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Abstract

This paper presents the development of a multilevel optimization framework for the design and selection
of departure routes, and the distribution of aircraft movements among these routes, while taking the
sequence and separation requirements for aircraft on runways and along selected routes into account.
The main aim of the framework is to minimize aircraft noise impact on communities around an airport,
and the associated fuel consumption. The proposed framework features two consecutive steps. In the
first step, for each given Standard Instrument Departure (SID), multi-objective trajectory optimization
is utilized to generate a comprehensive set of possible alternative routes. The obtained set is
subsequently used as input for the optimization problem in the second step. In this step, the selection of
routes for each SID and the distribution of aircraft movements among these routes are optimized
simultaneously. To ensure the feasibility of optimized solutions for an entire operational day, the
sequence and separation requirements for aircraft on runways and along selected routes are included in
this second phase. In order to address these issues, three novel techniques are developed and added to a
previously developed multilevel optimization framework, viz., a runway assignment model, a conflict
detection algorithm, and a rerouting technique. The proposed framework is applied to a realistic case
study at Amsterdam Airport Schiphol in the Netherlands, in which 599 departure flights and 13 different
SIDs are considered. The optimization results show that the proposed model can offer conflict-free
solutions, one of which can lead to a reduction in the number of people annoyed of up to 21%, and a

reduction in fuel consumption of 8% relative to the reference case solution.

Keywords: trajectory optimization; aircraft allocation; aircraft noise; airport noise; aircraft separation;
conflict detection.
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1. Introduction

Air transport is predicted to rapidly increase in the coming years due to its social and economic benefits
(Boeing, 2016). The increase in air traffic volume may bring certain advantages to the development of
society such as job creation, tourism, and industrial globalization. However, it also causes negative
impacts on the quality of life of communities surrounding airports, especially as a result of aircraft noise
nuisance and pollutant emissions (Asensio et al., 2017). Aircraft noise has been linked to various human
health effects such as cardiovascular diseases, sleep disturbance, hearing loss, communication
interference, and annoyance (Janssen et al., 2014; Morrell et al., 1997). Noise impact has been well
recognized as one of the most significant factors leading to restrictions on the expansion of flight and
airport operations (Rodriguez-Diaz et al., 2017).

In an effort to support the sustainable development of air transport, the International Civil Aviation
Organization (ICAO) has provided the guideline for air traffic management (ICAO, 2016), and various
approaches have been studied and proposed over the years (Casalino et al., 2008; Filippone, 2014; Gardi
et al., 2015). In order to reduce noise impact caused by aircraft departure/arrival operations, noise
abatement trajectory optimization has been applied to generate optimal trajectories, and a significant
reduction in both the number of people affected by aircraft noise and fuel consumption has been reported
(Zaporozhets and Tokare, 1998; Braakenburg et al., 2011; Hartjes et al., 2014, 2010, 2016; Ho-Huu et
al., 2017, 2018; Hogenhuis et al., 2011; Prats et al., 2011, 2010b, 2010a; Song et al., 2014; Torres et al.,
2011; Visser and Wijnen, 2003, 2001; Yuetal., 2016; Zhang et al., 2018). Furthermore, the development
of allocation models to distribute aircraft movements over specific routes and runways have contributed
to a significant reduction of aircraft noise effects (Chatelain and Van Vyve, 2018; Frair, 1984; Gani¢ et
al., 2018; Ho-Huu et al., 2019a; Kuiper et al., 2012; Zachary et al., 2011, 2010). In addition to the
research on aircraft noise reduction, research on improving airport capacity and fuel consumption has
been widely conducted (D’Ariano et al. 2015; Sama et al. 2017a, 2017b, 2018, 2019).

Although a large effort has been made towards finding suitable options to support the continued
growth of air transport, there is still a lack of studies that consider different aspects of flight and airport

operations concurrently. In particular, research on the design of optimal routes typically considered only
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one standard route at a time, while its interaction with other routes was not included, as evident from
Refs. (Braakenburg et al., 2011; Hartjes et al., 2014, 2010, 2016; Ho-Huu et al., 2017, 2018; Prats et al.,
2011, 2010a; Torres et al., 2011; Visser and Wijnen, 2001, 2003; Zhang et al., 2018). Although optimal
routes can offer certain benefits, either in terms of noise impact or fuel burn, from an operational
perspective, they might be rather difficult to apply when other factors, such as airspace capacity or
aircraft separation, are not taken into account. Meanwhile, research on the allocation of aircraft to
current-in-use runways and routes can provide more realistic solutions, as reported in Refs. (Chatelain
and Van Vyve, 2018; Frair, 1984; Gani¢ et al., 2018; Kuiper et al., 2012; Zachary et al., 2011, 2010).
However, these studies relied on the assumption that the optimal solutions satisfy operational
requirements, such as aircraft sequence and separation. Therefore, the true influence of optimal
allocation solutions on these issues has not yet adequately studied. Moreover, since these models only
considered standard routes instead of optimized routes, the potential noise and fuel reduction benefits
were not fully exploited. As a result, there is a need for the development of methodologies that can
exploit the advantages of these two types of problems by considering them simultaneously or in a linked
manner.

In recent work (Ho-Huu et al., 2019b), a two-step optimization framework was developed that can
partly deal with the combination of the above two problems. Owing to the advantages inherited from
the combination of optimal route design and the distribution of flights among these routes, the two-step
framework revealed the potential to considerably reduce the number of people annoyed and fuel
consumption. Furthermore, the study indicated that the application of the two-step approach can help to
significantly reduce the complexity of the combined problem, while keeping the quality of solutions at
almost the same level as in the fully integrated (one-step) approach. Also, the framework proved to be
substantially more efficient in terms of the computational cost and flexibility to adapt to changes in the
flight schedules. However, since this research mainly focused on the development and validation of an
appropriate approach to cope with the complexity of the combined problem, some other operations-
related issues were simplified. Specifically, the capacity limits of routes and runways in the framework
were implicitly assumed to be satisfied by enforcing a constraint that limits the number of aircraft

movements on each route. Moreover, because the sequence and separation requirements for flights were
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essentially ignored, the results found were just simple distribution solutions that do not contain any
information on individual aircraft movements, such as departure times.

As a continued development of the previous work, this paper proposes additional techniques and
integrates them into the previous model to help overcome the above-mentioned research gaps. Similar
to the previous model, the newly proposed framework also features two consecutive steps, in which Step
1 addresses the design of optimal routes, whilst Step 2 copes with the selection of routes and the
distribution of flights among selected routes. Since the main research gaps of the previous work relate
to Step 2, the problem model in Step 1 remains unchanged. In contrast, the optimization model in Step
2 has been reformulated as a result of the introduction of new constraints on the throughput capacity of
runways and routes. In order to handle these new constraints, three new tool components are proposed.
The first one is the development of a runway assignment model that is used to make sure that the safe
separation requirements for all aircraft on runways are satisfied. The second additional component
concerns a conflict detection algorithm that is included to check the separation requirements between
aircraft along selected routes. Finally, a rerouting technique is proposed to resolve any separation
violation between aircraft along the selected routes that still might exist after the conflict detection
algorithm has been applied.

The proposed framework is demonstrated through a realistic case study at Amsterdam Airport
Schiphol (denoted as AMS), in which a full operational day involving 599 fights and 13 different given
standard instrument departure routes are considered. The obtained results are then analyzed and
compared with those obtained from the reference case.

The remainder of the paper is organized as follows. Section 2 provides a brief introduction of the
problem statement. Section 3 presents the proposed framework in detail, including a reformulated two-
step optimization approach, a runway assignment model, a conflict detection algorithm, and a rerouting
technique. Section 4 provides brief information on the optimization techniques that are used to solve
optimization problems in the framework. The application of the proposed framework for a case study at

AMS is presented in Section 5. Finally, conclusions are drawn in Section 6.
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2. Problem statement

Before discussing the functioning of the proposed framework, an example of a representative problem
at a generic airport is presented first. Fig. 1 shows a hypothetical example of four Standard Instrument
Departure (SID) routes (hereafter referred to as SIDs') and the surrounding communities near an airport.
Since noise caused by aircraft operations has significantly negative influences on the quality of life of
communities surrounding the airport (in particular, those located near or underneath the routes), the
design and selection of routes for each given SID (i.e., Question 1) should be made such as to avoid as
many (highly) populated areas as possible. In addition, due to the accumulative nature of noise impact,
the distribution of aircraft movements among these routes while guaranteeing aircraft sequence and
separation requirements (i.e., Questions 2 and 3) is also an important factor that needs to be considered.
Therefore, from a noise perspective, it is apparent that the design and use of noise-optimized routes and
the optimal distribution of aircraft movements among these routes emerge as appropriate options that
can help to reduce the aircraft noise impact on communities around the airport. However, due to the
intricate coupling that exists between these two problems and the associated high computational cost, it

is challenging to solve these problems integrally in a single step.

Runway 24

Runway 18

Route 2
Route 1 3. Are sequencing and separation

1. Which route ] )
requirements satisfied ?

is better ?

(Route design) Route 3 (Operational requirements)
A R D= 4
T
‘|' , Route 4
/ ' |
Endpoint 1 Endpoint 2

2. How many flights and which
aircraft types on each route ?

Fig. 1. An example of routes and communities around an airport.

T Please note that the notation of SID is used to denote an existing published Standard Instrument Departure route that connects
a given runway to a defined terminal endpoint, while “routes” are used in the context of this paper to represent the optimized
ground tracks that are created for each SID by using an optimization algorithm.
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In this work, a multilevel optimization framework is developed to overcome the complexity of the
integrated problem, as well as the limitations of the computational burden. The main aim of the
framework is to provide solutions that address all three questions together while minimizing the number
of people affected by aircraft noise. Particularly, the final goal of the framework is to determine, for
each given SID, which route is optimal, and how many movements of each aircraft type should be
assigned to this route while taking aircraft sequence and separation requirements into account.
Nevertheless, purely focusing on noise impact may lead to an increase in fuel burn as a result of aircraft
seeking to circumnavigate populated areas. Therefore, fuel consumption is included as a second
objective function in the formulation of the optimization problem. The two objectives are briefly
described below.

To determine the Number of People Annoyed (hereafter defined as NPA), the Lqen-based annoyance
criterion, proposed by EEA (2010), is applied in this study. According to EEA (2010), the percentage

of People Annoyed (%PA) at a given location on the ground is defined as
%PA=8.588x1070 (Lyen —37)% + 1.777x1072 (Lyeny —37) + 1.221 (Lgeny —37) (1)

where Lgen is the day-evening-night noise level, determined by

SELjk +Wen, j

Lgen =10logyg| > > D g;10 10 —10log;o T (dBA), )
keNyieNg jeOy

where N is the total number of given SIDs; N is the total number of aircraft types; O is the operational
time, which includes day, evening and night time; SELi is the sound exposure level caused by aircraft

type i on route k; Wyen, j is a penalty weighting factor, which is either of 0, 5, or 10 dBA, accounting for

day, evening and night time operations, respectively; ai is the number of aircraft type i operating on
route k at the time period j; and T is the considered period of time in seconds (T = 24x3600 seconds in
this case). In Eq. (2), the SEL metric is computed at each location on the ground by using a replication
of the noise model laid down in the technical manual of ECAC (2016).

The fuel objective is determined as

Truel = 2, D aik fuelig 3)

keNyieNg
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where fuely is the fuel that aircraft type i consumes when operating on route k. The fueli is calculated
by using an intermediate point-mass model (Hartjes et al., 2016) and the Base of Aircraft DAta (BADA)

(EUROCONTROL, 2014b).

3. A multilevel optimization framework

In this section, the proposed multilevel optimization framework is presented in detail. The flowchart of
the framework is illustrated in Fig. 2, while a description of the details will be given in the following

subsections.

Input data

- Number of given SIDs
- Flight data

- Population data

v

Step 1 Determine a set of optimal routes for each given
SID
J

v

Select an optimal route for each SID and
distribute aircraft to these routes

Step 2 * Solve a runway assignment model
* Apply a conflict detection algorithm
* Apply a rerouting technique

v

[ Obtain final solutions ]

Fig. 2. Flowchart of the multilevel optimization framework.
3.1. A two-step approach
3.1.1. Step 1: design of optimal routes

In order to generate, for each given SID, a set of optimal routes that effectively balances between NPA
and fuel burn, a multi-objective trajectory optimization problem is formulated and solved. The

optimization problem is defined as

mpin ( Npa (P), Tryel (p)) (4)

s.t. 4 (1) < pmax (h), Vie Ng (5)
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where Npa(p) is the total NPA, and Trei(p) is the total fuel consumption of all aircraft following the SID.
The design variables are the parameters that define a route; these parameters are collected in the vector
p. For more details about the definition of the vector p, interested readers can refer to Ho-Huu et al.
(2017; 2019Db). The variable z4(t) in Eq.(5) is the bank angle of aircraft type i during a turn at time t, and
umax 1S the maximum permissible value of x, varying according to altitude h (ICAO, 2006).

In Eq. (4), the objective Npa(p) is calculated by considering the multiplication of %PA in Eq. (1) in
each grid cell with the population in that cell and subsequent aggregation over all cells. The population
density data surrounding an airport is retrieved from a Geographic Information System (GIS). The
objective Tre(p) in Eq. (4) is defined similarly as in Eq. (3). It is noted that N, is now by default equal
to 1 since only one SID at a time is evaluated.

The optimization problem is applied for all considered SIDs. The obtained sets of optimal routes
and their associated performances for all SIDs are then utilized as inputs for the optimization problem
in Step 2. It should be noted that to be able to adapt to different runway configurations, the optimal

routes for all given SIDs originating from each runway should be obtained.

3.1.2. Step 2: selection of routes and distribution of flight among these routes

Before going to the formulation of an optimization problem, it is assumed that the terminal point for
each flight listed in the flight schedule is assumed to be specified in advance, based on its destination
airport. From the sets of optimal routes obtained in Step 1, this step aims to determine, for each given
SID, which route from the set should be selected, as well as to determine how many movements of each
aircraft type should be assigned to this route for an entire day. The formulation of the flight distribution

optimization problem is mathematically formulated as follows.

T’irn (Npa @r), Trel (@, r)) (6)
st. 2. Ak =Tajis: VieNg, VseT, ©)
keSDg
fy@ar)=0 (8)
fo(a,r)<0 (9)
OSaik Séik,VkeSDs,Vi € Nat (10)
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where a is the design variable vector of flight distribution, in which ai is the number of aircraft type i
on route k. The vector r = {ry,.., rv..., rn/} is the design variable vector of route selection, where the
preferred route ry is chosen from the set of optimal routes O obtained in Step 1 for SID k. The index s
relates to the terminal point (defined as the endpoint of each departure procedure), and T; is the set of
terminal points, seT,. The vector SD;s is the vector that collects the SIDs which share the same terminal
points. The parameter Ta;isis the total number of aircraft type i assigned to SIDs having the same terminal

point s. Eq. (10) represents the set of boundary constraints on the design variables, where the parameter
aji is the upper bound of the number of aircraft type i on route k, and it can be extracted from the flight

schedule as the total number of aircraft type i assigned to SIDs having the same terminal point. The
function fy(a,r) is a constraint imposing the separation requirements between aircraft on the runways
and is defined in the runway assignment model presented in Section 3.2. Similarly, the function fs(a,r)
is related to safeguarding the separation requirements between aircraft along the selected routes and is
defined in the conflict detection algorithm presented in Section 3.3.

In the above optimization problem (Eqgs. (6-10)), the objectives Npa(a,r) and Trei(a,r) are defined in
a similar fashion as in Step 1. However, the design variables considered here are different. Particularly,
the design variables in this step represent the routes selected from the sets of available optimal routes
for each SID, and the distribution of flight among these routes. Meanwhile, the design variables in Step
1 are the geometric parameters that are used to construct a SID route. Note that the two objective
functions in Eq. (6) are only calculated if the constraint in Eq. (8) is satisfied; otherwise, large numbers
are assigned to the criteria, representing penalties on an infeasible solution. This avoids the
computationally expensive calculation of the objective values when infeasible solutions are considered.
Also, all the information associated with routes and aircraft types is known a priori in Step 2, as this

information has been stored in Step 1.

3.2. Runway assignment model

The main objective of the model is to find, for any given instance of (a,r) considered in Step 2, a suitable

conflict-free solution for the assignment of individual flights to specific routes and runways, while
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minimizing the total departure delay (relative to the departure times listed in the flight schedule) at
runways. It is noted that the original objectives in Eg. (6) — NPA and fuel — are the focus of the main
distribution algorithm, which determines which share of the total movements (for each aircraft type) are
assigned to a specific route. In other words, the flight distribution optimization problem only considers
the flows of aircraft movements. The flight to runway assignment model, on the other hand, merely
determines how individual flights are assigned to runways, essentially looking for a conflict-free
realization at the runways of the flow solution generated by the flight distribution optimization
algorithm, taking departure times into account. Therefore, the flight to runway assignment has no impact
on the original objectives NPA and fuel. It is important to note that although the runway assignment
model yields solutions that are free of conflict at the departure runway, separation conflicts might still
occur down-route. The handling of potential down-route conflicts is discussed in Section 3.3. It is also
important to note that when a flight is assigned to a runway, its route is automatically determined. The

flight to runway assignment model is mathematically written as follows.

min > d; (11)
J

xd jed

st (tpg+dj)— @ +d)-MxG -Mxf 2t -2M, Vjed,vrer  (12)

(tj+1+dj+1)2(tj+dj),Vj€J (13)
S K0 =1, Vjed (14)
reR
D CjisX] = Njs, Vie Ny, VseTy, VreR (15)
jed

where X is the vector of binary design variables xE , in which xJIE represents the assignment of flight j to

runway r, XE €{0,1}. The vector d is the vector of delay variables d;, where d; (d; > 0) represents the

departure delay of flight j at the runway. The parameters J and R are, respectively, the set of flights in
the flight schedule and the set of runways. The parameter t; is the scheduled departure time of flight j,
and tsis the required time separation, which depends on the weight classes of following and leading
aircraft, as indicated in EUROCONTROL (2018) (see Table 1). Note that the empty fields in Table 1
indicate a minimum departure interval of 60 seconds (Delsen, 2016). The parameter cjis is the constraint

coefficient of flight j that is associated with aircraft type i and terminal point s. The coefficient cjis will

10
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be equal to 1 if flight j of aircraft type i flies to terminal point s, otherwise it will be equal to 0. The
parameter Nirs is the total number of aircraft type i departing from runway r to terminal point s. It is
noted that, for any instance of (a,r) produced by the aircraft distribution optimization algorithm, the

parameters N5 can be determined up front from the flight schedule information.

Table 1. RECAT-EU wake turbulence time-based separation minima on departure (EUROCONTROL,

2018).
RECAT-EU scheme “SUPER “UPPER “LOWER “UPPER “LOWER L IGHT"
HEAvY” HEAvY” HEAvY” MEebpium” | MEDIUM”
Leader / Follower “A” “‘B” “cr “D” “‘E” “F"
“SUPER =
Ay A 100s 120s 140s 160s 180s
UPPER | ugp 100s 120s 140s
HEAvy”
“L OWER s
ey C 80s 100s 120s
UPPER” “D” 120s
MEDIUM
“L OWER =
MEepium” E 100s
“LIGHT” “F” 80s

In the optimization problem (Eqgs. (11-15)), the objective function represents the minimization of
the total departure delay. The first constraint aims to ensure that the separation requirement between two
consecutive aircraft on the same runway is always satisfied. The parameter M in the constraint is a large
number (e.g., 10°) that helps to render the constraint inactive in the case that two consecutive aircraft

are assigned to two different runways. For example, if two consecutive aircraft are assigned to two
different runways (i.e., Xj =1and Xj,4 =0or x| =0and Xj,; = 1), and the separation time between

them is smaller than t;, the constraint is still satisfied, which can be readily inferred from Eq. (12). In
contrast, if two consecutive aircraft are assigned to the same runway, the separation between them has
to be larger than ts; otherwise, the allocation solution is infeasible. The second constraint Eq. (13) ensures
that the sequence of flights listed in the flight schedule is kept unchanged when departure delays are
introduced. The third constraint guarantees that each flight is assigned to one runway only. Finally, the

last constraint aims to ensure that the assignment of aircraft on each runway always matches the

11
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information of the distribution variables in the main optimization problem in Step 2 and complies with
the flight information and aircraft sequence as given in the flight schedule.

In order to determine the constraint Eq. (8) in Step 2, the function fq(a,r) is defined as

fg@@r)=>d;-D (16)
jed
where D is the total delay at the runways, which is derived from the runway assignment problem
without considering the distribution constraint Eq. (15). Therefore, the delay D is independent from the
solution (r,a) and can be calculated up front by solving the optimization problem in Eqs. (11-14) based

on a given flight schedule and set of available runways. Meanwhile, the delay >'d; in Eq. (16) associated

to a solution instance (r,a) might be influenced by the inclusion of the constraint Eq. (15). Since the

problem in Egs. (11-14) represents a relaxation of the problem in Egs. (11-15), the value of D will not

exceed that of Y d;. Therefore, the constraint fs(a,r) = 0 enforced in Eq.(8) makes sure that the solutions

obtained by the optimization problem in Step 2 do not cause a delay compared with the delay D, and

hence the runway capacity is kept at the maximum level.
3.3. Conflict detection algorithm

Once the result of the runway assignment model has been returned, an additional check is carried out
with respect to the satisfaction of constraint Eq. (9) along the routes. If the returned result does not
satisfy the delay constraint Eq. (8), the check is no longer needed, and a large penalty number is assigned
to this constraint. Otherwise, a conflict detection algorithm will be evoked to check the separation
requirement of aircraft along the selected routes.

From the flight schedule and the assignment solution returned by the assignment model, the route
information and associated performance can be obtained for each flight. This information comprises the
flight trajectory (i.e., position coordinates, velocity, altitude, time), fuel burn and noise value (i.e., SEL).
After the trajectories for all flights in the flight schedule have been defined, a simulation process is
carried out for all flights contained in the schedule, using an iteration time step of 10 seconds (as
suggested by Isaacson and Erzberger (1997)). In order to check the aircraft separation requirements in

both vertical and horizontal dimensions, the distance separation minima suggested by ICAO (2016) and
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293
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538
297
298

EUROCONTROL (2018) is applied. The vertical separation is set to 1,000 ft (ICAO, 2016), while the

horizontal separation standards are given in Table 2 (EUROCONTROL, 2018). The horizontal

separation is defined here as the Euclidean distance in the horizontal plane between the aircraft in each

pair (Isaacson and Erzberger, 1997; Visser, 2008). It is noted that the separation minima indicated in

Table 2 are applied to flights operating on the same routes, while for those operating on different routes,

a minimum radar separation of 3 NM is enforced. It should also be noted that only the wake vortex

separation minima are enforced and that all runways are assumed to be operated independently, i.e.,

departures can take place simultaneously at all runways. The main procedure of the algorithm is

described in Algorithm 1.

Table 2. RECAT-EU wake turbulence distance-based separation minima on approach and departure.
(EUROCONTROL, 2018).

RECAT-EU scheme “SUPER “UPPER “LOwWER “UPPER “LowEr A IGHT"
HEeavy* HEeavy” HEeaAvy” Mepium” | MEDIUM”
Leader / Follower “A” “‘B” “c” “D” “E” “F”
“SUPER oae
Heavy” A 3 NM 4 NM 5NM 5NM 6 NM 8 NM
“UPPER won
Heavy” B 3 NM 4 NM 4 NM 5NM 7 NM
o= “c’ ) 3NM 3NM 4NM 6 NM
HEeavy
“UPPER P
MEDIUM” = SNM
‘LOWER o
MEpium™ E 4NM
“LIGHT” “F” 3 NM

(*) means minimum radar separation (MRS), set at 2.5 nautical mile (NM), is applicable
as per current ICAO doc 4444 provisions.
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Algorithm 1. Conflict detection algorithm.

Input:
- Flight data;
- Route trajectories;
- Time step; starting time, ending time;
- Set the couple of flights violating the required distance separation (VS)to 0, VS =0;
For each time step
Define flights entering into the time window;
Extract the flight trajectories for these flights;
Calculate the vertical distance for each couple of flights;
For each couple of flight
If the vertical separation is violated
Calculate the horizontal distance
If the horizontal separation is violated
Set VS=VS+1;
End
End

End
End
Output: A set of couple of flights violating the required separation, VS.

Once the algorithm has terminated, the number of instances of flights violating the required distance
separation standards is stored in the parameter VS. If VS is equal to O, the constraint in Eq. (9) is satisfied,
and hence the allocation solution is feasible. Otherwise, the allocation solution is infeasible.

It should be noted that the resolution of the runway assignment problem in Section 3.2 may lead to
a situation in which multiple (non-unique) optimal solutions are found. Since the assignments of aircraft
on runways for the various optimal solutions may lead to different conflict situations down-route, the
conflict algorithm will be applied for each optimal solution obtained by the runway assignment model.
Subsequently, the solution without any conflicts or that with the smallest number of conflict cases is
selected. In the latter case, the rerouting technique will be subsequently applied to the identified

conflicting flights and will be presented in detail in the following section.

3.4. Rerouting technique

The conflict detection algorithm is applied to every distribution solution obtained for the optimization
problem in Egs. (6-10). If any couple of flights in these solutions violate separation minima which is
discovered by the conflict detection algorithm, a rerouting technique is used. The idea behind the
rerouting method is similar to that of the vectoring solutions as currently issued by Air Traffic
Controllers (ATC), which is used to resolve the conflict between flights listed in the schedule when they

fly along the selected routes. In the rerouting method, alternative routes are assigned to each pair of
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flights whose separation distances violate the specified minima while still optimizing noise impact and
fuel consumption. To this end, an optimization problem is formulated and solved for each pair of

conflicting flights in the flight distribution solution. The associated optimization problem is written as

follows.
min  w Npa (Tac) W, Tyel (Fac) (17)
Fac Npa(a,r) Trer(@,1)
s.t. f (r)=0 (18)

where ry is the design variable vector of alternative routes for the pair of conflicting flights whose
separation violates the separation standard; the alternative routes are again selected from the sets of
optimal routes obtained in Step 1. The objective function is the normalization of the NPA and fuel
consumption, in which Npa(rac) and Trei(rac) are the NPA and the total fuel burn associated with new
alternative routes for conflicting flights, respectively; and Npa(a,r) and Trei(a,r) are, respectively, the
NPA and the total fuel burn associated with the design variables of the optimization problem in Egs. (6-
10). Note that Npa(a,r) and Trei(a,r) are known at this stage. The parameters wi and w; are the weighting
factors, which are used to transfer a bi-objective optimization problem into a single objective one. In
this case, w; and w- are set to 0.5 with the aim of giving an equal priority to both the NPA and fuel
consumption. This setting also aims to retain the diversity of solutions in the original Pareto front. As
illustrated in Fig. 3, due to the use of the equivalent weight of 0.5 for both objectives, the solution
obtained by the optimization problem in this section is expected to be located along the dotted diagonal

line, which is the line having an angle of 45 degrees relative to the horizontal axis.

Tfu e I( rac)

[ ]
Tha(@1)

Solution violates aircraft separation, and
® o . o !
Tfuel(a’r) rerouting is applied to conflicting flights.

Npa( rac)

Diagonal line

Npa(a, r

Fig. 3. Hlustration of the optimal solution of the optimization problem in Egs. (17-18).
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The evaluation of the constraint is performed by evoking the conflict detection algorithm in Section
3.3. In this case, however, only flights involved in a time interval, within which conflict between flights
take place, are taken into account. The time interval is determined by the total travel time of the pair of
conflicting flights from the runways to the endpoints. To make sure the selection of new routes for the
conflicting flights do not cause any conflicts to other flights outside of the time interval, the travel time
of the conflicting flights is estimated based on the longest route stored in the set of available routes for
each SID. The determination of the time interval and the identification of flights within this interval is
illustrated in Fig. 4. In the figure, the two conflicting flights are f; and fs; the time interval is delimited
by the starting time of flight f; and the ending time of flight fs; and the flights involved in this time
interval are f1, f,, and fs. Since only flights operating within the time interval are considered, the rerouting
of conflicting flights does not influence flights outside this time interval. Furthermore, since typically
only a few flights in the flight schedule are involved, the computational cost of solving the problem in

this step is relatively small, just a few seconds of CPU time.

Departure time

Travel time for a flight to depart from the
3 runway to the endpoint.

Flight Flights f,, f,and f, operate within the time
schedule Y interval of the conflicting flights f, and f,.

Time where the conflict between f, and f, takes place.

Fig. 4. llustration of the number of flights involved in the time interval within which the conflict takes
place.

When the conflict detection tool identifies more than one pair of conflicting aircraft, the rerouting
algorithm is sequentially applied to each conflicting pair. Note that the rerouting technique is applied to
every distribution solution obtained for the optimization problem in Egs. (6-10) if the solution contains

any couple of flights violating the separation standard.
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4. Optimization techniques

As can be seen in Section 3, four different optimization problems have been established. The first two
problems are nonlinear multi-objective parameter optimization problems. The third problem is a mixed
integer linear programming problem (MILP) which is nested in the second problem, and the last one is
a nonlinear single-objective parameter optimization problem. To solve these four problems, four
different optimization methods are used. For the first problem (Egs. (4-5)), the Multi-objective
Optimization Evolutionary Algorithm based on Decomposition (MOEA/D), as proposed by Zhang and
Li (2007) and improved by Ho-Huu et al. (2017), is applied. This choice is motivated by the fact that
MOEA/D has been demonstrated to be an efficient method to deal with this type of problems (Ho-Huu
et al., 2017). Meanwhile, the Non-dominated Sorting Genetic Algorithm (NSGA-II) (Deb et al., 2002)
is utilized to solve the second problem (Eqs. (6-10)). The preference for this method is, in this case,
because the design space of this problem is very restricted, and hence the solutions easily violate the
constraints. Therefore, NSGA-II is more suitable than MOEA/D in this case. A mixed integer linear
solver from the CPLEX optimization suite/library is applied to solve the linear optimization problem
(Egs. (11-15)). Finally, the last problem (Eg. (17-18)) is solved by using the Differential Evolution (DE)
algorithm (Storn and Price, 1997). For more details on MOEA/D, NSGA-I11, and DE, interested readers
are referred to Refs. (Ho-Huu et al., 2017; Zhang and Li, 2007), (Storn and Price, 1997), and (Deb et
al., 2002), respectively. It should be noted that, in order to deal with the equality constraint in Eq. (7), a
constraint handling technique developed in (Ho-Huu et al., 2018) has been applied and coupled to the
NSGA-II algorithm. Please note that since some of the applied optimization methods, including
MOEA/D, NSGA-II and DE, are heuristic methods, the solutions obtained by these methods are only
approximate or nearly optimal solutions. As a consequence, the word “optimized” is used in the later
section instead of “optimal” to express the obtained solutions when the above-mentioned optimization

techniques are applied to solve the optimization problems.
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385 5. Numerical results and discussion

386 In this section, the reliability and efficiency of the proposed framework are evaluated using a realistic
387  case study at Amsterdam Airport Schiphol (denoted as AMS) in The Netherlands. On the selected
388  reference day, 599 departure flights were recorded, that operated on two runways, viz., RWs 24 and 18L

389  (Dons, 2012), as shown in Fig. 5.
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391 Fig. 5. llustration of real departure operations at AMS.
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393 Fig. 6. Ilustration of departure routes at AMS.
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According to the flight data and the Aeronautical Information Publication (AIP)*, 13 distinct SIDs
were in use on the reference day, as shown in Fig. 6. In the figure, the solid routes originating from
RW18L are highlighted and numbered in orange, while the dashed routes originating from RW24 are
highlighted and numbered in blue. There are 6 terminal points (defined as the endpoints of departure
procedures in this study), viz. ANDIK, IVLUT, LOPIK, LEKKO, VALKO and BERGI. Each terminal
point is connected by two routes originating from either RW24 or RW18L, except for ANDIK that is
connected by three routes, consisting of route 1 from RW18L and routes 2 and 3 from RW24. Note that,
from the assignment solution produced by the runway assignment model, the assignment of flights to
routes for the terminal points IVLUT, LOPIK, LEKKO, VALKO, and BERGI is automatically known,
as there is only a single route available from each runway.

However, for the terminal point ANDIK, two different routes are available from RW24 runway,
and hence an additional step is needed. To determine which flight is assigned to either route 2 or 3 from
RW24, the following heuristic rule is applied. In order to reduce the number of potential crossing
conflicts between flights during the peak hours, flights operating in this time period are assigned to route
3 until its capacity limit is reached; the remainder of the flights are assigned to route 2.

Though many different aircraft types operate on these routes, for the sake of simplicity, all flight
movements are represented here by either of three aircraft types, namely, Fokker 100 (F100), Boeing
737-800 (B738), and Boeing 777-300 (B773). It is assumed that the F100, B738, and B773, respectively,
represent lower medium (LM), upper medium (UM) and upper heavy (UH) aircraft, as classified by
EUROCONTROL (2015). The population data provided by the Dutch Central Bureau of Statistics
(CBS) (Centraal Bureau voor de Statestiek) with a grid cell size of 500 x 500 m, as shown in Fig. 6, is
used. The detailed data of aircraft movements is provided in Table 3. All the simulations are carried out
in MATLAB 2018b on an Intel Core i5 and 8GB RAM desktop.

Table 3. The detailed data for aircraft operations.
Number of aircraft movements

Terminal point Entire day Day (7h00-19h00) Evening (19h00-23h00)  Night (23h00-7h00)
[LM, UM, UH] [LM, UM, UH] [LM, UM, UH] [LM, UM, UH]

ANDIK [45, 22, 8] [32, 14, 3] [6, 6, 5] [7, 2, 0]

IVLUT [74, 98, 43] [57, 69, 28] [9, 10,12] [8, 19, 3]

LOPIK [7, 11, 2] [4, 9 2] [2, 1, 0] [1, 1, 0]

LEKKO [35 76, 3] [30, 46, 3] [3, 8, 0] [2, 22,0]

¥ https://www.Ivnl.nl/eaip/2019-12-19-AIRAC/html/index-en-GB.html (accessed 2 January 2020).
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VALKO [36, 31, 12] [27, 24, 10] [4, 4, 1] [5, 3, 1]
BERGI [34, 26, 36] [27, 18, 35] [4, 7, 0] [3, 1, 1]
Total [231, 264, 104] [177, 180, 81] [28, 36, 18] [26, 48, 5]

5.1. Evaluation of the distribution model in Step 2

Since the aircraft sequence and separation requirements are considered and integrated into the
distribution model in Step 2, it is important to investigate the performance of this model independently.
The main aim of this investigation is to see whether, based on the current SIDs, the model can provide
better distribution options to reduce noise impact and fuel consumption compared with the reference
case.

Before executing the model, the reference case is determined first. The reference case considers the
599 flights, as shown in Fig. 5. It is noted that due to capacity reasons, the flights in Fig. 5 have been
vectored by Air Traffic Controllers (ATC). In order to make the calculation of the reference case simpler,
it is assumed here that all vectored flights are simply assigned to one of the fixed routes as shown in Fig.
6. By recreating the traffic flow based on the reference data (which include the actual departure times)

and the standard routes as defined in Fig. 6, the number of people annoyed and the total fuel burn in ton

are 75,800 and 332.20, respectively, and there is no delay at the runways, i.e., D=0. The result also
shows that 8 cases of flights which violate the required separation minima emerge. Nevertheless, the
number of conflicting flights remains small, representing less than 2% of the total traffic volume. For
comparison purposes, therefore, it is assumed that all distribution solutions derived from the distribution
model are deemed acceptable if they feature less than 8 violations.

To solve the problem defined by Egs. (6-10), the NSGA-II algorithm with a population size of 70
and a maximum number of 1500 generations (Gen.), as used in Ho-Huu et al. (2019a), is applied. Fig. 7
shows the optimized results obtained by the distribution model and the solution to the reference case.
As expected, it can be seen from Fig. 7 that all the solutions from the model dominate that of the
reference case and are much better in both the NPA and fuel consumption. In addition, only 7 violations
are recorded for solutions obtained by the proposed model, which is one case less compared with that

of the reference scenario. Note that in this section the rerouting technique is not yet applied.
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443 Regarding the performance of the optimization algorithm, it can be seen from Fig. 8 that the
444  algorithm has a good convergence rate. After 1200 generations, the solutions start to converge, and there
445  are no significant changes after 1300 generations. The total time for the algorithm to reach the final
446  generation is 7.39 hours. It should be noted that because the flight schedule can be obtained some days
447  in advance, the model can be used as a planning tool to deliver reasonable solutions for the assignment
448  of flights a priori. Furthermore, owing to the independent evaluation of objective functions in the
449  optimization algorithm, the computational cost of the distribution problem can be further improved by

450  using parallel computing with multiple cores or cluster computing.
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Fig. 7. Comparison of the NPA and fuel consumption
obtained for the reference case and the optimized distribution
solutions based on the current SID routes.
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Fig. 8. Convergence history of the optimized
distribution solutions based on the current SID routes.

451 To further examine the advantage of the model, a single representative solution, i.e., solution 1 as
452  highlighted in Fig. 7, is selected for further analyses. The Lgen Noise contours associated to this solution
453  are illustrated in Fig. 9, along with those resulting from the reference case. As can be seen from the
454  figure, there is a distinct difference in the size of the Lgen contours between the two solutions. Indeed,
455  the contours associated with solution 1 appear to avoid populated regions better than those associated to

456  the reference case, hence leading to a reduction in the NPA.

457
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Fig. 9. Comparison of the Lgen Noise contours caused by the reference case and the optimized distribution

solution (solution 1) based on current SIDs.

To provide a better understanding of the reason leading to the change of the contours in Fig. 9, the
distribution of flights among the routes obtained in solution 1 is also provided numerically in Table 4.
At first glance, it can be noted in Table 4 that there is a large shift of aircraft movements between routes
8 and 9. Specifically, on route 8 in the reference case, there are 44 daytime flights (21 F100s, 20 B738s
and 3 B773s), 11 evening flights (3 F100 and 8 B738s), and no night flights, whilst in solution 1 there
are 74 daytime flights (27 F100s, 44 B738s and 3 B773s), 10 evening flights (2 F100s and 8 B738s),
and up to 24 night flights (2 F100s and 22 B738s). This redistribution of movements explains why in
Fig. 9 the contours shift to the right of routes 8 and 9, which, evidently, results in a reduction in the
NPA. Moreover, since the track along route 8 is shorter than that of route 9, more aircraft are assigned
to route 8, and more fuel can be saved. The same situation can also be observed in the distribution of
flights among routes 4 and 5, contributing to a significant reduction in fuel burn as a result of aircraft
flying on a shorter route.

Table 4. Comparison of flight distribution obtained by the reference case and the optimized distribution solution
(solution 1) based on current SIDs.

Route A h Day Evening Night
number  /\PProac F100 B738 B773 F100 B738 B773 F100 B738 B773
) RC" 0 0 0 2 2 2 0 0 0
oD* 11 10 2 2 4 3 7 2 0
) RC 3 5 2 0 1 1 7 2 0
oD 0 0 0 0 0 0 0 0 0
2 RC 29 9 1 4 3 2 0 0 0
OA 21 4 1 4 2 2 0 0 0
4 RC 20 31 15 1 2 1 8 19 3
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oD 3 2 3 0 0 3 0 0 0
5 RC 37 38 13 8 8 11 0 0 0
oD 54 67 25 9 10 9 8 19 3
6 RC 3 6 0 2 1 0 0 0 0
oD 3 9 2 2 1 0 1 1 0
7 RC 1 3 2 0 0 0 1 1 0
oD 1 0 0 0 0 0 0 0 0
8 RC 21 20 3 3 8 0 0 0 0
oD 27 44 3 2 8 0 2 22 0
9 RC 9 26 0 0 0 0 2 22 0
oD 3 2 0 1 0 0 0 0 0
10 RC 0 0 0 0 2 0 0 0 0
oD 13 17 4 0 1 1 5 3 1
11 RC 27 24 10 4 2 1 5 3 1
oD 14 7 6 4 3 0 0 0 0
12 RC 0 0 0 0 3 0 0 0 0
oD 2 7 13 1 3 0 1 1 1
13 RC 27 18 35 4 4 0 3 1 1
oD 25 11 22 3 4 0 2 0 0

RC™: Reference Case; OD*: Optimized Distribution

Based on the results obtained above, it can be concluded that the distribution model in Step 2 is
reliable and effective. The proposed model can provide better distribution options in terms of both noise

impact and fuel consumption.

5.2. Evaluation of the entire framework

In this section, the performance of the framework in its entirety is evaluated. However, in Step 1 of the
framework, the set of optimized routes for each given SID can be obtained by using either 2D
optimization or 3D optimization. For the 2D optimization, only ground tracks are optimized while
vertical profiles comply with standard departure procedures, such as Noise Abatement Departure
Procedures 1 and 2 (NADP1, NADP2) (ICAO, 2006). For the 3D optimization, both ground tracks and
vertical profiles are optimized simultaneously. Therefore, before generating the optimized solutions, a
comparison of these two approaches is first carried out in the next subsection. This comparison also
aims to provide a better understanding of the final optimized solutions for the complete problem, which

will be considered in Section 5.2.2.

5.2.1. A comparison of optimized routes based on the different settings of vertical profiles

In order to evaluate the influence of the vertical profiles, including NADP1, NADP2, and optimized
vertical profiles, on the noise impact and fuel consumption, three distinct optimization problems

corresponding to three different vertical profile scenarios are performed for an example route. For this
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comparison, route 3 is used. The evaluation is also a first study that compares the two different settings
of vertical profiles in the field of the aircraft route design problem. To determine optimized solutions,
the number of aircraft, as indicated in Table 3 for the terminal point ANDIK with an additional 30% of
traffic (which accounts for a potential increase in the number of movements due to the application of
the distribution algorithm), is applied. For further details on the motivation to add 30% extra traffic,
interested readers are encouraged to read Ho-Huu et al. (2019b). For each optimization problem, aircraft
of all types follow a shared ground track, but each with its own distinct vertical profile, which is either
a standard procedure or an optimized vertical profile. A SID is assumed to start at the end of the runway
at an altitude of 35 ft AGL and at a take-off safety speed V2+10 kts, and to terminate at an altitude of
6,000 ft and an equivalent airspeed of 250 kts. To solve the three optimization problems, the MOEA/D
algorithm with a population size of 50 and a maximum of 1,000 generations, as used in Ho-Huu et al.
(2017), is applied. To generate optimized routes for each SID in Step 1 of the framework, the same
approach is also applied to all the 13 SIDs.

The optimized solutions are shown in Fig. 10. It can be seen in Fig. 10 that, as expected, the
optimized vertical profile is the best approach and significantly outperforms NADP1 and NADP2, while
NADP2 generally performs better than NADP1. A closer look at Fig. 10 shows that there are still two
NADP1-based solutions that dominate some of the NADP2-based solutions. The reason for this is that,
due to the focus on climbing in the initial phase of the departure, the airspeed in a NADP1 is lower than
for a NADP2. The lower airspeed allows aircraft to make tighter turns over less populated regions while

still satisfying the bank angle constraints, as defined by Eq. (5).
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Fig. 10. Comparison of the optimized solutions obtained by NADP1, NADP2 and optimized
vertical profiles.

Fig. 11 illustrates the optimized ground tracks obtained for three different optimization problems.
It can be observed in Fig. 11 that all ground tracks attempt to avoid populated areas as far as possible.
While the differences between the ground tracks obtained by using NADP1 and NADP2 are small, they
are quite significant between those obtained by 3D optimization and 2D optimization. For a better
understanding of the combination of ground tracks and vertical profiles, some representative solutions
of each case, as highlighted in Fig. 11 in yellow, are selected. The vertical profiles derived from a B738
for each approach are depicted in Fig. 12. It is seen in Fig. 12 that there is a significant difference in the

airspeed profile between the approaches.
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Fig. 11. Comparison of optimized ground tracks obtained by NADP1, NADP2 and optimized
vertical profiles.
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Fig. 12. Comparison of vertical profiles obtained by the representative solutions.

From noise and fuel perspectives, the optimized routes obtained by the 3D optimization approach
are the best candidates and should be used in the set of alternative route options for the distribution
problem in the second step. From a practical point of view, however, the implementation of the
optimized vertical profiles may prove significantly more difficult. In contrast, NADP1 and NADP2 are
the current standard procedures that are widely used. Also, compared with NADP1, NADP2 is generally
a better option; however, the difference is small. The differences between their vertical profiles,
however, may prove useful in dealing with separation conflicts between aircraft. Therefore, to obtain a
better understanding from both a theoretical and a practical perspective, two different scenarios in input
data are defined for the optimization problem in the second step. In the first scenario, only the routes
obtained by NADP1 and NADP?2 are applied, while in the second scenario the routes obtained by all the
three types of vertical profiles are used. An overview of ground tracks obtained for all the SIDs

originating from RW24 and RW18L in both 2D and 3D optimization scenarios is given in Fig. 13.
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Fig. 13. Hlustration of optimized routes for each SID obtained after Step 1.

5.2.2. Optimized solutions derived from the entire problem

As mentioned earlier, two different sets of input data are considered for the distribution problems in the
second step. Therefore, two distinct optimization problems need to be solved in this section. These
problems are again referred to as 2D and 3D optimization scenarios, respectively. To solve these
problems, the NSGA-I1I algorithm with a population size of 70 and a maximum number of generations
of 1500, as used in Ho-Huu et al. (2019a), is applied.

A closer look at the results obtained for both scenarios reveals that all the solutions obtained by the
3D optimization scenario have a unique route for each SID, while for the solutions obtained by the 2D
optimization scenario, some SIDs require two routes to avoid potential conflicts. In addition, there is no
delay at the runways for all solutions obtained by both approaches. Fig. 14 shows the Pareto-optimized
solutions obtained for the 2D and 3D optimization problems and compares them with the reference case
solution, presented previously in Section 5.1. As expected, the 3D optimization approach provides the
best solutions (denoted as 3D solutions), that significantly outperform the solutions obtained by the 2D
optimization approach (denoted as 2D solutions), as well as those obtained for the reference case, in

terms of both the NPA and fuel consumption.
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To further analyze the optimized results, three representative solutions, including solution 1 of the
2D optimization scenario and solutions 1 and 70 of the 3D optimization scenario, as highlighted in Fig.
14, are selected. Table 5 provides a comparison of specific criteria extracted for these solutions. From
Table 5, it can be seen that all the compared metrics obtained by solution 1 (2D optimization) and
solution 70 are better than those found for the reference case. Specifically, solution 1 offers, respectively,
15.08%, 1.20%, 0.96%, and 0.75% reduction in the NPA, fuel consumption, flight distance and flight
time, while the corresponding reductions obtained for solution 70 are, respectively, 21.06%, 8.26%,
8.22% and 8.98%. In a comparison of solution 1 (3D optimization) with the reference case, solution 1
results in a significant decrease in the NPA of about 43.29%, while still saving 1.3% on fuel. Although
there is an increase in the flight distance and elapsed time as a result of longer routes to avoid populated
regions, the use of optimized vertical profiles results in a fuel burn that is still less than that of the
reference case. Note that the purpose of selecting these representative solutions is to merely give insight
into the solution behavior; it does not necessarily imply that the selected solutions should be
recommended to authorities or policymakers. Essentially, the trade-off between criteria and the
subsequent selection of the most desirable solution from the Pareto front is left to the authorities or

policymakers.
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Table 5. Comparison of the criteria of the representative solutions and the reference case.

Criteria Solutioq 1_ _ Solution_ 1_ _ Solutior} 79 _ Reference
(2D optimization) (3D optimization) (3D optimization)  case
Number of people annoyed 64,367 42,985 59,834 75,800
Fuel consumption (ton) 328.21 327.66 304.77 332.20
Flight distance (km) 25,240.57 27,357.49 23,388.53 25,484.13
Flight time (h) 56.71 59.80 52.01 57.14

The explanations provided for the comparisons in Table 5 are confirmed by the results shown in
Figs. 15- 17. where the optimized routes, the Lgen Noise contours, and the NPA obtained by the three
solutions are illustrated. A closer look at the optimized routes shows that although the optimized routes
selected by these solutions are different, all of them seek to avoid high-density residential areas and tend
to be close to each other. This results in narrower Lgen contours and hence a reduced number of people
affected by noise. Another observation is that the routes selected in solutions 1 (both 2D and 3D
optimization) are longer than those selected by solution 70. This is according to expectations, as both
solutions for 1 are noise-preferred solutions, and hence their routes tend to be longer to avoid populated
regions. In contrast, solution 70 is a fuel-preferred solution and therefore prefers to choose shorter routes
to reduce the fuel burn. Note that the red routes in Fig. 15 (solution 1 of 2D problem) are two alternative
routes that are only used by some conflicting flights, whilst the remainder of the scheduled flights make

use of one of the blue routes for each SID.
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Fig. 15. Illustration of the optimized routes, the Lgen NOise contours, and the NPA (solution 1 — 2D optimization).
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Fig. 17. Hlustration of the optimized routes, the Lgen noise contours, and the NPA (solution 70 — 3D optimization).

Table 6 provides the detailed distribution of flights among the optimized routes obtained in the
selected solutions. It should be noted that as the selection of routes and the distribution of flights among
these routes are optimized simultaneously, each solution will have its own optimized combination of
selected routes and flight distribution. Therefore, it is difficult to make a direct comparison regarding
the aircraft distribution between them, especially the comparison between 2D and 3D solutions. As a
result, Table 6 merely aims to give insight into the optimized solution behavior, rather than serving as a

basis for comparison.
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Table 6. Distribution of flights to the optimized routes obtained by the 2D and 3D representative solutions.
Route Day Evening Night

number  SOMUON 105738 B773 F100 B738 B773 F100 B738 B773
1@2D) 6 0 0 0 0 0 0 0 0
1 1(3D) 4 11 0 0 4 1 0 2 0
70(3D) 12 11 2 1 4 3 5 2 0
1(2D) 3 1 0 0 0 0 7 2 0
2 1(3D) O 0 3 0 0 4 6 0 0
70(3D) 0 0 1 0 0 2 2 0 0
1@2D) 23 13 3 6 6 5 0 0 0
3 1(3D) 28 3 0 6 2 0 1 0 0
70 (3D) 20 3 0 5 2 0 0 0 0
1@2D) 5 38 9 1 5 8 0 19 3
4 1(3D) 30 37 15 4 4 10 8 19 2
70 (3D) 4 11 4 0 1 6 0 1 0
1(2D) 52 31 19 8 5 4 8 0 0
5 1(3D) 27 32 13 5 6 2 0 0 1
70 3D) 53 58 24 9 9 6 8 18 3
1@D) 2 7 2 2 1 0 0 1 0
6 1(3D) 2 9 1 2 1 0 0 1 0
70 (3D) 4 9 2 2 1 0 1 1 0
1@2D) 2 2 0 0 0 0 1 0 0
7 1(3D) 2 0 1 0 0 0 1 0 0
70(3D) 0 0 0 0 0 0 0 0 0
1(2D) 25 16 3 2 5 0 2 0 0
8 1(3D) 28 44 3 2 7 0 2 22 0
70 (3D) 28 44 3 2 7 0 2 22 0
1@D) 5 30 0 1 3 0 0 22 0
9 1(3D) 2 2 0 1 1 0 0 0 0
70 3D) 2 2 0 1 1 0 0 0 0
12D) 12 19 4 0 2 1 5 3 1
10 1(3D) 9 17 1 0 2 1 5 3 1
70(3D) 3 9 0 0 0 0 1 1 0
1@D) 15 5 6 z 2 0 0 0 0
11 1(3D) 18 7 9 4 2 0 0 0 0
70 (3D) 24 15 10 4 4 1 4 2 1
12D) o0 7 0 0 2 0 1 1 0
12 1(3D) 0 2 0 0 1 0 0 0 0
70(3D) 0 3 0 0 0 0 0 0 0
1@2D) 27 11 35 z 5 0 2 0 1
13 1(3D) 27 16 35 4 6 0 3 1 1
70 (3D) 27 15 35 4 7 0 3 1 1

In order to make the comparison regarding the vertical profiles more transparent, the representative
vertical profiles of a Fokker 100 obtained for solutions 1 (both 2D and 3D optimization) are depicted in
Fig. 18. As expected, despite not having the best performance in terms of either noise or fuel burn,
NADP1 is still selected in both the 2D and 3D solutions, merely because it helps avoid conflicts.
However, due to its poor performance, it is rarely used. More specifically, for both the 2D and 3D
solutions, only 1 route selects NADP1 as the optimized option, while the remainder chooses either
NADP2 or the optimized vertical profiles. The selection of NADP1 has shown that the separation
requirement is an important and challenging issue that will be very difficult to solve if only one type of

vertical profiles is available for all aircraft movements, especially for operations at peak hours. This
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issue again can be seen in the 3D solution. In this solution, even though the optimized vertical profile
offers the best performance in both criteria, only 7 routes use it as the optimized option, while there are
still 4 routes using NADP2 and 1 route using NADP1. Thanks to the combination of all three different
vertical profiles, the 3D optimized solutions are the only ones that offer conflict-free solutions by using

only one route for each SID for the entire flight schedule.
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Fig. 18. Comparison of the vertical profiles of Fokker 100 obtained by 2D and 3D optimization.

350

6. Conclusions

In this paper, we have presented a multilevel optimization framework for the design of optimal departure
routes and the distribution of aircraft movements among these routes, while taking the sequence and
separation constraints of aircraft into account. The proposed framework consists of two successive steps:
1) the design of optimal routes for each SID, and 2) the selection and distribution of flights among these
routes. In order to deal with the sequence and separation requirements for aircraft, a runway assignment
model, a conflict detection algorithm, and a rerouting technique have also been developed.

The performance and applicability of the proposed framework have been demonstrated through a
case study at Amsterdam Airport Schiphol (AMS) in The Netherlands. In this case study, the departure
operations for an entire day, featuring 599 flights and 13 distinct routes, have been considered. First, to
validate the integration of the runway assignment model and the conflict detection algorithm into the

allocation model in Step 2, a pure allocation problem based on the current SIDs has been executed. The
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obtained results reveal that the distribution model is reliable and able to provide better options that help
significantly reduce the noise impact and fuel consumption compared with the reference case.
Subsequently, optimized solutions have been generated using the fully integrated framework. In order
to provide a better view from both theoretical and practical perspectives, two different settings of input
data for the distribution model in Step 2 have also been assessed. The numerical results have revealed
that both problems can provide solutions that are much better in terms of both noise and fuel, relative to
the reference case. Also, the 3D optimization approach significantly outperforms the 2D optimization
approach.

In view of the attained favorable results, the framework appears to be suitable for expansion to other
applications such as the design of arrival routes and the allocation of flights among these routes, and the
problem that considers both departure and arrival operations concurrently. Moreover, instead of using
the rerouting technique in the developed framework, at some occasions, Air Traffic Controllers could
implement small delays on the ground or slow down or speed up one of the conflicting flights without
changing the given SIDs to avoid conflict in the air. These considerations can also be integrated into the
developed framework in future research. In addition, since the results obtained by the framework are
Pareto solutions, it is a challenge for potential users to choose a suitable solution from a given Pareto
front. Therefore, the development of selection methods and more in-depth analyses of the optimized

results are necessary in future work.
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