To tackle this issue, the ICAO Carbon Offsetting and Reduction
Scheme for International Aviation (CORSIA) compliments the goals of the Paris Agreement to significantly
reduce greenhouse gases and limit global warming to a maximum of 2° Celsius [20]. This means carbon neutral
growth from 2021 onwards and a 50% CO2 reduction by 2050 [6]. On a European level, Single European Sky
ATM Research (SESAR) aims to reduce fuel consumption per flight by 10%, translating directly to a 10% CO2

reduction per flight as well [21]. An Oxford study found that the quickest way to reach this goal is better flight
management by optimising horizontal and vertical flight profiles [22]. Other measures to reduce CO2 emissions
are longer-term solutions that involve the technological development of aircraft as well as the use of Sustainable
Aviation Fuels (SAF). The impact that these measures will have on CO2 emissions in aviation over time is
depicted in Figure 2. Emissions are evidently destructive to the environment, which is why there are high taxes
set for them. Airlines could significantly reduce their costs by limiting CO2 emissions. One tonne of fuel by
itself costs an airline about e 530 [23]. Burning one tonne of fuel produces 3.16 tonnes of CO2 [24] which in turn
costs e 174, and the cost of CO2 is steadily increasing [25]. When considering the amount of aircraft movements
for an airline per year, the costs add up substantially and every bit of CO2 savings can be beneficial.

Figure 2: Contribution of basket of measures to reduce CO2 in aviation [20]

2.3 Multi-Objective Trajectory Optimization
Optimizing flight paths and profiles can have positive impacts on fuel burn, emissions and noise exposure [22].
Using trajectory optimization, current departure paths can be improved and adapted to individual situations
and aircraft types. Research has been done on this topic in the past using different methods and optimization
algorithms.
Visser and Wijnen [26] combined an Integrated Noise Model, a geographic information system and a dynamic
trajectory optimization algorithm into one tool to design environmentally optimal arrival and departure routes.
Later on the tool was modified to optimize trajectories based on area navigation (RNAV) using gradient based
optimization techniques [27]. Prats et al. [28] used numerical multi-objective optimization to mitigate the effect
of noise in highly noise sensitive areas. He went on to investigate departure trajectories at Girona airport and
found from numerical results that noise annoyance can be significantly reduced by using optimized trajectories
[13]. Torres et al. [16] used a derivative free multi-objective mesh adaptive direct search method (multi-MADS)
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to solve a trajectory optimization problem to reduce the environmental footprint of a departing aircraft. This
was measured at a single measurement point. The method generates Pareto fronts by solving a number of
single-objective optimization problems. Ho-Huu et al. [29] developed a multi-objective evolutionary algorithm
based on decomposition (MOEA/D) to design optimal noise abatement departure trajectories. Gradient free
methods such as this one have the disadvantage of a high computational cost, therefore some enhancing features
were integrated to increase efficiency. Zhang et al. [12] also developed a gradient-free trajectory optimization
framework, implementing a parameterization method to separate lateral and vertical flight dynamics. Finally,
Ho-Huu et al. [30] formulated a newer version of MOEA/D to design optimal departure trajectories and allocate
flights.
The literature shows that gradient-based and gradient-free optimization methods have both been used to solve
the type of problem in question. Gradient based techniques, while efficient, can have limitations when a
problem is thus complex that its objective and constraint functions are not differentiable and the variables
are not continuous [12]. It is also common for solutions to be stuck in a local optimum if the problem is
nonlinear and there is more than one local optimal solution. With increasing complexity of a problem, the
use of gradient-based methods becomes less convenient or impossible. Furthermore, the studies mentioned use
single-optimization methods. This means the multiple objectives are not being solved simultaneously within
the optimization problem. Due to the mentioned limitations, it is more common to use gradient-free methods.
These methods are able to deal with discontinuous problems and are able to generate a set of non-dominated
optimal solutions.
This paper discusses a gradient-free approach to solving a trajectory optimization problem with two objectives;
awakenings from noise and fuel consumption. A variety of different aircraft types are implemented to find
optimal departure routes for each using a Non-dominated Sorting Genetic Algorithm (NSGA-2).

3 Methodology
A trajectory optimization model was developed that is able to calculate new, aircraft type dependent trajectories
that are optimized for fuel consumption and noise. The model makes use of a trajectory parameterization
technique. Furthermore, it has an integrated aircraft performance and fuel flow model. Finally, a replication
of the Integrated Noise Model is used to output sound exposure levels (SEL). This information is then used to
calculate the total number of awakenings during the entire departure based on population density data in the
vicinity of the trajectory. The NSGA-2 algorithm is used for optimization. An overview of the individual blocks
of the model is shown in Figure 3.

Figure 3: Block diagram of the trajectory optimization model

3.1 Assumptions & Requirements
To understand the model it is important to take note of the assumptions that were made and the requirements
that need to be fulfilled. The aircraft is modelled as an intermediate point mass model with no wind present.
The Earth is assumed to be flat and non-rotating. The aircraft is performing a coordinated flight. The maximum
bank angle remains constant. During the entire take-off procedure it is not permitted to descend or decelerate
and the weight of the aircraft is assumed to remain constant throughout. This is because the change in weight
during departure is considered to be negligible compared to the take-off weight of the aircraft. The initial and
final coordinates of the trajectory are fixed. Finally, an NADP2 departure trajectory is assumed.
The model is required to be capable of performing a multi-objective optimization for two opposing objectives
and must be applicable to a wide variety of aircraft types. The trajectories are optimized per runway and
departure fix combination. Operational and safety regulations require the minimum turn height to be 120m
(390 ft) and the bank angle in the turn segments should not exceed 25°. The trajectory should reach the final
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coordinates within 50m (160 ft) to account for rounding errors.

3.2 Aircraft Performance Model
Keeping the assumptions and requirements in mind, the equations of motion of the aircraft can be expressed as
in Eq. 1 [31].

ẋ = V cos γ sinχ (1a)
ẏ = V cos γ cosχ (1b)
ż = V sin γ (1c)

χ̇ =
g tanµ

V
(1d)

Here x,y, and z are the position variables and χ is the azimuth of the aircraft. These equations are dependent
on the following variables:

• V: the true airspeed

• γ: the flight path angle

• µ: the bank angle

The true airspeed is defined as the norm of the point mass’s position derivatives:

V =
√
ẋ2 + ẏ2 + ż2 (2)

The flight path angle, γ, can be any value between γmin and γmax determined using the continuous decision
variable γn (0 < γn ≤ 1) as shown in Eq. 3. Since descending is not permitted, γmin = 0°.

γ = (γmax − γmin) γn + γmin (3)

Since the turn radius and the true airspeed are determined beforehand, the bank angle µ can be calculated using
Eq. 4 and is no longer seen as an input to the system of equations. This reduces the number of optimization
parameters and thus computation time.

µ = tan−1

(
V 2

g0R

)
(4)

In low airspeed and low altitude, the acceleration of the aircraft can be determined by Eq. 5 [32]. This equation
gives the derivative of the equivalent airspeed and is only used to determine the minimum thrust and maximum
allowable flight path angle. This equation takes into account that acceleration is required when climbing to
maintain a constant indicated airspeed.

V̇Eq. =
1

2ρ

∂ρ

∂h
V 2 sin γ + g0

(
T −D

W
− sin γ

)
(5)

Using the assumption that negative acceleration may not occur, Eq. 5 can be solved when V̇Eq. = 0. This
occurs in two instances: when the thrust is too low to maintain airspeed, or when the flight path angle is too
large to maintain airspeed. Both instances would cause the aircraft to stall and so limitations are defined in
Eq. 6 and Eq. 7 [32].
Solving for the minimum thrust needed to maintain airspeed at any given flight path angle gives:

Tmin =
W

g0

(
g0 sin(γ)−

1

2ρ

δρ

δh
V 2 sin(γ)

)
+D (6)

Solving for the maximum allowable flight path angle to prevent the aircraft from stalling gives:

γmax = sin−1

 2ρg0 (Tmax −D)

W
(

∂ρ
∂hV

2 − 2ρg0

)
 (7)

Here Tmax is the maximum thrust available during take off or climb and follows from the maximum thrust
model in Section 3.2.1. For situations where neither maximum nor minimum thrust are required, Eq. 8 can be
used to determine the thrust.

T = (Tmax − Tmin)ηn + Tmin (8)

Here, the throttle setting ηn (0 < ηn ≤ 1) can be changed to set a thrust between Tmin and Tmax. The variables
ηn and γn are used to define the parameterized vertical profile as will be discussed in Section 3.4.2.
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3.2.1 Maximum Thrust Model

The maximum thrust model differentiates between the maximum thrust at take-off and during climbing con-
ditions. The maximum take-off thrust is calculated using a second degree polynomial function of speed with
engine specific coefficients [33]. It is modeled as a ratio to the maximum static thrust, i.e. the maximum thrust
at zero speed at sea level. The maximum take-off thrust can be adapted for airports that are not at sea level.
This makes the model more flexible for varying airports.
In [33], the climb thrust is divided into three segments of different altitudes. The current study is focused
on the first segment which is between 0 and 3000m (10, 000 ft). For this segment, the thrust variation with
altitude is almost linear. There are two assumptions to take note of for calculating the maximum climb thrust.
1) International Standard Atmosphere (ISA) is considered for temperature variations with altitude, and 2) the
Turbine Entry Temperature (TET) varies linearly with altitude.1

3.2.2 Aerodynamic Drag Model

In a point mass model, the drag coefficient is calculated using Eq. 9 where CD0 is the zero-lift drag coefficient,
k is the lift-induced drag coefficient factor and CL is the lift coefficient [34].

CD = CD0 + kC2
L (9)

A corrected zero lift drag coefficient is applied when the aircraft is not in clean configuration. During take-off,
flaps are deployed to increase drag. This increase in drag coefficient due to the flaps can be determined using
Eq. 10 [34].

∆CD,f = λf

(cf
c

)1.38
(
Sf

S

)
sin2 δf (10)

This equation contains various aircraft type specific variables. cf
c is the flap to wing chord ratio, Sf

S is the flap
to wing surface ratio, δf is the flap deflection angle and λf is dependent on the type of flaps. This value is set
to 0.9 for all aircraft types examined in this study.

3.3 Fuel Flow Model
The fuel flow model uses the ICAO aircraft engine emission data-bank [35]. This databank provides fuel flow
indicators for each engine type. A continuous fuel flow profile is used that is based on points from the ICAO
databank. These are denoted as Cff3, Cff2 and Cff1. A linear correction factor, Cff,ch is also considered to
take into account the change in altitude during the departure trajectory. Since Cff,ch is not available for all
engine types, a mean value of 6.7e− 7 is used as a default for all aircraft types. The dynamic fuel flow (kg/s) is
then computed with Eq. 11 [34]. In this equation T is the current thrust and T0 is the maximum static thrust
at sea level. h is the current altitude.

ffuel (T, h) = ffuel,SL (T ) + Cff,ch · T · h

= Cff3

(
T

T0

)3

+ Cff2

(
T

T0

)2

+ Cff1
T

T0
+ Cff,ch · T · h

(11)

The model only calculates fuel flow and not emissions, however fuel burn is directly linked to CO2 emissions
and can be examined post optimization.

3.4 Trajectory Parameterization
The parameterization method splits the ground track and vertical profile into segments separately, allowing for
the optimization of the variables that define each segment. The advantage of using a trajectory parameterization
technique is that it allows for a relatively large number of optimization parameters without adding additional
constraints and without compromising the computation time. This is beneficial because genetic algorithms
often require significant model evaluations to find the Pareto-optimal solutions [31].

3.4.1 Ground Track

The model makes use of RNAV to parameterize the ground track. This allows aircraft to fly a specified route
within a network of waypoints by using ground beacons and the Global Navigation Satellite System (GNSS).
RNAV makes use of track-to-a-fix legs for straight segments and radius-to-a-fix legs for constant radius turns
[17]. The same concept is implemented in the trajectory optimization model. The trajectories consist of a
straight leg and a turn segment in sequence. The parameterized variables defining these segments, such as the

1The equations used in the maximum thrust model can be found in Section 1.1 of Part III of this thesis.
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length, L, for a straight segment and a radius, R, and heading change, ∆χ, for the turns, allow for flexibility
in the optimization of the ground track. An example of a parameterized ground track with decision variables
is given in Figure 4(a). It follows that if the first two decision variables are known (L1 and R2), and the final
coordinates (xf and yf ) are given, then ∆χ and L3 can be determined using trigonometry2. This reduces the
amount of optimization variables needed in the model. The number of straight and turn segments is explicitly
defined in the model. A sensitivity analysis was performed beforehand with five, seven and nine ground segments
to assess the optimality and duration of each3. Increasing the number of segments also increases computation
time. To keep the study manageable, it was decided that five ground segments are used in the model to define
the ground track. This means each trajectory has three straight segments and two turns.

(a) Ground segments (b) Vertical segments

Figure 4: Trajectory segments

3.4.2 Vertical Profile

The vertical profile is determined by the departure procedure that is flown. In this case NADP2 is implemented.
The profile is divided into five segments, each defined by two flight parameter settings; the flight path angle γn,
and the throttle setting ηn. The subscript n represents the segment number. γn and ηn represent percentages
of their respective maximum flight parameters as was defined in Eq. 3 and Eq. 8.
In the first segment the aircraft departs at maximum take-off thrust and accelerates from V2 towards V2+15 kts.
Here, γ is left as a decision variable and η = 1 for maximum thrust. Once this speed is reached, in the second
segment the aircraft climbs at a constant airspeed towards 800 ft as defined by the NADP2 procedure. Once
again, γ is left as a decision variable and now η = 0 since a constant airspeed and thus minium thrust is required.
In the third segment starting at 800 ft the acceleration segment is started to reach en-route climb speed and
the flap retraction schedule is initiated. As a result, γ and η are both decision variables. In the fourth segment
the aircraft climbs with constant climb speed until the final altitude is reached. γ is a decision variable and
η = 0 to maintain constant airspeed. Once at the final altitude, the aircraft levels off and remains at a constant
altitude until the final coordinates of the trajectory have been reached. The fifth segment occurs during the
fixed-radius turns as the aircraft is assumed to climb at a constant airspeed. This means that γ is a decision
variable and η = 0. These five segments result in six decision variables that define the vertical profile of the
trajectory.

3.5 Noise Model
The noise originating from a single aircraft flyover can be determined using two measures. The maximum sound
level (LAmax) represents the peak noise level that an aircraft produces during the flyover. The Sound Exposure
Level (SEL) is the level of noise produced for which, if the flyover only took 1 second, it would have the same
noise energy as the entire event [36].
To assess the noise impact of the individual departure trajectories in this study, a replication of the Integrated
Noise Model’s (INM) in-flight noise assessment tool [37] [38] was implemented into the trajectory optimization
model. This tool, called INMTM, is capable of calculating the noise impact for a single-event flyover by means
of an A-weighted SEL and an A-weighted LAmax value. The A-weighting corrects the sound level to better

2The derivation for determining the last two decision variables can be found in Section 1.2 of Part III of this thesis.
3The results of the sensitivity analysis can be found in Section 2 of Part III of this thesis.
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represent how people perceive noise [39]. INMTM uses Noise-Power-Distance tables to interpolate thrust levels
and slant range to the observer. The tables are created under the assumption that the aircraft is flying on an
infinitely long segment at a given speed, with the observer standing directly below the flight trajectory. For
this reason, corrections are made in INMTM to account for non-reference conditions like different speeds or
observers located ahead or behind, as well as to the left or right of the aircraft trajectory [37].
For the purpose of this study, only the SEL values are of importance since this is the metric used in the
calculation of awakenings from a departure. Furthermore, the population density near the aircraft path is
needed to quantify the community noise impact. The noise cost value is calculated over a predetermined area,
referred to as the noise evaluation area. This area incorporates the entire departure trajectory. The noise
evaluation area is made up of smaller grid points of 500x500m and is defined as an input to the noise model.
The model calculates the SEL for every individual grid point. For each gridpoint the population density is also
known. This data is available from the "Centraal Bureau voor de Statistiek" (CBS) [40].
When relating aircraft noise to the effect it has on the local population, a dose response relationship is commonly
used. This uses the measured noise level to determine the percentage of people that are highly annoyed by an
aircraft noise event. Such a relationship is usually derived from field research [36]. Eq. 12 shows the dose-
response relationship determined by the Federal Interagency Committee on Aviation Noise (FICAN) based on
Figure 5. This is the relationship used in this study to determine the percentage of awakenings from a single
flyover. More specifically, Eq. 12 represents the "maximum percent of the exposed population expected to be
behaviorally awakened" [41]. The awakenings are used as a general measure of noise annoyance in this study
and also translate to day time operations.

% Awakenings = 0.0087 · (SELindoor − 30)
1.79 (12)

Figure 5: FICAN sleep disturbance dose-response relationship [41]

By multiplying the number of people living within a gridpoint with the expected percentage of awakenings of
that particular gridpoint, one can determine the total maximum number of awakenings in that gridpoint and
by addition the whole noise evaluation area. The relationship in Eq. 12 uses the indoor SEL, whereas INMTM
provides the outside SEL. Therefore a correction factor of 20.5dB is applied accounting for the sound absorption
of an average house [31].

3.6 Optimization
The algorithm that performs the optimization of the two objectives - fuel consumption and awakenings from
noise - is the Non-Dominated Sorting Genetic Algorithm 2 (NSGA-2). This is an evolutionary algorithm that
differs from the standard genetic algorithm in the way that the individual solutions are ranked. NSGA-2 starts
by initializing a population and then a generational loop is repeated. This loop has two components; variation
and selection [42]. An offspring population is created from the initial population by mixing the genes of better
performing individuals, selected using binary tournament selection, and mutating them. This combining and
mutating is done using Simulated Binary Crossover (SBX) and polynomial mutation respectively. The resulting
population of parents and offspring is then twice as large as the original. In the second step, all individuals are
ranked into different fronts, depending on their performance. This non-dominated sorting is purely dependent
on the Pareto order. Individuals are picked from the best fronts until the size of the original population is
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reached. If individuals have the same rank, they are sorted according to the crowding distance, which reflects
the diversity of the solution4.

3.6.1 Constraints

The objective function is subject to some constraints that need to be defined explicitly. First, it is defined
that the end of the calculated trajectory must be within 50m (160 ft) of the final coordinates that are given.
Furthermore, operational and safety requirements dictate that the minimum turn height is 120m (390 ft) and
the maximum bank angle in turns is 25°[17].

3.7 Output
The optimization ends once the stopping criterion is met. In this case there is a maximum number of evaluations
that the optimization runs for, which is 10,000 evaluations with a population size of 100. These values were
chosen based on previous work [43]. The output of the model is a Pareto set of optimal solutions for one aircraft
type and one runway and departure fix combination. The Pareto front gives the fuel optimal, noise optimal, and
all optimal solutions in between. These solutions represent optimal departure trajectories that are dependent
on one aircraft type.
In order to analyse the results of the model, the solutions that will be used must be chosen from the Pareto
optimal front. In this case the fuel optimal as well as the noise optimal solutions are of interest. These are
the outermost points on the Pareto front. A third, intermediate solution is chosen to highlight the trade-off
that is made between fuel and awakenings. The third point is chosen from the middle of the Pareto front. The
derivatives between the points are calculated and subtracted from each other. The aim is to obtain a large
positive value when the derivatives are subtracted, thereby selecting a point that can save a sufficient amount
of one objective while limiting additional costs to the other objective 5.

4 Case Study
The trajectory optimization model described in Section 3 is applied to a case scenario at Schiphol Airport. This
section describes the airport and its current procedures concerning departures, noise and emissions. A reference
case for the trajectory optimization for a specific runway departure fix combination is discussed as well.

4.1 Amsterdam Schiphol Airport
Schiphol Airport is one of the busiest airports in the world. With a total of around 497,000 aircraft movements,
80.5 million passengers were transported around the world in 2019 [44]. Schiphol Airport is the main airport in
the Netherlands serving 104 airlines and acts as a hub for KLM Royal Dutch Airlines. The airport is located
9 km southwest of Amsterdam on an area of 27.87 km2, which is larger than the city of Delft [45].

4.1.1 Runway Layout & Usage

Schiphol Airport has six runways in total, five of which are used for commercial aviation. The sixth runway, the
‘Oostbaan’, is shorter and is used mainly for general aviation. Figure 6(a) [46] shows the orientation and location
of the runways. Most departures from Schiphol Airport have southern or eastern destinations as depicted in
Figure 6(b) [47].
At Schiphol Airport the runway usage is currently decided using a preferred sequence list. This list determines
the optimal combination of runways used for take-off and landing in given weather conditions and traffic supply.
The goal of this is to always find the most suitable runway that will mitigate noise nuisance to the surrounding
population while guaranteeing safety. This is attained by picking runways and departure paths that avoid the
most densely populated areas near the airport. Two runways are open for arrivals and one for departures during
the day or vice versa. At night only one runway is used for landing and one for take-off due to lower traffic flow
and noise abatement policies [47]. Preferred runways are the ‘Kaagbaan’ for arriving and the ‘Polderbaan’ for
departing traffic, but this is also dependent on wind conditions. When there is wind from the east or west the
‘Buitenveldertbaan’ is used. The preference list is generic and applies the same for all aircraft types.

4Further information about the algorithm and optimization settings can be found in Section 1.3 of Part III of this thesis.
5The derivation for the selection of the intermediate point can be found in Section 1.4 of Part III of this thesis.
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(a) The runway layout of AMS [46] (b) Distribution of arriving and departing traffic for AMS in 2019
[47]

Figure 6: Runway layout and distribution of arriving and departing air traffic for Amsterdam Schiphol Airport

4.1.2 Noise

Currently, the method for calculating aviation noise exposure near airports in the Netherlands is determined
by the Nederlands Rekenmodel (NRM) [48]. This model stems from the 1960s and has been adapted to the
changing times. The NRM uses LAmax as a metric and the noise contribution is calculated per gridpoint. LAmax

is not a time based metric, however it is made equivalent to the SEL in this model, resulting in inaccuracies
as the duration of the noise event is not taken into account. In general, aviation standards are becoming more
international rather than local, with the aims of Single European Sky (SES) in mind. For this reason, the
Netherlands is starting to introduce a new noise calculation method, the ECAC Doc29. This model is more
advanced, containing a larger database of aircraft performances and noise metrics, such as the SEL value that
does take the duration of the noise event into account. Further aspects like topography, position of motors and
calculations considering bank angles in turns are included in the new model. This allows for better representation
of the true situation. Implementing a new model has consequences and takes time since it will change the norms
and standards of noise contours.
With the current NRM, restrictions are in place to limit the amount of highly annoyed people within a specific
noise contour around Schiphol Airport. These contours are based on the average day-evening-night levels (Lden).
The "Nieuw Normen- en Handhavingstelsel Schiphol" (NNHS) specifies the number of highly annoyed people
experiencing an average noise level of more than 48dB(A) and the number of sleep disturbed people experiencing
more than 40dB(A) Lnight. This is based on the number of flight movements, which is limited to 500,000 per
year for Schiphol Airport. Table 1 shows the norms and expected disturbances for 2020 as opposed to 2015.

Indicator Noise Exposure Reference Intended norms (prognosis)

Situation 2015 Situation 2015 Situation for 500,000
aircraft movements 2020

Number of houses ≥ 58 dB(A) Lden 7,900 7,800 9,000
≥ 48 dB(A) Lden 263,100 259,600 257,900

Number of highly
annoyed people ≥ 58 dB(A) Lden 8,800 8,800 10,200

≥ 48 dB(A) Lden 130,200 128,500 129,100

Table 1: Noise norms for 2020 compared to 2015 [49]

The Guideline Development Group (GDG) recommends keeping Lden noise levels below 45dB(A) due to nega-
tive health effects such as heart and vascular disease, sleep disorders, tinnitus and more. In the current study,
single noise events are considered. Research from the "Nederlandse Organisatie voor Toegepast Natuurweten-
schappelijk Onderzoek" (TNO) concluded that sleep disturbances occur upward of a 55dB(A) SEL [36].
Amsterdam Schiphol Airport, "Luchtverkeersleiding Nederland" (LVNL) and airlines all play their part in re-
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ducing noise exposure and emissions in different ways. As mentioned, the runway preference list at Schiphol
Airport aims to minimize noise nuisance to the surrounding areas by choosing runway combinations that avoid
densely populated areas during take off and landing. Cleaner and quieter aircraft are encouraged at Schiphol
Airport by reducing airport costs for airlines that introduce new aircraft into their fleet. Flying with loud,
inefficient aircraft can result in costs that are up to 180% the base rate, while the most clean and quiet aircraft
can result in a 45% cost reduction [50]. In terms of procedures, Schiphol Airport uses the NADP2 as a standard
departure procedure as mentioned in Section 2. Overall, this procedure generates higher noise abatement and
is beneficial for fuel burn and CO2 emissions.

4.2 Reference Scenario
For this case scenario the departure runway 09 (‘Buitenveldertbaan’) is chosen with the LOPIK waypoint located
to the south-east of the airport as the departure fix. Although this particular runway is not used as often for
departures at the moment due to military airspace restrictions, the current SID is designed to lead over a large
part of Utrecht West. Furthermore, the majority of destinations from Schiphol Airport are located to the east
and south-east of the Netherlands as depicted in Figure 6(b). The LOPIK SID is not available at all times
because there is a large military airspace located above the south-east of the Netherlands. This area is used
for military training during the week and covers a large portion of the airspace above Noord-Brabant and the
southern part of Gelderland [51]. All civil aviation is restricted from flying in this airspace when it is in use and
must fly around it. This results in less direct routes from and to Schiphol Airport and other Dutch airports.
The longer flight times and additional track miles flown increase fuel burn and CO2 emissions. One of the plans
of the Dutch Airspace Redesign Project is to dissolve the military area in the south-east to allow for more direct
arrival and departure procedures to Schiphol Airport. Once this takes effect, planned for 2023, the 09 LOPIK
departure could have a much larger significance for Schiphol Airport departures.

L1 R2 ∆χ2 L3 R4 ∆χ4 L5 R6 γ1 γ2 γ3 η3 γ4 γ5

2800m 2000m 90° 4200m 2500m -39° 21000m 2100m 0.9 0.5 0.8 0.99 0.7 0.4

Table 2: Decision variables for current LOPIK SID

(a) Ground track with SEL contour within noise
evaluation area for reference scenario of B737

(b) Altitude and airspeed for reference scenario of B737

Figure 7: Reference scenario modeled for B737

The departure chart of the 09 runway including the LOPIK SID is shown in Figure 14 in Appendix A [52]. The
trajectory consists of three turns and four straight segments. After take-off from runway 09 the path takes a
sharp right turn, flying over Amstelveen to reach the EH036 waypoint. Here the path takes a left turn heading
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for the OGINA waypoint located on the outskirts of Utrecht above a quite densely populated area. From there
a right turn is made to line up with the final LOPIK waypoint, flying above Nieuwegein and Vianen to get
there.
The reference scenario can be calculated using the trajectory optimization model. The three turns indicate that
eight decision variables are needed for the ground segment. The vertical profile follows an NADP2 procedure.
The decision variables of the reference case are given in Table 2 and they result in the trajectory shown in
Figure 7. The decision variables are the same for all aircraft types to represent the generic current departure
procedure. The reference scenario adheres to exit conditions of 3650m (12000 ft) altitude and 128m/s (250 kts)
once the LOPIK waypoint is reached. These same conditions apply to the newly optimized trajectories. The
specific trajectory in Figure 7 was modeled for the B737. The trajectory leads through a highly populated area
towards the south-east. This is the city of Utrecht that has over 1.3 million inhabitants. This is more than half
of the population within the entire noise evaluation area. The optimized trajectories are hypothesized to avoid
this area, especially the noise optimal trajectories should find a way around the densely populated regions.

Aircraft Weight class Fuel [kg] Awakenings
A319 M 509.12 4406.28
A320 M 558.81 5287.87
A321 M 749.19 9305.57
A388 H 4289.65 25963.93
B734 M 588.98 11373.65
B737 M 567.67 9796.59
B738 M 581.82 9534.32
B744 H 3263.08 65192.11
B772 H 1601.46 11683.02

Table 3: Cost values for the reference cases at MTOW

Figure 7(a) also gives an indication of the SEL contours from the current SID as modeled for the B737. Large
parts of the >50dB(A) and >60dB(A) contours are covering Utrecht and Nieuwegein, two of the more populated
areas under the trajectory. The number of awakenings and amount of fuel consumption associated with the
reference scenarios are given in Table 3 for all aircraft types that were considered. These values serve as
comparison material for the new, optimized trajectories. All trajectories, including the reference, were modeled
with the Maximum Take-Off Weight (MTOW) of the respective aircraft. The trajectory optimization model
is applied to nine different aircraft types to evaluate the noise and fuel costs individually for different aircraft
characteristics. These aircraft were chosen based on the aircraft operating at Schiphol Airport. The A319,
A320, A321 and B738 are part of the group of aircraft that made up more than 50% of the fleet for commercial
aviation at Schiphol Airport in 2019 [47]. The B744 and A388 are among the heaviest aircraft to operate at
Schiphol Airport.

4.2.1 Optimization Bounds

In order for the genetic algorithm to provide accurate results without extensive computation times, optimization
bounds need to be set for the decision variables. It is important that the bounds are not set too narrow as this
could mean that the true optimal solution is not within the bounds. Bounds that are too broad can result in
unmanageable computation times as well as getting stuck in local minima. Table 4 provides the bounds that
were used in this case study for the optimized trajectories. The γn and η3 values are factors of the maximum
available value for the respective parameter as was defined in Eq. 3 and Eq. 8 in Section 3.2.

L1 R2 ∆χ2 L3 R4 γ1 γ2 γ3 η3 γ4 γ5

lower bound 1000m 1000m 30° 1000m 1000m 0 0 0 0 0 0
upper bound 10000m 8000m 90° 40000m 8000m 1 1 1 1 1 1

Table 4: Lower and upper optimization bounds for the decision variables of the trajectory.
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5 Results
The outcome of the trajectory optimization model is a Pareto front for each individual aircraft type. Using
the method mentioned in Section 3.6, three points are selected from each front that are used in the subsequent
analysis. The Pareto front for the B737 including selected solutions is shown in Figure 8. The convex nature of
the curve indicates that the two objectives have an inverse relationship; when one decreases the other increases
and vice versa. Furthermore, the change in fuel consumption is observed to be much smaller than the change
in awakenings. The Pareto fronts for all optimized aircraft types are given in Appendix B.

Figure 8: Pareto front of optimal solutions for the B737

5.1 Optimal vs Reference
To quantify the effect of aircraft type dependent departure routes, the optimized trajectories can be compared to
their individual reference case. Overall, the altitude and speed profiles show that the optimized paths prefer to
accelerate quicker and earlier, thereby remaining at lower altitudes for longer. The modeled optimal trajectories
for the B737 are shown in Figure 9 along with the reference case. The optimized decision variables that define
these trajectories are given in Table 5. The decision variables for the vertical profile are defined as factors of
the maximum possible flight path angle or thrust as seen in Eq. 3 and Eq. 8. The ground track shows that
all of the optimized trajectories avoid Utrecht more than the current SID. When optimizing for fuel, the track
takes a fairly direct route towards the final way point. The noise optimal solution flies a longer distance to
avoid populated areas. The optimal trajectory plots of each individual aircraft type are given in Appendix C.
The SEL contours of the optimal paths are much more narrow than the reference SID, especially on the first half
of the trajectory. This is especially true for the heavier aircraft. Furthermore, the SEL contours show that the
trajectories try to avoid excessive noise exposure over Utrecht and Nieuwegein as much as possible. Nieuwegein
is (partially) within the >50dB(A) contour of most aircrafts’ trajectories. The most noisy trajectory is that of
the B744. This aircraft has a much larger SEL contour for all dB(A) values. For this aircraft the >50dB(A)
contour extends over Utrecht in its entirety and even borders on Hilversum to the north. The SEL contour
plots for the noise optimal trajectories of each aircraft type are given in Appendix D.

Trajectory Type L1 R2 ∆χ2 L3 R4 γ1 γ2 γ3 η3 γ4 γ5

Fuel Optimal 1476m 2222m 71° 10274m 5826m 0.31 0.71 0.11 0.60 0.97 0.22
Intermediate 1356m 2179m 74° 33978m 6183m 0.31 0.69 0.11 0.64 0.99 0.22
Noise Optimal 5619m 3869m 85° 32691m 4554m 0.33 0.10 0.17 0.80 0.97 0.22

Table 5: Decision variables for selected B737 trajectories
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(a) Ground track for B737 (b) Altitude and TAS for B737

Figure 9: B737 optimal trajectories

A fuel optimal trajectory can save on average 15% fuel while also reducing the amount of awakenings by an
average of 39% when compared to the reference SID. For noise optimal trajectories, a 60% decrease in noise
was observed while fuel was reduced by an average of 8% compared to the current SID. The percentage change
in both objective values for all aircraft types on the fuel, intermediate and noise optimal trajectories compared
to the respective reference trajectories are depicted in Figure 10(a). An intermediate trajectory can save 13%
fuel and 55% awakenings on average compared to the reference situation.

(a) Percent change in fuel and awakenings of the fuel, interme-
diate and noise optimal trajectories compared to the reference
case

(b) Percent change in fuel and awakenings of the noise and in-
termediate optimal compared to the fuel optimal trajectory

Figure 10: Comparison of the percentile change in objective values for all trajectories

5.2 Fuel Optimal vs Noise Optimal
To judge the trade-off between a noise optimal and a fuel optimal trajectory, the optimized trajectories are
compared to each other. The altitude and speed profiles show that mostly the fuel optimal trajectories prefer
to climb faster and accelerate earlier than the other optimal trajectories. The fuel optimal trajectories take a
direct route to the final departure fix. For all aircraft, the path takes a right turn shortly after take off to change
to the heading that brings them to the final LOPIK waypoint. Often no second turn is made, or the final turn
has a very small heading change. The fuel trajectory takes less time than other paths, namely up to 7 minutes.
The noise optimal routes take two distinct turns at the start and at the end. The turns have a larger heading
change and the aircraft fly longer distances. Therefore the trajectory takes longer in general, needing between
8 and 8.5 minutes to reach the departure fix.
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A noise optimal trajectory can significantly reduce the amount of awakenings when compared to a fuel optimal
route. An average of 35% awakenings can be avoided. While awakenings are reduced, a noise optimal trajectory
comes at the cost of higher fuel usage. In the tested scenarios an average of 8.4% extra fuel was consumed
compared to fuel optimal trajectories. For the selected intermediate trajectories, fuel consumption is only
slightly increased by an average of 2% while noise is reduced by 25% when comparing it to a fuel optimal
trajectory. The percentage change in fuel and awakenings is shown in Figure 10(b) for all aircraft types. Here,
the optimal noise and intermediate trajectories are compared to the fuel optimal trajectory.

5.3 Flying Other Optimal Trajectories
To reduce the number of separate trajectories all of the aircraft were flown on different optimal trajectories than
their own. The goal of this was firstly to determine whether it was possible for aircraft to fly other trajectories
and secondly how much the fuel consumption and awakenings would be affected. Many of the lighter aircraft did
not manage to fly the trajectory of heavier ones. Therefore, the aircraft were grouped in two weight categories;
medium and heavy. The medium aircraft could fly most of the other medium trajectories successfully. All of
the A320 trajectories were invalid for other aircraft types except for the A319. The B734 was not able to fly
any other trajectories than its own optimal ones. The heavy aircraft had substantially more trouble with the
other heavy trajectories. Only the B744 was capable of flying all of the other trajectories in its category.

(a) Fuel values (b) Noise values

Figure 11: Fuel and noise values for optimal trajectories of medium aircraft

In the medium category, having other aircraft fly the B737 fuel optimal trajectory spends the least amount of
extra fuel, namely 6.5 kg on average. The B738 trajectory resulted in a very small decrease in fuel consumption
for all other flights. In terms of noise optimal solutions, the B737 trajectory also performs best for all aircraft
types in the medium category. Other aircraft flying on this trajectory results in an average of 167 extra
awakenings. Figures 11(a) and 11(b) show the amount of fuel and awakenings produced on each aircraft’s own
fuel and noise optimal trajectories, respectively, compared to the aircraft flying the trajectories of the B737 and
the reference SID. The fuel consumption is translated to CO2 emissions on the secondary axis in Figure 11(a).
Heavy aircraft do not perform well on trajectories that are not their own optimized ones. All of the heavy
aircraft are capable of flying the B772 fuel, intermediate and noise optimal trajectories, but at a huge cost.
An extra 270 kg of fuel is consumed on average when other heavy aircraft fly the B772 fuel optimal trajectory
when compared to their own fuel optimal trajectory. Furthermore, 7627 more awakenings will occur on the
noise optimal trajectory. The intermediate trajectories cause an average of 168 kg extra fuel and 12,000 extra
awakenings.

5.4 Computational Complexity
The optimization was run for 100 generations with a population size of 100. The time to run one iteration
was 2.9 seconds on average resulting in a total duration of around 8 hours for the whole optimization. The
optimization was performed using the jMetalPy framework in Python [53]. Figure 12 shows how the separate
objective values evolve over time for one test case. The fuel objective converges very quickly and does not show
improvements after 8 minutes. The awakenings seemingly does the same, however improvements are still found
after 4 hours up until the final evaluations. This indicates that the noise objective has still not fully converged
after the total 10,000 evaluations. It is clear that the awakenings objective is the limiting factor when it comes
to computational complexity. The optimal fuel value is found quickly as the model is able to simply calculate
the most direct route from the starting coordinate to the final one. Finding the optimal number of awakenings
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is far more time consuming since for every iteration it needs to calculate the SEL value in every single grid-point
in the noise evaluation area. There are 9266 grid-points in total.
Run time can be reduced by setting a different stopping criterion. For example, stopping the optimization once
no improvements are found after a certain number of iterations. In this case, however, it would likely have
resulted in less optimal values for the awakenings objective. Furthermore, to reduce the time it takes to obtain
an optimal value for the number of awakenings the noise evaluation area can be made smaller. This will reduce
the number of grid points over which the SEL value needs to be calculated, thereby decreasing the computation
time. Reducing the noise evaluation area can potentially lower the accuracy of the results since for some aircraft
the >50dB(A) SEL contours already exceed the evaluation area.

(a) Fuel values over time (b) Noise values over time

Figure 12: Evolution of objective value over time during optimization

6 Discussion
6.1 Optimal vs Reference
The optimized trajectories are able to significantly reduce fuel consumption and awakenings when compared
to the reference case. The aircraft prefer to accelerate rather than climb in the first segments of all optimal
trajectories, no matter the objective. Due to earlier and faster flap retraction on the fuel optimal profiles, the
aircraft produces less drag and burns less fuel. With a lower thrust setting, the engine noise is reduced and less
fuel is consumed as well. The direct route of the fuel optimal trajectory results in the shortest distance flown
which minimizes fuel burn. Flying at a low altitude results in a lower spread of noise [18]. While the noise level
directly under the aircraft is increased, fewer people are affected by it overall, resulting in fewer awakenings.
To prioritize climbing over accelerating, the minimum flight path angle can be defined to be larger in the first
two vertical segments to make sure that the aircraft is climbing with at least 3°. This would reduce the noise
directly under the trajectory. The model calculates the total number of awakenings from the trajectories by
adding the awakenings from each grid point together. For the optimization it is therefore not important where
the awakenings occur. A low flying aircraft can cause a high percentage of awakenings in the grid points directly
below the trajectory while avoiding the spread of noise towards more grid points around the trajectory. If the
population within the grid points directly under the trajectory is lower than in the surrounding ones, which
can be achieved by adjusting the ground track, then even though the SEL value is higher right under the
trajectory, overall fewer total awakenings will occur. Most of the noise reduction can thus be achieved by flying
longer distances to avoid noise sensitive areas and grid points. This is because the model uses the number of
awakenings as an optimization objective and not explicitly the SEL value. The SEL value is a time dependent
metric. Flying at higher speeds will shorten the noise event which will have a positive impact on the SEL value.
For individual departures this will decrease the number of awakened people. However, when considering that
a higher acceleration translates to a higher throughput capacity for take-off, more aircraft departing from a
runway will ultimately have adverse effects on noise to the population near the airport. An important aspect to
note is that atmospheric and environmental factors, such as non-standard ISA conditions and reflection, that
could affect the propagation of aircraft noise are not considered in this study.
Further reasons for the large reduction in fuel and noise can be given. Firstly, the reference SID is modeled using
the same ground path and vertical profile for all aircraft types, resulting in inefficient departure trajectories.
The trajectory optimization model on the other hand finds the best noise and fuel minimal departure path and
profile that is tailored to one specific aircraft type. This results in either direct routes for fuel optimization or
avoiding cities to reduce noise. Secondly, the new trajectories are optimized based on recent population data
while the reference SID has been in use since Schiphol Airport expanded largely in the late 1960s [14]. Through
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Figure 13: Development of aircraft noise over time [56]

the years limited changes were made to the SID and only at low altitudes close to the airport [54] [19]. The
expansion of Utrecht towards the west, where the current LOPIK departure crosses, was not considered. As
mentioned, the model tries to optimize the number of awakenings and not explicitly the SEL value. While the
SEL can be reduced by optimized vertical profiles, a high reduction in awakenings can already be achieved by
simply rerouting along areas with a lower population density.
Finally, the B747-400 is used in the analysis which results in high fuel and noise savings compared to the
reference. This aircraft is very heavy, loud and inefficient which means it has a lot to gain from a trajectory that
is specifically tailored to its performance. While the optimal trajectories significantly improve fuel consumption
and noise exposure, the B744 is still more noisy and inefficient than any other aircraft. In 2019, the flights that
caused the most complaints from the local community to the Bewoners Aanspreekpunt Schiphol (BAS) were
B744s departing from the same runway as was used in this study, the ‘Buitenveldertbaan’ [50]. Many older
aircraft types such as this one are being phased out by most airlines as they are too loud and inefficient. For
example, KLM has already phased out the B747-400 passenger fleet in 2020 and replaced it with the quieter
and cleaner B787 Dreamliner. This aircraft is up to 40% quieter and emits 35-40% less CO2 [50]. A fleet of
newer aircraft can cut airport costs for airlines in the long run. In general, aircraft are getting quieter to adhere
to noise certification requirements and noise limits. Improvements in aircraft technology have resulted in an
88% decrease in aircraft noise since the 1950s as seen in Figure 13. The B747-400 was registered in 1989 and
has a measured lateral noise level of around 100 EPNdB (Effective Perceived Noise Level) [55].

6.2 Fuel Optimal vs Noise Optimal
Fuel and awakenings are two opposing objectives. When one is reduced, the other increases and vice versa. This
is made clear from the convex nature of the Pareto curve. A trade-off needs to be made between flying a fuel
optimal or a noise optimal trajectory. When analysing the objectives individually, there are significant benefits
to choosing either of the two extremes. A fuel optimal trajectory is beneficial for the environment. Reducing
fuel burn results in fewer CO2 emissions. This aids in reaching the environmental goals set by CORSIA and
SESAR to mitigate the effect of greenhouse gases on climate change. In turn, the costs of flying can be reduced
for airlines. One tonne of fuel emits 3.16 tonnes CO2 while one tonne of CO2 currently costs e 55 [25]. The
cost of CO2 is increasing steadily and these numbers add up in the long run when considering the amount of
aircraft movements per year.
A noise optimal trajectory is valuable for the future growth of air transport at Schiphol Airport due to the
current restriction of 500,000 aircraft movements per year. Only by decreasing the number of highly annoyed
people living in the vicinity of the airport can the restrictions be loosened. Implementing a noise optimal
trajectory would therefore allow a larger number of aircraft movements to take place. It is important to note
that the range of awakenings is much larger than that of fuel consumption when looking at the Pareto fronts.
This means that when choosing a noise optimal trajectory, the amount of fuel that is added as opposed to a
fuel optimal trajectory is a much smaller percentage than the change in number of awakenings when choosing
the noise optimal over the fuel optimal path.
An intermediate solution can be a good compromise for realistic operations. With only a very small percentage
increase in fuel, still a much larger amount of awakenings can be avoided when comparing to the fuel optimal
trajectory. Importantly, the intermediate trajectories for all aircraft types are still much more superior to the
current reference situation.
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6.3 Flying Other Optimal Trajectories
The results showed that optimizing individual departure procedures per aircraft type can be beneficial to reduce
fuel consumption and noise exposure. However, from an Air Traffic Management perspective it is undesirable
to have many separate departure routes leading to the same departure fix. This increases airspace complexity
and compromises safety and predictability. The Dutch government has fixed arrival and departure routes as
one of their goals of the Dutch Airspace Redesign Project [51] as this will help to reduce CO2 emissions and the
spread of noise. Therefore, it is interesting to see if the different aircraft types can fly the optimal trajectories
of other aircraft. Subsequently, a set of solutions can be selected that can be applied to several aircraft, thereby
reducing the amount of individual trajectories. The criteria for a successful flight on a different trajectory are
fixed:

• The aircraft must reach the final altitude of 3650m (12000 ft) within 50m (160 ft).

• The aircraft must reach the final Vclean speed of 128m/s (250 kts).

• The aircraft must reach the final lateral coordinates of the trajectory.

All of the aircraft were able to reach the final speed and lateral coordinates when flying on a different aircraft’s
trajectories. Some aircraft, however, barely didn’t reach the final altitude and were considered invalid due to
the strict criteria. In reality, the flight might still be considered a success since the altitude is not always so
definite. The lighter aircraft were incapable of flying on the trajectories of heavy aircraft. A reason for this
may be that the vertical profile is defined in such a way that once Vclean is reached, the aircraft remains on
a constant flight path angle (a factor of γ4) until reaching the final altitude. Only when the aircraft makes a
turn does the flight path angle factor change to γ5. Once out of the turn it returns to a factor of γ4. Since
heavy aircraft are less steep climbers than lighter ones, this flight path angle may not be sufficient for some
other aircraft to reach the final altitude within the same time as the heavy aircraft. In reality the aircraft could
still adjust flight path angle and throttle setting to reach the end of the trajectory, or it would simply take
longer to reach the altitude. To allow all aircraft types to reach the final altitude when flying on a different
aircraft’s trajectory, the model could be altered by changing the criteria for the flight path angle in the fourth
vertical segment. To recall, in the fourth segment the aircraft climbs with a constant speed (Vclean) until the
final altitude is reached. A constraint can be put on γ4 to be set to the minimum value that is necessary to
reach the final altitude and be optimized above this value. In this manner every aircraft would be able to fly
the trajectories successfully.
When aircraft fly a different trajectory than their own optimal ones, it comes at the cost of the respective
objective. The own optimal fuel trajectory should have the least amount of fuel consumption and the own
optimal noise trajectory should have the fewest awakenings. This is true for all trajectories except for the B738.
When other aircraft fly on these trajectories, a very small decrease in awakenings is observed. This should not
be possible and can be explained by the optimization process not having converged as much for this aircraft, or
the process got stuck in a local minimum. This means that the solutions for the B738 trajectories are not the
absolute optimal solutions and cannot be considered valid.
In the medium weight category, the B737 trajectory proved to be the best compromise. By letting all medium
aircraft fly on the B737 trajectory, the number of separate trajectories can be reduced without an excessive
increase in fuel and awakenings. Heavy aircraft flying on other trajectories causes a very large increase in fuel
and noise, therefore it would not be worth placing them on a different trajectory. Even though this increases
the amount of separate trajectories, the excess fuel and noise would not be sustainable in the long run.

7 Conclusions
In this study a trajectory optimization model was developed that uses multi-objective optimization to create fuel
and noise minimal departure trajectories for different aircraft types at Schiphol Airport. The overarching goal
was to increase sustainability in air transport by reducing noise annoyances and CO2 emissions to encourage
further growth of the industry.
The method showed that tailored trajectories are capable of reducing fuel consumption and awakenings due to
noise. A high amount of savings is possible when compared to the current SID because each optimized trajectory
is able to adapt the vertical profile and ground track to a specific aircraft and objective. The results for the
specific 09 LOPIK departure are of significance because in the near future more flights will be able to fly direct
routes towards south-eastern destinations from Schiphol Airport. The implication of fewer noise disturbances
and less CO2 emissions per departure is an increase in aircraft movements that would support growth. This is
advantageous for Schiphol since it is currently limited by noise and emission restrictions. Airlines also benefit
from reduced costs and can thus offer more flights. Less fuel consumption results in lower CO2 emissions. With
optimal departure trajectories a significant step can be set in reaching the climate goals in aviation by reducing

18



the effect of greenhouse gases and climate change.
While fuel and noise can be optimized simultaneously, they are opposing objectives meaning they have an
inverse relationship. Since both objectives are limiting factors for air transport growth and sustainability, it is
not desirable to only implement one of the two extremes. An intermediate trajectory from the middle of the
Pareto front offers a compromise for more realistic operations. While fuel and noise are increased as opposed
to the optimal trajectories, the solution is still far superior to the current situation. Depending on the time of
day, either noise or fuel consumption may be the governing objective. At night for example, an intermediate
trajectory can be adapted to favor noise minimization over emissions and fuel consumption.
When each aircraft flies its own optimal trajectory, the amount of separate trajectories would become infeasible
when applied to all runways and departure fixes. On the other hand, when limiting separate routes by letting
aircraft fly the optimal trajectory of one other aircraft it comes at the cost of both noise and fuel consumption.
The extra costs when medium aircraft fly on a common trajectory are manageable while the same does not
apply for heavy aircraft.

8 Recommendations
Several recommendations are made for future research into the topic of aircraft type dependent departure
trajectories at Schiphol Airport. The outcome of this research is relevant for one case scenario at Schiphol
Airport comprised of a specific runway and departure fix combination. This implies that for different runways
or departure fixes the optimization results may differ. Additional research should be done for each departure
scenario at Schiphol to quantify the benefit of tailored trajectories for the entire airport. This includes an
investigation into the operational feasibility and complexity of implementing separate departure trajectories per
aircraft type for each runway.
The proper assignment of runways and departure trajectories based on aircraft type, destination, and time
of day could serve to further reduce noise and fuel emissions. Such an allocation model could also help in
determining the optimal trajectory to choose as a shared trajectory. For example, a weighting scheme based on
the aircraft operating at the airport could change how a shared trajectory is determined. Additionally, since
airports are placing an increased emphasis on cleaner and quieter aircraft types this would be represented in
such a model. Since some of the aircraft types used in this study will be, or have already been, phased out by
airlines, implementing newer ones would provide insight into future operations. To do so the required aircraft
coefficients and parameters are needed which are not always readily available for new aircraft.
The aircraft are split into two weight categories in this research based on their MTOW. The categories are based
on the ICAO wake vortex separation requirements generally describing three weight classes (light, medium,
heavy). The Wake Turbulence Re-categorization (RECAT) provides more weight categories that give a more
accurate representation and comparison between aircraft types. Future research should be conducted on the
effect of re-categorization of the aircraft on the selection of shared trajectories.
The trajectory optimization in this study was performed using purely the MTOW of each aircraft. The take-off
weight of an aircraft has a great impact on the performance during the departure procedure and an individual
aircraft’s take-off weight can vary greatly. Performing a sensitivity analysis using different percentages of the
MTOW for each aircraft and implementing it into the trajectory optimization model will give insight into how
the optimal trajectories are affected by weight changes. This should be investigated in future research.
The implemented fuel flow model uses engine specific coefficients along with a linear altitude correction. For
departure procedures this model is applicable, however when considering cruise conditions the mach number,
air density and temperature should be taken into account. Future research on the topic should make use of a
more complex fuel flow model that can more accurately represent different phases of flight.
Since fuel burn and noise exposure are two opposing objectives, instead of having separate fuel optimal and
noise optimal trajectories, it is worth investigating one general path that takes noise into account at lower
altitudes and focuses on emissions and fuel burn at higher altitudes. The "Luchtvaart Nota" provides rules and
requirements for the development of safe and sustainable civil aviation in the Netherlands. A guiding principle
applies according to this document, namely that above 6000ft altitude emissions are prioritized whereas below
6000 ft noise abatement is considered the primary objective [7]. Combining these guidelines with the trajectory
optimization technique for aircraft type dependent departure trajectories is an area of interest for future research.
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Appendices
A SID Chart Runway 09

Figure 14: Departure chart for RWY 09
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B Pareto Fronts

(a) Pareto Front A319 (b) Pareto Front A320

(c) Pareto Front A321 (d) Pareto Front A388

(e) Pareto Front B734 (f) Pareto Front B738

(g) Pareto Front B744 (h) Pareto Front B772

Figure 15: Pareto fronts for each aircraft type
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C Optimal Trajectories

(a) Ground track for A319 (b) Altitude and TAS for A319

(c) Ground track for A320 (d) Altitude and TAS for A320
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(e) Ground track for A321 (f) Altitude and TAS for A321

(g) Ground track for A388 (h) Altitude and TAS for A388
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(i) Ground track for B734 (j) Altitude and TAS for B734

(k) Ground track for B738 (l) Altitude and TAS for B738
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(m) Ground track for B744 (n) Altitude and TAS for B744

(o) Ground track for B772 (p) Altitude and TAS for B772

Figure 15: Optimal trajectories for each aircraft type
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D SEL Contours

(q) SEL contour for noise optimal trajectory of A319 (r) SEL contour for noise optimal trajectory of A320

(s) SEL contour for noise optimal trajectory of A321 (t) SEL contour for noise optimal trajectory of A388
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(u) SEL contour for noise optimal trajectory of B734 (v) SEL contour for noise optimal trajectory of B737

(w) SEL contour for noise optimal trajectory of B738 (x) SEL contour for noise optimal trajectory of B744
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(y) SEL contour for noise optimal trajectory of B772

Figure 16: SEL contours for noise optimal trajectories
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1
Introduction

Noise and air pollution are by far the main factors that are inhibiting airport growth [13]. Demand for air
travel has been greatly increasing over the past decades, resulting in airports continually expanding to meet
demand. However the problem is that the larger an airport becomes, the more aircraft movements can occur,
causing more noise nuisance to the surrounding population and degrading the local air quality. Problems
relating to this can range from causing minor disturbances to health risks from loss of sleep or harmful emis-
sions [37].

A continuous goal within the air transport industry is thus making flying and airports more sustainable. This
is also a necessity for development since oftentimes there are constraints or restrictions set by the govern-
ment to incite change. Such constraints can take the form of curfews, noise quotas or, most commonly in the
Netherlands, aircraft movement restrictions. Amsterdam Airport Schiphol, for example, has a limit of 500,000
daily aircraft movements and 32,000 night time movements [9]. These constraints could be avoided if solu-
tions are found to reduce noise and aircraft emissions around airports.

To this end, a lot of research has been done focusing on fuel and noise mitigation. The bulk of recent research
on this topic has focused on two aspects [30]. Firstly, tackling the problem from the source i.e. improving
and developing engines to be quieter and more fuel efficient. While this seems to solve the problem, it is only
effective in the long-term since research and development takes time. A solution that is applicable in the
short-term is implementing noise abatement and fuel efficient operational procedures at airports, especially
during arrival and departure.

A considerable amount of research has already been done on advanced arrival techniques, specifically Con-
tinuous Descent Aprroaches/Arrivals (CDA) [46] [44] [25]. This is an idle thrust approach that is dependent on
the aircraft’s performance. CDA is already being implemented at several airports. Just like arrivals, departures
are a significant source of noise. Advanced departure techniques aim to reduce noise by changing departure
procedures and profiles to be more fuel and noise efficient, such as with Standard Instrument Departures
(SID). However, the use of tailored departure trajectories and procedures that are dependent on aircraft type
and weight have not yet fully been scrutinized.

Thus, the topic of this thesis centres around the departure paths, profiles and procedures at an airport and
how these can be adapted and customized towards specific aircraft types and weights as well as the time of
day. More specifically, it aims to answer the question "What is the benefit of aircraft type dependent depar-
ture trajectories and procedures at an airport in terms of aircraft noise and fuel consumption? This leads to
the following research objective:

To assess the benefit of aircraft type dependent departure trajectories and procedures at an airport by devel-
oping multi-objective optimization models that can create and simulate tailored SIDs and optimize aircraft
allocation for noise reduction and fuel consumption.

This literature study report aims to provide a basis for an MSc Thesis at the department of Air Transport
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and Operations at Delft University of Technology. The structure of the report is as follows. Chapter 2 provides
a problem description including a problem statement and an elaboration of the research objective. Subse-
quently, in Chapter 3 the environmental impact of aviation is discussed to provide a basis for this topic in
terms of what the problem is and what is being done to improve it. Chapter 4 provides insights on what
has already been researched in the tailored arrivals and departures field. Then, Chapter 5 discusses runway
configurations and how these affect airport operations, specifically how certain runway configurations can
cause problems. The methodology of this project is examined in Chapter 6, giving several algorithms and
models that could potentially be used to solve the optimization problems. Finally, a preliminary timeline of
the project is provided in Chapter 7.



2
Problem Definition

2.1. Problem Statement
Currently, most airports use some form of Standard Instrument Departures that apply to every departing air-
craft [24]. This means that regardless of the aircraft type or weight, every flight takes the same departure
trajectory and follows the same departure procedure when taking off. To clarify, the departure trajectory
refers to the horizontal path taken and the departure procedure prescribes the thrust vs altitude vs speed
settings and when an aircraft must accelerate to the desired climb or cruise speed. The problem with this
approach, however, is that although the same trajectory and procedure is flown, the departure profile i.e. the
vertical component of the departure trajectory will be different for varying aircraft types, weights and atmo-
spheric conditions. Due to this unpredictability factor, it is interesting to investigate the effects of tailoring
departure trajectories and procedures per aircraft type and weight to identify possible benefits in terms of
fuel consumption and noise.
Noise is an ever-growing concern in the aviation industry, especially near airports. Due to this issue, often
times restrictions in aircraft movements are set up by the government to limit the noise to the surrounding
population. This greatly reduces capacity and puts a barrier on the demand for growth in aviation. Therefore,
the industry must continue to come up with noise abatement measures applicable to airports and aircraft.
Several solutions are already being implemented. For example aircraft engines are being developed to be-
come more efficient and less noisy, and aircraft movements and procedures are being adapted as well. There
are Noise Abatement Departure Procedures (NADP) already in place at many airports [29]. These are set up by
the International Civil Aviation Organization (ICAO) and the Federal Aviation Administration (FAA). NADP-1
aims to reduce noise near the airport, while NADP-2 focuses on areas further away from the airport by defin-
ing altitudes where the flap retraction schedule must come into play.
Noise abatement procedures during landing are being applied more and more in the form of Continuous De-
scent Approaches (CDA), the performance of which are dependent on aircraft type and characteristics due to
it being an idle thrust procedure. Some research has been done to apply similar advanced techniques to the
departure process, keeping not only noise in mind but also fuel consumption. Minimizing fuel consumption
is advantageous on several fronts. For example, to reduce airline costs or, more importantly, reducing fuel
also reduces engine emissions that contribute to the negative impact that aviation has on the environment.
Reducing emissions can be achieved by developing bio-fuels that are less or not harmful to the environment.
However, a more short term approach is performing more efficient aircraft procedures and flying departure
trajectories and profiles that reduce fuel consumption.

2.2. Research Objective
The aforementioned problem leads to the following research question:

What is the benefit of aircraft type dependent departure trajectories and procedures at an airport in terms of
aircraft noise and fuel consumption?

This question goes hand in hand with the following objective:
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To assess the benefit of aircraft type dependent departure trajectories and procedures at an airport by devel-
oping multi-objective optimization models that can create and simulate tailored SIDs and optimize aircraft
allocation for noise reduction and fuel consumption.

This objective can be split into several sub-objectives to clarify the goal of the project:

• Choose representative aircraft for each aircraft type and weight

• Trajectory optimization model:

– Define departure trajectories dependent on aircraft type and take-off weight

– Define departure procedures

– Calculate noise and fuel consumption of every aircraft type and weight for each SID and profile
combination

• Allocation optimization model:

– Optimize flight allocation for noise and fuel

• Define several noise limits/contours to assess the effectiveness of the tailored trajectories

• Case study

– Select an appropriate airport to perform a case study

– Apply the trajectory and allocation models on a typical flight schedule at that airport

The main aim of the research is thus to contribute to making aviation more sustainable. Since air trans-
port cannot grow, develop and keep up with demand without becoming more sustainable, this has been a
top priority in the industry for recent years and will be a continuing goal in the future.



3
Environmental Impact of Aviation

Air transport has become a necessity for the economy and is continuously growing due to a rise in demand.
However, this comes with setbacks in the form of negative environmental impacts. Noise pollution and emis-
sions from fuel burn are two of the largest contributors deferring airport development. This section intro-
duces these issues and solutions to mitigate their effect.

3.1. Fuel and Emissions
It is no secret that the aviation industry has negative effects on the environment due to greenhouse emissions.
According to the Intergovernmental Panel on Climate Change (IPCC), CO2 is the primary greenhouse gas
[10]. CO2 is also the primary pollutant emitted by aircraft engines, but by far not the only one. Nitrogen
oxides, sulphur oxides, unburnt hyrdocarbons, carbon monoxide and particulate matter [11] also play a role,
however, the main focus usually lies with CO2 production. It has been found that aviation creates about 3% of
the total annual global CO2 emissions due to human activity, and this is set to increase[10]. Data shows that
CO2 emissions have increased between 1990 and 2016 from 88 to 171 million tonnes, which is a 95% increase.
Future CO2 emissions are expected to rise by another 21% in 2040 and NOx emissions by 16% [11]. Emissions
increase in proportion to fuel use. According to ICAO, 1kg of jet fuel burned equates to 3.16kg of CO2 emitted
[26]. This makes it essential to minimize fuel consumption as much as possible to mitigate adverse climate
effects.
Although emissions are the primary concern, airlines have additional motivation to reduce their fuel usage
because it contributes a large amount to their operating costs. A total of 23.7% of expenses in the airline
industry are due to fuel burn [36].

3.2. Noise
Aircraft noise is one of the largest hindrances to airport development and has become an increasing issue
with the growth of air transport. Building or expanding an airport needs to take two opposing aspects into
account. It needs to be accessible to large cities and thus should be located close by. On the other hand, an
airport should be located further away from densely populated regions to mitigate noise annoyances [37].
Another issue is that since the population in cities keeps growing, the residential areas are encroaching on
existing airports. This means a growing number of people are being affected, if not severely annoyed, by
aircraft and airport noise [13]. Not only are people annoyed by the persistent noise, but studies show that it
can also have adverse health effects. For instance, it can cause cardiovascular and psychological diseases [37].

The severity of aircraft noise is very much dependent on several elements. One aircraft can have a different
impact than another of the same type just due to its weight or different atmospheric conditions. Changing
aircraft operations also has different effects. For example during take-off the required thrust of the engines
mainly determines the amount of aircraft noise [38], whereas during landing it is the friction and turbulence
created by the deployment of the landing gear and flaps that generates the most noise [42].

Noise levels around airports throughout the world is measured through the use of several average day-night
level (DNL) contours and how many people live within a certain contour to find out how many people are
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affected and severely annoyed by the noise [26]. According to ICAO, there are four approaches to managing
aircraft noise [22]:

1. Reduction of noise at the source

2. Land-use planning and management

3. Operating restrictions

4. Noise abatement operational procedures

Tackling the noise at the source means improving aircraft engines, making them more efficient and thereby
quieter. Although this is a good solution in terms of reducing emissions as well, it is relatively long-term. By
introducing land-use zoning around airports, the population affected by airport noise can be minimized. Op-
erating restrictions that reduce noise include phase-out, curfews, night-time restrictions and noise quotas.
Finally, noise abatement operational procedures are an effective, relatively short-term solution for reducing
noise. There are two Noise Abatement Departure Procedures (NADP) defined by the FAA and ICAO. These
are the so called "close-in" NADP (also known as NADP-1 or ICAO-A) and the "distant" NADP (also known as
NADP-2 or ICAO-B) [29].

NADP-1
This procedure aims to reduce noise in the vicinity of the airport and is thus dubbed "close-in". By waiting to
retract the flaps only when a certain altitude is reached, the aircraft can increase its climb gradient in order
to reach a specified altitude at an earlier distance from the airport. As a result, the aircraft will be at a greater
distance from the noise receptors on the ground and thus from the population living close to the airport.
With the flaps deployed the aircraft remains at a constant climb speed until the altitude is reached. Then, at
the end of the procedure when the flaps are retracted at an altitude of 3000ft (900m)[24] above the airport,
the aircraft needs to spend thrust so it can accelerate to an en-route climb speed [29]. Figure 3.1 gives an
overview of the relevant altitudes and speeds during the "close-in" NADP.

Figure 3.1: Schematic of NADP-1 [24].

NADP-2
The goal of the "distant" NADP is, as the name suggests, to mitigate noise further away from the airport.
This procedure is quite similar to a standard procedure, as in the flaps are retracted according to the normal
schedule. The differences are usually in the altitude where the aircraft transitions from take-off to climb thrust
[29]. Figure 3.2 shows the "distant" NADP along with altitudes and speeds.



3.2. Noise 7

Figure 3.2: Schematic of NADP-2 [24].

These NADPs are one of the ways that airports can reduce noise pollution to satisfy most stakeholders.
However, much more research has been done to further advance arrival and departure procedures to become
more sustainable in terms of noise as well as fuel. This is discussed in the next section.





4
Tailored Arrival and Departure Procedures

4.1. Tailored Arrivals
When considering advanced arrivals for noise and fuel reduction, Continuous Descent Operations (CDO)
come to mind. This type of approach is aircraft type dependent in the sense that the characteristics and
capabilities of the aircraft determine the performance of the operation. With low engine thrust settings and
a low drag configuration, fuel burn and thus emissions as well as noise can be reduced during landing. The
operation gets its name due to the vertical profile being a continuously descending path with minimum level-
off segments. The optimal CDO will depend on aircraft type, weight, atmospheric and weather conditions
[25]. These factors also make the operation unpredictable at times, making it extremely important to have a
safe and efficient management of the airspace as capacity can be negatively influenced.

Continuous Descent Approaches (CDA) are widely researched and already implemented at different air-
ports around the world. Many studies have been performed at Schiphol airport to quantify the benefit of
CDA in terms of fuel and noise. Wat et al. [46] performed a trial on 192 aircraft flying their optimum flight
profile during arrival, meaning the aircraft flies a continuous descent at flight idle power settings from Top
of Descent (TOD) to final approach glideslope intercept . It was indeed found that, as predicted, an optimal
CDA lowered fuel consumption. Due to staying at a cruising speed longer, the operation also saved time.
Furthermore, results showed that aircraft noise farther away from the airport is significantly reduced due to
the elimination of level-off segments, with an improvement of up to 3dBA. Moreover, local air quality also im-
proved greatly because the aircraft no longer flies at a higher power and burning more fuel at lower altitudes.
An important conclusion of this study was that the main differences in fuel savings and noise reduction could
be attributed to the differences in aircraft performance, i.e. aircraft type.
Another study performed by Takeichi et al. [44] aims to facilitate CDA at busy airports. They found, through
arrival time analyses, that tailored arrival paths that are determined by changing the waypoint positions can
produce a higher controllability compared with determining paths based on Top of Descent position. More-
over, it is possible to do so without additional fuel consumption. During this so called Tailored Arrival (TA),
each aircraft follows its own specifically designed flight path given by ATC to help with separation and the
CDA.
It is thus evident that CDAs can be beneficial for airports, however it is crucial to keep in mind that the big
difficulty remains the impact on capacity. A similar statement can be made about tailored departures.

4.2. Tailored Departures
4.2.1. Continuous Climb Operations
Similar to CDO, the equivalent for departures, called Continuous Climb Operations (CCO), has gained in-
creasing attention in recent years, however is still not nearly as well studied and implemented as CDA. CCO,
as the name suggests, allows aircraft to climb continuously using optimum climb engine thrust and speeds
until reaching cruising levels, thereby eliminating intermediate level-offs and thus providing benefits such as
reduced fuel burn and emissions, noise and fuel costs. ICAO defines it as "an aircraft operating technique
made possible by appropriate airspace and procedure design and appropriate air traffic control clearances
enabling the execution of a flight profile optimized to the performance of the aircraft. [27]. Another advan-
tage is that it leads to more consistent flight paths per aircraft type, thus reducing radio communication and
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therefore pilot and ATC workload [45].
Diaz et al [45] conducted a study in 2019 on the influence CCO has on runway capacity. They found that CCOs
can result in improvement of the trajectory efficiency when individually operated, but has a negative impact
on the operational efficiency of the Terminal Manoeuvring Areas (TMA) as a whole. The departure trajec-
tories in this study were multi-objective optimized CCOs based on the optimal control theory and designed
using a pseudo spectral direct numerical method. According to Perez-Castan et al [34] the greatest challenge
with CCO is indeed the impact on capacity, specifically because separation minima need to be increased to
ensure aircraft safety. This is due to uncertainties in performance of different aircraft types. Thus the main
area of concern at the moment with CCO is the actual implementation. The new separation minima were
estimated in this study using Monte Carlo simulations to obtain a large sample and the uncertainty of the
trajectory was modelled by considering aircraft type, mass, speed, positioning error, temperature and wind.
It was found that mass adds the most uncertainty while positioning errors barely affected the profile. The
conclusion was that the best CCO is performed at a constant speed profile. An important aspect to consider
is that arriving aircraft were not taken into account.
Another study by McConnachie et al [31] investigated the benefits of CCO in the USA, specifically at Boston
Logan International Airport, Denver International Airport and Los Angeles International Airport. It was found
that CCO could save between 6 and 19kg of fuel per departure at these airports, saving between 3380 and 7360
tons of CO2 per year.
It is evident that CCO come with many benefits, especially environmental in the form of noise and fuel re-
duction. However, as mentioned, it is the implementation that remains an issue. Perez-Castan et al [35]
developed a conflict-risk assessment model for CCO in complex airspace. This takes horizontal and vertical
conflict into account with arriving aircraft. Using simulations and real data, the approach is based on altitude
distribution at conflict points. The probability of a conflict is thus statistically determined. If the CCO is cor-
rectly designed, there should not be any need for ATC intervention.
When purely considering fuel savings, Mori [32] found that by reducing thrust near Top Of Climb (TOC),
40-80lbs of fuel can be saved per flight, depending on aircraft type and Take Off Weight (TOW).

4.2.2. Other Advanced Departure Techniques
CCOs are not the only solutions that have been considered. Hebly et al [15] presents the concept of custom
optimized departure profiles for noise abatement purposes, with fixed routes in combination with individ-
ually optimized vertical departure profiles. The NOISHHH tool is used to create routes and flight paths for
both arrivals and departures that are beneficial in terms of noise while satisfying safety and operational con-
straints. This is done by combining a noise model, a dose-response relationship, a geographic information
system and a dynamic trajectory optimization algorithm. The new trajectories do increase airspace complex-
ity but can significantly reduce the environmental impact by means of trajectory optimization. It was found
that the optimized profiles clearly outperformed the standard ICAO-A procedure.
Also using the NOISHHH tool, Ho-Huu et al [19] designed noise abatement departure trajectories using a
Multi-Objective Evolutionary Algorithm based on decomposition (MOEA/D). First, a bi-objective optimiza-
tion problem involving noise and fuel consumption is formulated that optimizes the ground track as well as
the vertical departure profile simultaneously. Then, a trajectory parameterization technique is used to make
it feasible.
Ho-Huu et al [17] went on to develop a new version of the MOEA/D optimization algorithm which provides
solutions that can balance the number of annoyed people, fuel burn and number of people exposed to cer-
tain noise levels and amount of aircraft movements. Here, a non-linear, multi-objective optimization prob-
lem is formulated with three objectives. With this approach, each SID has a minimum of two different routes,
possibly causing operational challenges and increasing workload. Another optimization framework used by
Ho-Huu et al [18] reduced the number of people annoyed by aircraft noise by up to 31% and fuel consump-
tion by 7.3% during departure relative to a reference case. This framework consisted of two steps. First, a
multi-objective trajectory optimization was used to create a set of paths used as input for the second step,
namely the optimal allocation of flights to these trajectories for noise and fuel minimization. Once again, the
influence on capacity has not been considered.

4.2.3. Thesis: Tailored SID and Profile Allocation
Ceulemans [7] conducted research on the topic of tailored SIDs and profile allocation at Schiphol Airport in
2016. The objective of this research was to "quantify the potential benefit of tailored SID and profile allocation
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for Amsterdam Airport Schiphol by developing a model that is capable of simulating departure trajectories
per runway departure fix and optimize the overall allocation of departing aircraft for noise and fuel consump-
tion". This was achieved by developing two models. A trajectory optimization model is used to compute tai-
lored SID and profiles that depend on flight category. This is done by parameterizing the ground track and
profile segments, as described by Hartjes and Visser [14]. The trajectory model uses an aircraft performance
model and an Integrated Noise Model (INM) to determine fuel and noise. Using a multi-objective genetic
algorithm, the solutions are presented on a Pareto optimal front. A selection of these solutions are used as
input for the second model. This allocation model optimally allocates aircraft to one of the new trajectories
w.r.t noise and fuel consumption. This is achieved using Mixed Integer Linear Programming (MILP).
These models are applied in a case study for Amsterdam Airport Schiphol. To simplify things, only one run-
way departure fix combination is chosen. Several assumptions are made for feasibility purposes. Two aircraft
types are chosen, namely the B733 and B744, to represent narrow and wide-body aircraft respectively along
with three different take-off weights (low, medium, heavy), resulting in 6 combinations.
Ceulemans achieved extreme positive results in terms of noise abatement. This was due to several factors.
Firstly, the allocation model tries to keep as many noise grid points as possible below the noise limit, meaning
many points reach cumulative noise levels that are just below the noise level limits that were defined. Fur-
thermore, a noisy runway departure fix combination was used, as well as a dominant aircraft choice for all
wide body aircraft in terms of noise.

4.2.4. Conclusion
The goal of the current thesis is to, initially, replicate the aforementioned research by Ceulemans and apply
it to a different airport to judge the benefits it could have in other areas with different factors affecting the
outcome. Secondarily, the aim is to change and improve the models that have already been developed. This
can be achieved in different ways. For example, one could take things into account that were previously
not, such as the effect of the tailored SIDs on capacity & delay and the interaction of the departing traffic
with arriving traffic, or the application of the model to more than one runway departure fix combination for
a more global result. Furthermore, one could review the parameters that have been chosen, such as using
more aircraft type and weight combinations or defining more noise limits/contours around the airport that
would be used to determine a new trajectory.
Another method of improving the research could be to use a different algorithm in the models. Ceulemans
uses a multi-objective genetic algorithm for the trajectory optimization model and MILP for the allocation
optimization model, but perhaps there are more efficient or accurate ways to achieve the desired goal. In
addition, the method of presenting results for the trajectory model, a Pareto optimal front, may not be the
most practical or accurate, and this becomes a problem seeing as those solutions become the input for the
second allocation model. These aspects will be discussed in more detail in Chapter 6.
As mentioned, the models will be applied to a specific airport. This airport is yet to be determined, however
there are some aspects to keep in mind. For one, the airport must be located in a fairly densely populated
area because these are the airports that have the most benefit from reducing noise exposure and improving
the air quality by fuel reduction. It is also interesting to look at an airport’s runway layout and configuration to
determine what issues they are facing and how tailored departures could improve first and foremost the noise
and fuel consumption, but also the efficiency and capacity of the given configuration. Thereby, arriving traffic
and capacity are also taken into account. Several runway configurations and their benefits and disadvantages
are outlined in the next chapter.





5
Runway Configurations

Runway configuration has a large affect on the capacity and efficiency of an airport. The term is best ex-
plained as the layout of runways, including the number and orientation of these on an airfield and the op-
erations that occur on said runways (arrivals and departures) [47]. Choosing an appropriate runway con-
figuration is mainly dependent on weather conditions such as crosswinds and poor visibility [4].There are
four general runway configurations that airports can have, these are single, open-V, intersecting and parallel.
Some larger airports can have two or more operating simultaneously [47].

5.1. Single
A single runway configuration, as the name suggests, is a one runway airport. This runway accommodates
alternating arrivals and departures in a so called "mixed-mode" [47]. This type of configuration is usually for
small airports, although having only one runway does not have to mean that the capacity is low. Take London
Gatwick Airport for example, it is the most efficient single runway airport in the world [1]. The benefit of a
single runway is that aircraft can land and take off within a short amount of time [28]. One runway also means
short taxiing distances to and from the terminal.

5.2. Open-V
An open-V layout consists of two runways whose extended centre lines will intersect beyond the thresholds
[47], they are thus oriented in different directions but do not intersect. There are two possibilities in terms
of aircraft operations on this type of runway system: Converging and diverging. A converging layout means
operations move towards the "point" of the V, and diverging means operations start at the "point" and move
outward and away from each other. The latter mode is more efficient and thus allows for more movements
per hour. When there is little to no wind, both runways can be used simultaneously. If there are strong winds,
it becomes a single runway system [28].

5.3. Intersecting
An intersecting runway layout is when two or more runways cross anywhere along their length. This system
is used at airports where wind is a big issue because no matter the wind direction, one runway will always be
available. When there is low wind, both runways can be used, however there is a higher hazard for collisions
due to the intersection. Thus, operations on these runways need to be heavily monitored [28]. There are
differences in where the intersection is located, namely an intersection near the end of the runways has less
of an impact on capacity and safety than an intersection in the middle of the runways. A downside to this
configuration is that there are increased waiting times while queuing for the crossing runway to clear or while
waiting to taxi across a runway. This can cause unfavorable delays.

5.4. Parallel
A parallel runway configuration consists of two or more runways whose centre lines are parallel to each other.
There are three types of parallel configurations. Close parallel is when the centre lines are less than 2500ft
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(762m) apart, intermediate parallel when the centre lines are between 2500 and 4300ft (762-1310m) apart
and far parallel when they are more than 4300ft (1310m) apart [47]. Furthermore, there are different modes of
operation for a parallel runway configuration. These modes fall under three categories: Simultaneous parallel
approaches, simultaneous parallel departures and segregated parallel approaches/departures [23].

5.4.1. Simultaneous parallel approaches
This category encompasses two modes of operation. The first one, Mode 1, is independent parallel ap-
proaches. This means that the approaches to the two runways are not affecting each other, i.e. radar sep-
aration minima are not required for simultaneous approaches to parallel instrument runways [23]. A de-
piction of Mode 1 is given in Figure 5.1. Mode 2 then describes the opposite, which are dependent parallel
approaches. In this case radar separation minima are prescribed for safety because the runways are closely
spaced [23]. A depiction of Mode 2 is provided in Figure 5.2.

Figure 5.1: Independent parallel approaches [6]

Figure 5.2: Dependent parallel approaches [6]

5.4.2. Simultaneous parallel departures
Mode 3 describes independent instrument departures from parallel runways. In this mode aircraft depart in
the same direction simultaneously from parallel runways. This is only possible when the runways are space
by 760m or more. There are a few configurations that are possible for this mode. First, both runways are
used exclusively for departures. Secondly, one runway is used for departures and the other is used for both
arrivals and departures. This is called semi-mixed operations. Finally, both runways can be used for arrivals
and departures in a mixed mode. A requirement for Mode 3 is that the departure tracks after take off diverge
by at least 15 degrees for safety reasons [23]. This and more information can be seen in Figure 5.3.
It is important to note that when two aircraft are departing simultaneously in the same direction from parallel
runways, the noise exposure to the surrounding population is much higher since not just one but two aircraft
are departing over an area of land very close to each other. This means people experience an increased noise
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level and there is a larger area that experiences higher noise levels. Several airports apply this mode of oper-
ations, such as San Francisco International Airport [41]. In this case, however, the departure paths are above
the San Francisco Bay in northern direction. An airport where these noise concerns for parallel departures are
more imminent is Houston George Bush Intercontinental Airport, where the departure paths of the parallel
runways lead over populated regions towards the south-east of the airport and towards the north of the city
of Houston [20].

Figure 5.3: Simultaneous parallel departures [6]

Simultaneous departures from closely spaced parallel runways are most problematic when runway thresh-
olds are adjacent because the aircraft will remain at more or less the same altitude at the same distance from
the runway, until they diverge due to the 15 degree restriction. When runway thresholds are staggered there
is also some vertical separation introduced, allowing runway spacing to be smaller. A rule of 30m reduction
for every 150m of overlap applies [6].

5.4.3. Segregated parallel approaches/departures
Finally, Mode 4 regards segregated parallel operations. In this case one runway is exclusively used for arrivals
and the other is used only for departures. A safety requirement is that the departure track diverges by at least
30 degrees from the missed approach track of the other aircraft right after take-off [23]. Figure 5.4 describes
Mode 4 in more detail.

Figure 5.4: Segregated parallel approaches/departures [6]





6
Methodology

To answer the proposed research question two models will be developed. One to simulate the optimized tai-
lored trajectories and the other to optimally allocate aircraft to these trajectories for noise and fuel reduction.
In order to do so, one must take a look at the concepts of trajectory optimization, allocation optimization and
multi-objective optimization. Furthermore, there are diverse algorithms and programs that can be applied
and used to solve these problems. Some of these will be discussed in this section.

6.1. Trajectory Model
Trajectory optimization is "the process of designing a trajectory that minimizes (or maximizes) some mea-
sure of performance while satisfying a set of constraints" [39]. In this case we are trying to minimize two
objectives, noise and fuel, making it a multi-objective optimization problem. Constraints include elements
such as operational requirements during departures.
There are several applicable metaheuristic methods. This section will discuss Tabu Search, Simulated An-
nealing and Genetic Algorithm. The following information is from "Introduction to Operations Research" by
Hillier and Lieberman [16].

6.1.1. Tabu Search
Tabu search includes a local search procedure that allows not only improvements in solutions but also slight
degradations. A so-called "steepest ascent/mildest descent" approach is applied. This means that at each
iteration the move that "climbs up the hill" fastest is chosen, or when there is no upward move available, the
move that goes downward the least is selected. An issue with this is that once the process moves away from
a local optimum, it will circle back to the same local optimum. To prevent this, the moves that go back to
already visited solutions are temporarily forbidden, thus the name "Tabu". These "Tabu moves" are recorded
on a "Tabu list". An exception to this rule is when a Tabu move is actually an improvement to the best feasible
solution found so far. This form of memory is distinctive to the Tabu Search method. To summarize this
method, a short outline is presented:

1. Initialization: Starting with a feasible initial trial solution

2. Iteration: using a local search procedure, feasible moves into the local neighborhood of the current
trial solution are defined. Any Tabu moves are removed. The remaining moves are examined to find the
best solution, which is then adopted as the new trial solution no matter if it is better or worse than the
current one. The Tabu list must be updated to prevent circling back to the current trial solution.

3. Stopping rule: A stopping criterion is defined. This can be a set number of iterations, a set CPU time or
a set number of iterations that do not show an improvement over the previous solution. The search is
also stopped when there are no feasible solutions in the local neighborhood of the trial solution. The
best solution on any iteration is then chosen as final solution.

The downside of Tabu search is that it checks every single local maximum/minimum instead of searching
directly for a global optimal solution. This can become very time consuming.
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6.1.2. Simulated Annealing
Simulated annealing focuses on searching for the global optimum. To achieve this, the first steps are to move
in random directions while rejecting some moves that go "downwards". In this way, a large chunk of the fea-
sible region is explored and since most moves are an improvement, the search will drift towards the part that
contains the global optimum. Over time, the process finds this "tallest hill". In simulated annealing, as well
as Tabu search, each iteration moves to an immediate neighbor of the current trial solution, the difference is
in how the neighbor is chosen. At first, a random neighbor is chosen that is always accepted if it is better than
the current trial solution. If it is not, it is only accepted with a certain probability that is dependent on how
much worse it is. The probability of acceptance is defined in the following expressions:

Pr ob{accept ance} = ex (6.1)

x = Zn −Zc

T
(6.2)

Here Zn is the objective function value of the current trial solution and Zc is the objective function value
of the candidate for the next trial solution. T is a parameter that determines the likelihood of a candidate that
is worse than the current trial solution being accepted. In simulated annealing, T starts with a large value,
meaning the probability of acceptance is quite big and the search can move in close to random directions.
As the process continues, T is gradually decreased and the focus is more put on candidates that are better
than the previous solution as the probability of acceptance of worse solutions decreases. This aspect of ran-
domness that is not present in the Tabu search allows for more flexibility for moving towards a different part
of the feasible region to look for the "higher peak". Due to the decreasing T parameter, the process is called
simulated annealing. This is an analogy to the physical annealing process in which metal is melted at very
high temperatures and then slowly cooled until it reaches a low energy stable state with desirable properties.
The decreasing parameter T can thus be compared to the cooling temperature. An outline of the simulated
annealing process goes as follows:

1. Initialization: a feasible initial trial solution is chosen.

2. Check T schedule: once a set number of iterations at the current T value have been performed, decrease
T to the next value in the schedule and continue performing iterations.

3. Stopping rule: stop when a set number of iterations have been completed at the smallest value of T, or
when none of the immediate neighbors are accepted. The best trial solutions from any iterations (from
all T values) is the final most optimal solution.

6.1.3. Genetic Algorithm
The final metaheuristic method is the genetic algorithm. This algorithm works differently from the previous
two. It is based on the theory of evolution formulated by Charles Darwin that introduced the concept of
"survival of the fittest". Each species has different characteristics, it is those that adapt to the environment,
creating superior qualities, that survive to the next generation. With this method, the solutions gradually
evolve to become the most optimal one [16]. An outline for a genetic algorithm is given:

1. Initialization: start with a population of feasible trial solutions that can be generated at random. Eval-
uate the value of the objective function, i.e. the "fitness" of each individual.

2. Iteration: a random, even number of superior members of the population are chosen to become par-
ents. The parents are paired up, also at random, and each pair has two children, translating to feasible
trial solutions. The children have features from both parents, or have mutated features. If a solution
is infeasible, this is referred to as a "miscarriage". When this happens, the process of having children
is repeated until a child is a feasible solution. For the next iteration, an equally sized population is
selected from the superior children and sometimes from the better members of the current "parent"
population. Once again the characteristics and "fitness"of each individual of the new population is
evaluated.

3. Stopping rule: The process stops when the stopping criterion has been satisfied. This can be a set
number of iterations, CPU time or a set number of iterations that did not show an improvement in the
previous trial solutions. Once the process has stopped the best trial solution so far is chosen as the final
solution.
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6.1.4. Multiobjective Optimization
In multiobjective optimization, a vector of objectives must be minimized (or maximized), meaning there can
not be one optimal solution. This is due to the fact that they are noninferior solutions. This means that when
one objective improves, the other will degrade[8]. One must thus find a solution that is optimal enough for
both objectives. This can be done using the Pareto Optimality method. The outcome of a multi-objective
optimization problem can be a large set of solutions whose values can be presented on a Pareto Frontier (or
Front). An example of such a front is given in Figure 6.1

Figure 6.1: An example of a Pareto Front [7]

Although a Pareto front can present all the solutions, it can become close to impossible to select the pre-
ferred solution or solutions. This is due to the large size of the solution set overcrowding the representative
Pareto front. For this reason, support tools have been developed to help the decision maker make a choice
. There are two broad methods that can be applied; an "a priori" method i.e. before even optimizing the
problem, or "a posteriori" i.e. afterwards [2].

A priori method
In this type of method, a so called Guided Multi-objective Genetic Algorithm (G-MOGA) allows decision

makers to implement their preferences into the algorithm to bias the search for the optimal solutions. The
outcome of this method is a Pareto frontier that is already focused on the preferred region of the objective
function space. A downside to this is that, even though there are fewer solutions provided, now the decision
maker needs to choose between very similar preferred solutions. Furthermore, this method calls for the de-
cision maker to make preference trade-offs between objectives which can be quite complex when he/she has
no experience with the matter. Thus, a posteriori methods can be applied with satisfactory results as well.

A posteriori method
This method eases the decision making process after all the solutions have already been found. It ei-

ther looks for the solution that optimizes all the objectives simultaneously, or it applies the preference of the
decision maker on the solutions to identify the best one. There are two ways of accomplishing this. First,
subtractive clustering can be used to group the solutions on the Pareto front into homogeneous "families"
according to their relative distances. Using Level Diagrams or fuzzy preference assignment, depending on
whether the decision maker has a preference, the most representative solution in each cluster is determined.
The decision maker only hast to pick the optimal cluster radius, define the preference matrix and use the
Level Diagrams to assess the solutions according to their proximity to the ideal solution which is optimal
with respect to all objectives. A second approach is a two step procedure using a Self Organizing Map (SOM)
that clusters the solutions and then Data Envelopment Analysis (DEA) to eliminate the least efficient ones
and identify representative efficient solutions. The DEA also evaluates the solution performance based on
a relative efficiency criterion. The decision maker is thus left with a smaller amount of solutions to choose



20 6. Methodology

from. However, when keeping the decision makers preference in mind, the method becomes less effective.
This is because the solution selection is based on the relative efficiency and thus the solutions that the deci-
sion maker prefers may not be the most efficient ones.

It is possible to combine a priori and a posteriori methods. For instance, after applying the a priori method,
the solutions reduction procedure by clustering can be applied to the reduced Pareto front, making it simpler
to decide between solutions. However, it is still difficult to define the amount one objective should be pre-
ferred over the other, i.e. how much of one objective the decision maker is willing to let go of for a particular
increase in another objective, since there are no reference values to base it on. It goes without saying that, the
more objectives there are, the more complicated this will get.

6.1.5. Integrated Noise Model
To incorporate a noise model into the optimization simulation, the Integrated Noise Model (INM) has been
used by the FAA as a standard method for noise assessment since 1978 [5]. This is a computer program that
assesses noise impact with several different metrics for several different scenarios. INM computes noise-level
or time-based metrics near an airport which are presented on a grid of "observer points"or contour levels.
There are three groups of metrics computed in INM:

• A-weighted sound levels (L A): provides a good approximation of the response of the human ear and
thus compares to a person’s judgment of how loud something is. It diminishes the low and high fre-
quencies of the spectrum.

• C-weighted sound levels (LC ): simulates human perception of how loud a sound above 90 decibels is.
It relates more to low frequencies than A-weighting.

• Tone-corrected perceived noise levels (LP N T ): estimates perceived noise from broadband sources like
aircraft.

INM then computes three types of metrics from these levels:

• Exposure based: total sound exposure over a time period at an observer location

• maximum noise level: maximum noise level (of a set of aircraft operations) at an observer location

• time-based metric: time or percentage of time that the noise level exceeds a certain threshold (for
aircraft operations over a given time period).

INM can be integrated into the optimization model to calculate noise in order to optimize the trajectories
for this objective.

6.2. Allocation Model
The allocation model allots departing aircraft to an optimal trajectory. This type of problem is most com-
monly solved using Mixed Integer Linear Programming (MILP). The most common type of linear program-
ming is allocating resources to activities, which is a comparable task. MILP is different to linear programming
only in the way that the variables can, but don’t have to, have integer values. In MILP there is a function to
be maximized (or minimized) that is subject to a set of restrictions or constraints. The linear programming
standard form is given in the following expressions [16].

Maximize Z = c1x1 + c2x2 +·· ·+ cn xn

subject to the restrictions
a11x1 +a12x2 +·· ·+a1n xn ≤ b1

a21x1 +a22x2 +·· ·+a2n xn ≤ b2

...

am1x1 +am2x2 +·· ·+amn xn ≤ bm

and
x1 ≥ 0, x2 ≥ 0, . . . , xn ≥ 0
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A program for solving MILP problems is the IBM ILOG CPLEX Optimization Studio. This program "uses
decision optimization technology to optimize decisions, develop and deploy optimization models quickly
and create real-world applications" [21].





7
Project Timeline

In this section I will give a concise overview of the project and its timeline. This project will last a total of 7
months, from the beginning of September 2020 until the beginning of April 2021. There are three milestone
meetings with the exam committee during this time. First of all the Kick-off meeting where the research goal
and plan are presented. This will take place in the first week of September. Secondly, the mid-term takes
place half-way through, in the first week of December, to discuss progress and make sure the project is ready
to enter the final phase. Finally, the Green-light meeting determines whether the project has been completed
successfully. This will take place at the beginning of March. It is possible that more progress meetings will be
planned in between these three to monitor the process better. Towards the end of March the final thesis will
be delivered and the defence is planned at the beginning of April.
After the initial kick-off, the initial phase of the project begins. In this phase the two models are created and
verified based on [7] research. Furthermore, an appropriate airport to conduct a case study is chosen and
researched. After the mid-term meeting, the models will be improved and augmented and the case study will
be performed. After each task is completed, the research needs to be verified and validated and the thesis
report needs to be updated continuously.
Appendix A provides a Gantt chart with the current plan including tasks, meetings, deadlines and holidays.
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8
Conclusion

This literature study discussed various aspects of the contents and process for completing this MSc thesis. It
is important to understand that noise and fuel consumption are the two critical aspects in hindering airport
expansion and growth in the industry. Current procedures take these aspects into account, however there is
room for improvement, especially during departures. Standard departures do not take the performance char-
acteristics of individual aircraft types and weights into account and are therefore not optimized. Research
has been done on tailored departures in the form of Continuous Climb Operations or custom optimized de-
parture profiles. Several algorithms and models are used such as a Multi-Objective Evolutionary Algorithm,
NOISHHH along with an Integrated Noise Model and aircraft performance models. The current thesis aims
to make flying more sustainable by answering what is the benefit of aircraft type dependent departure tra-
jectories and procedures in terms of aircraft noise and fuel consumption. This will be done by creating two
models based on [7] research. First, a trajectory optimization model that creates tailored departure profiles
and procedures per aircraft group. This model will use an optimization algorithm such as a tabu search, sim-
ulated annealing or a genetic algorithm. The second allocation model uses MILP to allocate flights to the
tailored departure routes. The models are created using MATLAB and will be applied to an airport in a case
study. This airport is chosen based on characteristics such as population density surrounding the airport as
well as current runway configuration. Simultaneous parallel departures from closely space runways for ex-
ample can become critical, so new departure profiles and procedures would need to be carefully designed to
avoid conflict. The outcome of this project will be optimized noise and fuel values.
Finally a preliminary project timeline was created for organizational purposes. The project will run for seven
months from September until beginning of April. The provided Gantt chart gives an overview of the impor-
tant tasks and when they should be completed.
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1
Trajectory Optimization Model

In this section additional information on theory and calculations are given for various sub-models of the
trajectory optimization model. This serves as supporting work to substantiate claims made in the scientific
paper.

1.1. Maximum Thrust Calculation
The maximum thrust is modelled separately for take-off and climb conditions. The maximum take-off thrust
is calculated using a second degree polynomial function of speed with engine specific coefficients. The take-
off thrust also depends on a variable G0, which is called the gas generator function. This variable represents
the usable power of the engine and can be derived from the relationship between specific enthalpy and spe-
cific entropy [3]. The relationship used for G0 in Eq. 1.1 comes from Fig. 5 in [3].

G0 = 0.0606λ+0.6337 (1.1)

The equation for maximum take-off thrust is then given by Eq. 1.2. Here, T is the maximum take-off thrust,
T0 is the maximum static thrust at sea level, λ is the bypass ratio and M is the Mach number. This equa-
tion calculates the thrust for a single engine. It is assumed here that the runway is at sea level. For altitude
adjustments, Eq. 1.3 can be considered.

T

T0
= 1− 0.377(1+λ)√

(1+0.82λ)G0

M + (0.23+0.19
p
λ)M 2 (1.2)

T

T0
= A− 0.377(1+λ)√

(1+0.82λ)G0

Z M + (0.23+0.19
p
λ)X M 2 (1.3)

where

A =−0.4327
(

pamb
pamb0

)2 +1.3855 pamb
pamb0

+0.0472

Z = 0.9106
(

pamb
pamb0

)3 −1.7736
(

pamb
pamb0

)2 +1.8697 pamb
pamb0

X = 0.1377
(

pamb
pamb0

)3 −0.4374
(

pamb
pamb0

)2 +1.3003 pamb
pamb0

(1.4)

The maximum thrust during climb is split into three segments in [3]. The departure trajectory in this research
ends at 12000ft. Since it is still considered the initial departure, climb segment 1 is used. This results in the
linear function in Eq. 1.5 to define the maximum climb thrust.

T

T30
= m

pamb

pamb30
+

{[
T10

T30

]
−m

(
pamb10

pamb30

)}
(1.5)

Here, m is a factor that incorporates the influence of flight speed and climb rate setting and it is given in Table
4 of [3]. The model in Eq. 1.5 first requires the thrust at 10,000ft, T10, to be calculated using Eq. 1.6. T30 is a
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cruise thrust that is given in [43] per aircraft type and pamb is the ambient pressure at the respective altitudes.
Vcas and Vcasr e f are the calibrated airspeed and the calibrated airspeed at cruise (30,000ft) respectively.

T

T30
= a

[
pamb

pamb30

]−0.355
( Vcas

V casref

)+n

(1.6)

where

a =
[

Vcas

Vcasref

]−0.1

(1.7)

and n is a factor that takes into account the different TET settings that result in different climb rates. These
values are given in Table 3 of [3]. In this model a reference thrust, T30, is defined at 30,000ft (cruising altitude)
instead of the usual sea level. This is because the engine performance and thus the climb requirements are
generally specified at the top of climb by aircraft manufacturers.

1.2. Trajectory Parameterization
By parameterizing the trajectory, the amount of decision variables for the optimization is minimized. The
final two decision variables, namely the heading change of the last turn and the length of the last straight
segment, can be calculated and do not need to be optimized, given that the final coordinate of the trajectory
is known. Figure 1.1 depicts a scenario where the initial coordinates, L1, R2, and the final coordinates are
known. From this, ∆χ2 as well as L3 can be calculated using the equations 1.8 - 1.11.

Figure 1.1: Ground track parameterization calculation

∆χ2 = 180−α−β (1.8)

α= tan−1

( ∣∣x f −x1
∣∣∣∣y f − y1

∣∣−R2

)
(1.9)

β= cos−1

 R2√(∣∣x f −x1
∣∣)2 + (∣∣y f − y1

∣∣−R2
)2

 (1.10)

L3 = R2 tanβ (1.11)
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1.3. Optimization
The working of the NSGA-2 algorithm was briefly described in the paper. The details of the optimization
settings that were applied in the model are given below.

• Maximum evaluations: 10,000 (100 generations)

• Population size: 100

• Offspring size: 100

• Mutation probability: 1
#o f var i ables

– Distribution index: 20

• Crossover probability: 0.8

– Distribution index: 10

The termination criterion of the optimization is a maximum number of evaluations. The population size
determines the amount of solutions generated per iteration. The initial population is random. The mutation
probability determines the probability of parent solutions being changed to create a new solution, unlike the
crossover probability where parent solutions are recombined to generate offspring. The distribution indices
determine the amount of deviation in the decision variables. A lower value improves the resilience to early
convergence. The NSGA-2 pseudo-code is presented below in Algorithm 1 [12].

Algorithm 1 NSGA-II Algorithm

1: initialize population P0 ⊂χµ

2: while not terminate do
3: {Begin variate}
4: Qt ←ϕ

5: for all i ∈ {1, ...,µ} do
6: (x(1),x(2)) ← select_mates (Pt ){ select two parent individuals x(1) ∈ Pt and x(2) ∈ Pt }
7: r(i )

t ← recombine
(
x(1),x(2)

)
8: q(i )

t ← mutate(r)

9: Qt ←Qt ∪
{

q(i )
t

}
10: end for
11: { End variate }
12: {Selection step, select µ -"best" out of (Pt ∪Qt ) by a two step procedure:}
13: (R1, ...,Rl) ← non-dom_sort(f,Pt ∪Qt )

14: Find the element of the partition, Riµ , for which the sum of the cardinalities |R1|+ · · · +
∣∣∣Riµ

∣∣∣ is for

the first time ≥ µ. If |R1| + · · · +
∣∣∣Riµ

∣∣∣ = µ,Pt+1 ← ∪iµ
i=1Ri , otherwise determine set H containing

µ−
(
|R1|+ · · ·+

∣∣∣Riµ−1

∣∣∣) elements from Riµ with the highest crowding distance and Pt+1 ←
(
∪iµ−1

i=1 Ri

)
∪H

15: { End of selection step.}
16: t ← t +1
17: end while
18: return Pt
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1.4. Optimal Solutions
After the trajectory model outputs a Pareto front of optimal solutions, three optimal departure trajectories
are chosen per aircraft type to proceed with the analysis. The outermost points of the Pareto front are easily
selected. These are the fuel optimal and noise optimal solutions. The third optimal solution needs to be
extracted mathematically. This is done after the optimization process is complete and is therefore an "a
posteriori" method.
The goal is to choose a point that can save a sufficient amount of one objective without largely increasing the
other. An example of the method is shown in Figure 1.2 [7]. D1 and D2 are the respective derivatives between
the points.

Figure 1.2: Selecting a third point from the middle of the Pareto front

Here, D1 will be a small negative number and D2 will be a large negative number. Subtracting them from
each other will result in a large positive number, which indicates the preferred solution is point B. The plot
makes clear that choosing B above C results in substantial fuel savings while only marginally increasing the
awakenings. When compared to point A, point B achieves significant noise savings while little fuel is added.
The intermediate solution is selected from the middle of the Pareto fronts.



2
Case Study

2.1. Sensitivity Analysis
In order to potentially improve the flexibility of the ground track, more lateral segments can be added to the
trajectory. This allows the path to avoid highly noise sensitive areas better by giving it the chance to take more
turns. A sensitivity analysis was performed to decide with how many segments the optimization should take
place.
With each case two extra segments (one turn and one straight leg) were added to the trajectory. This resulted
in an optimization for 5, 7 and 9 ground segments, or 2,3 or 4 turns in the trajectory respectively. The analysis
was performed for two aircraft types in different weight categories, namely the B737 (medium) and the B772
(heavy).
The initial version of the trajectory optimization model uses five ground segments. While improving flexibility
to the route, adding extra segments also increases the computation time significantly. Adding a turn and a
straight segment brings more complexity to the model since three extra decision variables (L, R and ∆χ) need
to be optimized. Therefore, adding four extra segments to reach 9 total ground segments will be even more
computationally complex and the computation time will increase considerably.

2.1.1. Results
The sensitivity analysis was performed on the same runway and departure fix combination at Schiphol as the
case study, namely the 09 LOPIK departure. The optimization bounds were kept identical for all cases. The
results for both aircraft are presented in Figures 2.1 and 2.2. The results show that the 5 segment optimization
has the better results when looking at both aircraft types. The blue Pareto fronts are more noise optimal for
both aircraft, especially for the B772. The 7 segment solutions are far worse with both Pareto fronts being
higher and further right on the plot. A reason for this deterioration is that it wasn’t able to converge as far
within the given maximum evaluations. Furthermore, while the 9 segment run does provide good optimal
solutions, the optimization took hours longer making it less manageable for the amount of runs that are
needed in this study. Previous work that was performed on this topic chose 5 ground segments due to the
decent flexibility as well as manageable run times [7]. The decision variables of the trajectories also show that
often the aircraft did not make use of the third and fourth turn, or only a small heading change was observed
indicating that the turns were not always necessary.
In conclusion, although the results of the sensitivity analysis are viewed critically, 5 ground segments are
chosen for this research. With the amount of aircraft types considered, the already high computation time
plays a big role and cannot be compromised further. The model has already been adapted for 7 and 9 ground
segments and this can be explored further in future research.
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Figure 2.1: Sensitivity analysis results for the B737

Figure 2.2: Sensitivity analysis results for the B772
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