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Optimization of Flexible Approach Trajectories
Using a Genetic Algorithm

F. J. Vormer,* M. Mulder," M. M. van Paassen,* and J. A. Mulder®
Delft University of Technology, 2600 GB Delft, The Netherlands

Current air traffic management in the terminal area is based on published sets of standard routes. However, a new
procedure called the continuous descent approach has been recently proposed to decrease noise disturbances. To
allow increased use of continuous descents and simultaneously increase performance in terms of other important
aspects such as throughput, it may be beneficial to replace the predetermined fixed approach trajectories with
more flexible trajectories instead. This is studied through optimizing approach trajectories, for which a genetic
algorithm is used. Analyses show that allowing more flexibility in the approach routes can increase throughput,
enable scheduling trajectories closer to continuous descent approaches, and result in routing flights less often over
residential areas. However, it is also shown that flexible approach trajectories may increase airspace complexity,
which in effect may make the task of air traffic control more complicated.

Nomenclature

a = longitudinal acceleration, dV /d¢

mean maximum horizontal closure rate

mean maximum vertical closure rate

time deviation

energy rate demand

objective function value

fitness

altitude

noise load on community; length

number of segments

number of flights

maximum number of aircraft pairs with less than
8-n mi (14.82 km) horizontal distance

maximum number of aircraft pairs with less than
13-n mi (24.08 km) horizontal distance

maximum number of aircraft with an altitude change
rate over 500 ft/min (2.54 m/s)

number of crossings points between arrival and
departure flows

peak number of aircraft simultaneously in the
terminal area

maximum number of aircraft with an airspeed change
greater than 10 kn (5.14 m/s) during a 2-min interval
radius

mean minimum horizontal separation distance

mean minimum vertical separation distance

segment type; throughput

calibrated airspeed

ground speed

flight-path angle
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Ay maximum deviation from altitude profile
Ay = maximum deviation from speed profile
) = aspiration level

o* = constrained aspiration level

P = bank angle

X = track angle

Introduction

URRENT air traffic management (ATM) systems are based on

published sets of standard arrival routes (STARs) and standard
instrument departures (SIDs). These SIDs and STARs have often
been designed as minimum-noise routings, but the use of new pro-
cedures such as the continuous or three-degree decelerated approach
has been proposed to reduce noise impact further.'~3 However, oper-
ational speed, altitude constraints, and ad hoc controller instructions
to solve conflicts and guarantee the required throughput impede the
use of these new procedures and result in more noise than theoreti-
cally necessary.*

A more strategic trajectory-based ATM has been proposed to re-
duce the need for tactical interventions. This can be achieved with the
assistance of automated decision support tools, which make more re-
liable predictions available to air traffic controllers. In addition, most
of these tools employ centralized trajectory optimization algorithms
and advise controllers on actions that optimize performance, which
usually refers to minimizing the amount of delays. Examples of such
tools are the Amsterdam advanced air traffic control (ATC) system,
the computer-oriented metering planning and advisory system, the
means to aid expedition and sequencing of traffic with research
of optimization system,’ the arrival manager.® the center terminal
radar approach control (TRACON) automation system,” and the
tools developed within the Programme for Harmonised Air Traffic
Management Research in Eurocontrol.® These tools typically treat
trajectory optimization mathematically as solving a single-objective
problem, and in case of multiple objectives, choices are made on
the relative importance of these objectives before optimizing. It has
been suggested, however, that a truly multi-objective scheduling
process may yield better solutions in terms of supporting air traffic
controllers in making choices between tradeoffs.’

In addition, the approach trajectories used in the mentioned tools
within the terminal area are essentially STARs, where the lateral,
vertical, and speed profiles were constrained due to ATC consider-
ations. Allowing a greater degree of flexibility in the shape of the
four-dimensional approach trajectory, however, may allow increased
use of continuous descents and increased performance in terms of
other important aspects in ATM such as runway throughput and en-
vironmental impact.!!%!! The tools for communication, navigation,
and surveillance that enable such new trajectories are already largely
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available or under development'?: The introduction of satellite nav-
igation has increased navigation accuracy significantly, also during
the arrival procedure. Curved instead of straight-in approaches may
be flown with the help of the microwave landing system. In addition,
most modern aircraft are equipped with a flight management system
that supports area navigation, which removes the necessity to follow
ground-based navigation fixes and which is capable of predicting
the flight path accurately. Data link, which is currently being intro-
duced in practice, will allow sending much more extensive packages
of data between aircraft and ground stations, including eventually
the entire planned trajectory. A concern though is that greater flex-
ibility may result in the airspace becoming less structured. This is
generally referred to as an increase in airspace complexity, which
may complicate the tasks of air traffic controllers.'?

The first objective of this study is to determine if performance in
terms of runway throughput, the use of continuous descents (which
relates to noise production and fuel costs), and environmental im-
pact can be increased by allowing flexible approach trajectories in
the terminal area. Only arrival traffic is considered. The second
objective is to determine if this results in airspace complexity be-
coming higher. A multi-objective trajectory optimization algorithm
is used that is based on genetic optimization. The problem that this
algorithm has to solve is discussed first, after which the develop-
ment of the algorithm will be discussed. The study then compares
the solutions that are found with this algorithm for fixed-approach
trajectories with the solutions obtained for trajectories where opti-
mization is allowed with respect to the altitude profile, speed profile,
lateral profile, and location of the final interception point. The anal-
ysis is done for Amsterdam Airport Schiphol in The Netherlands as
an example.

Problem Statement

Airspace Considerations

Only the terminal area of Schiphol is considered. Traffic is con-
sidered from the start of the approach until landing. The approach
for Schiphol is normally started from one of the meter fixes, Artip,
Sugol, or River, through which the terminal area is entered. This is
usually done between about 7000 (2134 m) and 10,000 ft (3048 m).
The navigation between this point and interception of final approach
course is currently based on radar vectoring by ATC with the STARs
as standard reference trajectories (Fig. 1a). Only the STARs between
the meter fixes and the runways 18C and 27 are shown, because his-
torical data used in this work related to these only.

Interception of the instrument landing system (ILS) glide path,
which prescribes a descent angle of 3 deg, generally takes place
between about 7 (12.96 km) and 10 n mi (18.52 km) from the runway
threshold. Although during night hours part of the approach route
may be flown as a continuous descent, high traffic loads during day
times normally result in insertion of level flight segments and in
interception of the final approach course in level flight. Leveling
off is always conducted above 2000 ft (610 m) and in general takes
place outside residential areas to minimize noise disturbance for the
environment.

To accommodate departure traffic, SIDs have been defined
(Fig. 1b). Because in the historical data available almost all traffic
departed from runways 24 and 18L, the SIDs for these two runways
only are shown. When departure and arrival flows need to cross,
this is done at more or less standard points. These points are here
referred to as crossing points.

Objectives

It is desired to maximize throughput, maximize the degree to
which continuous descents can be applied, and minimize impact on
the environment. The way of looking for solutions was brought into
conformity with an approach called satisficing decision making'*
by defining an aspiration level p that prescribes a minimum-
performance level for each of the objectives.’

The realized runway throughput 7 can be calculated from the
scheduled landing times,

T = N(3600/AT) (1)

a) STARs

b) SIDs

Fig. 1 Airspace considered.

with AT the time interval between the first and last flight that landed.
Schiphol is attempting to increase its arrival capacity to 90 move-
ments per hour (using two arrival runways).'> Therefore, this value
is selected as the aspiration level for this objective and is denoted as
or-

The deviation from a three-degree decelerated approach is taken
into account by considering the maximum deviation A, from a
three-degree descent path and the maximum deviation Ay from a
speed profile in such a procedure. A speed profile with a constant
deceleration of 0.2 m/s? was considered for all traffic. Although
the speed profile will be different for different aircraft in a three-
degree idle descent, this deceleration is in the order of decelerations
typically seen in this procedure for large aircraft. Because the goal
was to obtain a first assessment of how well this type of procedure
can be applied when simultaneously other objectives are optimized,
this was considered a reasonable starting point. The aspiration level
for A, was set to 1000 ft (305 m) and is denoted as p,. The rea-
son for this was that it is the standard vertical separation distance
currently applied in radar-controlled airspace. Controllers generally
issue speed changes in the order of 20 (10.29 m/s)—40kn (20.58 m/s).
An aspiration level py of 20 kn was, therefore, started with.

The issue of noise production and emissions was incorporated in
the objectives discussed earlier through incorporating continuous
decelerated descents. It was, however, desired to determine to what
degree aircraft were routed over residential areas because this is
also an important part of the disturbance put on the environment.
An additional measure describing noise load on community was,
therefore, used, which is denoted as L,

{O if(x,y) ¢ A
L =
At/h?

if(x,y) € A @)
with the area A an approximation of the residential zones around the
airport (where A is composed of the gray zones shown in Fig. 2),
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Fig. 2 Approximation of residen-
tial zones around Schiphol.
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(x, y) the aircraft position in the horizontal plane, and At and &
the time and altitude flown over A, respectively. It is unrealistic to
not include altitude in this measure because traffic passing at very
high altitudes will not cause disturbance. The quadratic term for
altitude was used because sound intensity decreases quadratically
with increasing distance between source and observer.!® The time ¢
was added to incorporate the effect that more time spent over an area
also yields more impact on the environment. The aspiration level
pL is set to the value that is found for this measure for currently
used approach trajectories because other reference values are not
available. In this way it is required that L does not increase when
flexible approach trajectories are used.

Objective Function

Because in multi-objective optimization objectives may exist that
are conflicting, optimization is usually defined as looking for so-
lutions that cannot be improved in any of the objectives without
degrading the performance in at least one other objective. These
solutions are called non-dominated. The collection of these solu-
tions is referred to as the Pareto front, which contains the solutions
that score mathematically equally well but that may not be equally
desirable in practice.

It is possible to incorporate the score on only one objective in the
objective function; this, however, does not allow finding solutions
that score well on multiple objectives. It is also possible to com-
bine the contributions from different objectives into one objective
function value by using weight factors'’; this, however, may result
in solutions that score well on one objective but that have unaccept-
able scores on other objectives. It is not possible to obtain the set
of solutions belonging to the Pareto front because the weight fac-
tors have to be chosen a priori and decision making is done before
searching.'®

To find solutions that meet all chosen aspiration levels as close as
possible, the scores, on each of the objectives throughput 7', altitude
deviation A, speed deviation Ay, and noise load on community L
are first normalized with respect to their aspiration levels pr, pp, pv,
and py , respectively. The objective function value F, which is to be
minimized, is then taken as the maximum value of these normalized
scores. The result of this is that the algorithm will try to improve
the score on the objective that is least met according to the specified
aspiration level, and in this way it tries to find solutions that meet
all aspiration levels. Mathematically F is defined as

F =max(or/T, An/pn, Av/pv,L/prL) 3)

Constraints

The constraints considered are aircraft performance constraints,
separation constraints, and trajectory acceptability constraints im-
posed by pilots and air traffic controllers.

The aircraft performance constraints consist of requiring that the
calibrated airspeed should be above the minimum approach speed
Vapp and below the reference descent speed Vs for each aircraft.
Additionally, it is required that the energy rates prescribed can be
attained by the aircraft. This is done by considering the total energy
E, which is composed of the potential and the kinetic energy'® with
m aircraft mass, g gravitational acceleration, 4 altitude, W aircraft
weight, and V, ground speed,

E =mgh+ 1/2ng2 4

and the total energy rate £ commanded implicitly by the reference
trajectory, which is given by

E=V,W(siny +V,/g) (5)

When the equation of motion in the direction of flight is consid-
ered, the energy rate can also be written (with 7 thrust and D drag)
as

E =V,T - D) (©)

The minimum energy rate that can be attained by the aircraft is
approximated by using the thrust during descent 7, and the drag
with speed brakes deployed Dy,

Enin = V(Ts = Dinax) )

To be able to compare the energy rate commanded in the trajectory

with the capabilities of the subject aircraft, the ratio between the two
rates is considered. This ratio is called the energy rate demand E,

E = E/Emin (8)

The energy rate demand is required to not exceed 1.

The minimum separation distances for arrival traffic are 3 n mi
(5.56 km) horizontally and 1000 ft (305 m) vertically. Within the
control zone, which consists of the area within 10 n mi (18.52 km)
from the tower, the minimum separation is reduced to 2 n mi
(3.70 km) and 400 ft (122 m). It is assumed that the two runways
are operated independently. It is, therefore, considered appropriate
to apply this separation only to two aircraft arriving on the same
runway, provided that conventional STARs are used. On final ap-
proach the standard wake vortex separation minima depending on
ICAO aircraft weight class are used.

The pilot-imposed constraints, influenced by passenger comfort
considerations, prescribe a maximum bank angle of 30 deg. The
minimum bank angle used is 5 deg, which is used to prevent annoy-
ingly slow turns. The flight-path angle is limited at —6 deg because
this is already considered a steep descent. Most airlines require a
minimum stabilization altitude of about 500 ft (152 m), which means
that at this altitude the aircraft should be stabilized and at a steady
approach speed. This is incorporated by requiring a minimum sta-
bilization distance from the runway threshold of 2 n mi (3.70 km)
and a flight-path angle of —3 deg during the final approach.

Several controller-related acceptability constraints are taken into
account. The airspace structure in terms of the fixed positions of
the meter fixes through which arrivals enter the terminal area is
not changed. Traffic was, therefore, required to enter the terminal
area at a meter fix. In accordance with current practice, a maximum
altitude of 10,000 ft (3048 m), a maximum calibrated airspeed of
250 kn (128.61 m/s), and a minimum altitude for leveling off of
2000 ft (610 m) were prescribed. The minimum final interception
distance, the distance between the runway threshold and the point
where the aircraft intercepts the ILS glide slope, was set at 3.0 n mi
(5.56 km), as recommended for curved approaches.! Because turns
longer than 180 deg would direct aircraft away from the airport,
they were not allowed. To prevent routes extending to outside the
terminal area, it was also required that routes are contained inside
the terminal area, which was for this purpose approximated as a
circle with a diameter of 70 n mi (129.64 km) around the tower.

Increasing the number of crossing points between arrival and de-
parture traffic may well affect airspace complexity, suggesting that
an upper limit is needed to keep solutions feasible and realistic with
respect to air traffic control. Exactly how many additional crossing
points are allowed or desired is not clear though; this is discussed
further later using results from applying the optimization algorithm.

Calculating Performance

With performance, we refer to the scores that are obtained on the
different objectives of throughput, altitude deviation, speed devia-
tion, and noise load on community. If the selected aspiration levels
on the objectives can be met, it would be clear that optimization can
provide the desired increase in performance. However, analyses dis-
cussed later in this paper show that optimization does not allow the
meeting of the aspiration levels because they are too ambitious. It
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Table 1 Airspace complexity metrics

Metric no. Metric Notation
1 Peak number of aircraft simultaneously Npx
in the terminal area
2 Maximum number of aircraft with an Nge
airspeed change greater than 10 kn
during a 2-min interval
3 Maximum number of aircraft pairs with Ny
less than 8-n mi horizontal distance
4 Maximum number of aircraft pairs with Ni3
less than 13-n mi horizontal distance
5 Maximum number of aircraft with an Nac
altitude change rate over 500 ft/min
6 Number of crossings points between N¢
arrival and departure flows
7 Mean minimum horizontal separation Su
distance
8 Mean minimum vertical separation Sy
distance for traffic at less than 5-n mi
horizontal proximity
9 Mean maximum horizontal closure rate CRy
10 Mean maximum vertical closure rate CRy
for traffic at less than 5-n mi
horizontal proximity
p2 00
I S L .,.... T
A A S
. R C s
.« 3y
2. . .
solution solution

solution solution

Fig. 3 Selection of constrained aspiration levels.

is, therefore, necessary to determine how the aspiration levels have
to be chosen so that acceptable solutions with respect to the desired
performance can be found. These levels are then a measure of the
performance that can be achieved on all objectives simultaneously.

For this reason, a so-called constrained aspiration level p* is es-
tablished for each objective as follows. For the solutions that are
found with the optimization algorithm, the scores on the objectives
are assumed to be distributed normally. From all obtained values,
the mean value and variation can be estimated for each objective,
which makes it possible to approximate the cumulative distribution
function. A level 8 is then selected, and each constrained aspiration
level p* is selected so that the fraction of solutions with more than
the aspired performance according to the cumulative distribution
function equals 8. The initial value selected for g is 0.05, but this
value is increased if necessary until five solutions (the number of
solutions that was considered simultaneously) meet the constrained
aspiration level p* for each objective. In Fig. 3, it is shown how the
aspiration levels are changed until five of the solutions found meet
the constrained aspiration levels on all objectives.

Calculating Airspace Complexity

A number of metrics from literature'? are used to accomplish the
objective of assessing the effects of more flexible trajectories on
airspace complexity (metrics 1-5, Table 1). The number of cross-
ing points was added to this list because it was expected to be an
important factor for airspace complexity not addressed by the other
metrics. A point where arrival and departure traffic cross is only
counted as a crossing point if the crossing takes place more than
5 n mi (9.26 km) from each previously found crossing point. This is

to prevent counting a high number of crossing points when crossings
take place at nearly the same point.

A number of simple metrics were also used that described the
distances and closure rates of aircraft pairs because they are also
considered important factors for airspace complexity not accounted
for in the other metrics. For horizontal separation, at each point in
time and for each aircraft the lowest separation with other traffic is
first determined. The value of Sy is then taken as the mean value
of this minimum separation over all traffic and over all time. The
same is done for Sy except that only traffic in horizontal proximity
is taken into account. A distance of less than 5 n mi was selected to
define horizontal proximity. In a similar way, the mean maximum
closure rates C Ry and C Ry are determined. Thus, all metrics used
to describe airspace complexity refer to all traffic in the airspace
considered.

Solution Methodology

Genetic Algorithms

The recent advent of the use of evolutionary optimization tech-
niques has provided ways to overcome some of the disadvantages of
classical solution methods of multi-objective problems by process-
ing multiple tradeoffs in one optimization run. Because a number of
solutions can be processed simultaneously, a priori decision making
about the relative importance of objectives can be prevented and the
Pareto front can be approximated. The most widely used of these
algorithms, suitable for handling large and complex search spaces,'®
are genetic algorithms.

A genetic algorithm qualifies as a stochastic search method mod-
eled on the process of natural Darwinian evolution (see Ref. 20).
Possible solutions are encoded into strings of data, referred to as
chromosomes. A solution described by a chromosome is called an
individual. Each individual is assigned a fitness value f that deter-
mines its chance of survival.

The genetic algorithm starts by generating a set of individuals
called an initial population. These individuals can be either ran-
domly selected individuals or individuals that are expected to be
desirable based on knowledge about the system. During the pro-
cess of genetic optimization, a new population is created over and
over again. These new populations are created by applying genetic
operators on the existing individuals in the population. Well-known
genetic operators are selection and crossover, which preserve knowl-
edge about good solutions, and mutation, which explores new areas
of the solution space.

The selection operator reproduces more copies of individuals
with high-fitness values. The crossover operator creates two new
individuals from two original individuals that were selected from
the current population by the selection operator (Fig. 4). The origi-
nal chromosomes are cut at either one or two points, and the sepa-
rate pieces of genetic information are swapped and connected again,
forming two new individuals. When using only the crossover op-
erator to preserve knowledge in the population on good properties
of the solutions, only different combinations of those properties are
explored, and the diversity of the population will generally decrease.
For this reason, a mutation operator is also applied. It changes ran-
domly one or more values in the chromosome (Fig. 5) with a certain
mutation probability. In this way, new genetic information is added
to the population, which promotes new search directions and helps
to avoid premature convergence.

o[ 1]ofo[1 1100
o 11 [a[o[ofo[]
Fig. 4 One-point crossover for two

individuals containing binary data. !

Lol [ ol o[ 1] o[ o[ o] 1
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Although chromosomes may be chosen within certain limits to
satisfy constraints, for most problems it cannot be prevented that
the solution proposed by the genetic algorithm violates one or more
constraints. When these solutions are simply destroyed, the genetic
solution search process will not be very efficient. For this reason,
domain-specific strategies are often used that apply deterministic
rules to proposal solutions to overcome the constraint violation.
These strategies are called repairing strategies.?’

Trajectory Definition

Several earlier studies addressed the use of genetic algorithms
for route planning in ATM. Both the approach of chromosomes
containing coordinates of waypoints?! ~2* and containing trajectory
descriptions such as segments and routes®*~2% have been applied
successfully.

In this work, flight paths are represented as sets of straight and
curved trajectory segments. The main reason for this is that humans
generally also process trajectories in terms of segments.?” This ap-
proach was also taken in other applications.?®?° Other reasons for
using segments include the facts that segments are a common way
of describing trajectories both in air traffic control and in the flight
management system and that an efficient communication or nego-
tiation process between controllers and pilots can be supported.

The parameters to describe a segment j for a flight i are chosen
as

Segment type T ;
Radius R; ;
Length L, ;
Absolute flight-path angle |y; ;|

Absolute acceleration |a; ;| ©))

o 10010100
Fig. 5 Mutation for an individual con-
! taining binary data.

o1/ 1jo1 0100

segment 1

A straight segment is denoted as a segment of type 1, whereas
types 2 and 3 are used to describe segments with left and right turns,
respectively. Acceleration a is defined as the time derivative of V¢
because unaccelerated flight refers in practice to constant V.

The reason for using the absolute signs was related to the pos-
sibility of including departure traffic and optimizing departure and
arrival flights simultaneously. This coding is advantageous when
a genetic algorithm is applied because an arrival trajectory can be
changed to a departure trajectory without the need to change the
segment’s parameters. If the absolute signs are not used, additional
repairing strategies will be necessary which may deteriorate the al-
gorithm’s efficiency.

To determine the entire four-dimensional trajectory, each set of
segments for a flight i is extended with the following parameters:

Flight identification code ID;
Runway assignment RA;

Arrival time deviation d; (10)

The genetic algorithm can change the scheduled time of arrival
(STA) at the runway STA; by changing the deviation d; with respect
to a nominal time of arrival NTA;:

STA; = NTA,; + d; (11)

The form of a gene giving a trajectory description for one flight
is indicated in Fig. 6, with M the number of segments. Genes are
combined into a chromosome as shown in Fig. 7, with N' the number
of flights.

Inputs and Outputs

The inputs to the optimization problem that the genetic algorithm
is looking for are the four-dimensional trajectories for all flights.
These are described with the parameters contained in the chro-
mosome (Fig. 7): the flight identification codes ID, _y, runway
assignments RA; _ y, arrival time deviations d; _y segment types
Ty . .noa..m>radii Ry no1...m, lengths Ly v 1. m, flight-path an-
gles y1.n.1,..m.and accelerations @,y 1...m- The outputs, which
determine the quality of the solution, are the scores on the objec-
tives: the throughput 7', maximum deviation A, from a three-degree
descent path, maximum speed deviation Ay from a continuously
decreasing speed profile, and noise load on community L.

segment 2

| ID; | RA; | d; | Tia | R 1 | Lia | i’v:.1| ialxl| Ti2 | R 2 | L | i‘/ixz| j:(1:A2|

| T:.I\l| R:./\1| Li4/\l| :t%./\1| ia,:/\l|

segment M

Fig. 6 Gene.

[ L[ [ [ [wa]-

[oon | -

flight N

Fig. 7 Chromosome.



946 VORMER ET AL.

Table 2 Constraints

Constraint

Repairing strategy

Tell,2,3l,a<0
‘fC < min(Vges, 250 kn)
E<l1

|/ (i = 0% + (i = yu)?| = 3 nmi v [y — hy| > 1000 ft

Vi#nif [/x2+ 32 = 10nmiv |\/x2+y2

Conventional STARs

|/ (i =02 + (i = 32| = 2 mi v [y — hy| > 400 fi

Vi #nif ‘,/xiz—i-yl.z‘ <10 n mi and ’\/x,%—s—y,%
and RA; =RA,
No conventional STARs

|/ (i =52 + (i — y)2| Z 2 nmi v [ — hy| > 400 ft

Vi;énif|,/x,.2+yl.2| <10 n mi and |\/x,2,+y,§| <10 n mi

STA; > STA, + ATsep(WCi, WCp) v
STA; <STA, — ATsep(WC;, WC,) Vi#n
5<® <30deg
—6<y <0deg
First segment from runway: T =1, L =2 n mi,
y=-—3deg,a=0

Xfinal = Xtd» Yfinal = Ytd» hfinal =0, Xfinal = Xtd» VC,ﬁnal = Vapp

\/(xemry - me)z + (yentry - ymf)2| <2nmi

h <10, 000 ft

y <—3deg if h <2000 ft

Second segment from runway: L > 1 n mi
Lcosy/R <180 deg

|,/x2+y2’ <35nmi

Nc <11

> 10 n mi

<10 n mi

Set a so that maximum speed is not exceeded
If @ < 0, increase a with 0.02 m/s?
If @ =0, increase y with 0.25 deg

Increase STA of trailing aircraft with 5 s

Set R so that bank angle limits are not exceeded

Connect meter fix with first 5 segments
from runway

y=0

y =—3deg

Set segment type to straight (7' =1)

Use same route for more aircraft

Meeting the Objectives and Constraints

When the genetic algorithm has generated a set of chromosomes,
trajectory profiles can be generated for all aircraft. This is neces-
sary to calculate the scores on the objectives and to determine if
constraints are met. For each trajectory, a four-dimensional pro-
file is, therefore, generated by calculating aircraft states along the
trajectory. The following aircraft states are calculated: horizontal
position x and y (with the origin of the axis system at the location
of the tower), altitude 4, track angle yx, flight-path angle y, bank
angle ®, calibrated airspeed V¢, and ground speed V,. The time
step was tuned to 2 s.

The constraints are expressed mathematically in Table 2, where
bothi=1,...,Nandn=1,..., N refer to the arriving flights. In
Table 2, AT, is the required time separation on final approach be-
tween two aircraft with weight classes WC; and WC, (Ref. 30),
subscript td refers to the prescribed touchdown point (300 m from
the threshold of the runway used), subscript final to the actual touch
down point, subscript entry to the entry point into the terminal area,
and subscript mf to the meter fix that is used. The constraints re-
lated to the touchdown point are met by starting the generation of
the profiles from Xfina = Xd» Yoinal = Yids Afinat =0, Xfinal = Xea» and
Ve final = Vapp-

The constraints that apply to parameters contained in the chromo-
some are applied directly by limiting these parameters to the range
allowed. The constraints that apply to parameters not contained in
the chromosome, however, require repairing strategies. These are
also summarized in Table 2 where applicable. The values involved
in the repairing strategies are very problem dependent and have been
found to function well for this application. For calculation of air-
craft performance parameters, the data from the Eurocontrol Base
of Aircraft Data (BADA)?' is used.

The constraint on meeting the prescribed meter fix position is met
by connecting the first five segments from the runway to the meter
fix. This is done by adding to these segments one curved segment
and three straight segments that result in reaching the meter fix.
Three straight segments were used instead of one to prevent that
one segment being much larger than the others.

The number of crossing points allowed has so far not been spec-
ified. In simulations carried out in this work that modeled current
operational practice, the number of crossing points was generally
found to be about four. On the other hand, most of the initial solu-
tions generated with the genetic algorithm for a system where the
STAR structure was not in place had a minimum of 11 crossing
points. Because this is already a large number compared to the four
crossing points for current practice, it was used as an upper limit. In
case candidate solutions were found with a higher number of cross-
ings than allowed, the arrival trajectory that caused the violation was
removed and replaced by a trajectory that was already scheduled for
another aircraft. In this way, two aircraft used the same trajectory
and the number of crossing points was reduced.

When solutions are found, the fitness f can be calculated, which
isdefined as f = 1/F, with F from Eq. (3). The inverse of F is used
because the genetic algorithm maximizes fitness, whereas F' needs
to be minimized.

Genetic Algorithm Parameters

Because the number of segments in the standard approach routes
used at the airport considered is typically about nine, the number
of segments used here was set to nine also. The initial solution
was obtained by filling in random values for the inputs within the
range allowed. The genetic algorithm that was applied used a stan-
dard single-point crossover operator. For mutations a modified mu-
tation operator was used that could modify all parameters except
ID. The algorithm was implemented using the GAlib genetic algo-
rithm package, which was developed at the Massachusetts Institute
of Technology.3? The crossover probability was set to 0.7 and the
mutation probability to 0.1, which are within the range of typically
used values!” and which worked well for this problem. It may, fur-
thermore, be beneficial to replace only a part of the population each
generation because a good balance between population diversity and
the tendency of high-fitness individuals to survive may allow desired
solutions to be found earlier.!” In this work, in each generation 50%
of the population was replaced, which was also the default value ap-
plied in the mentioned algorithm package. The number of solutions
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processed simultaneously was set to five. This was based on the idea
that if an air traffic controller would use a tool based on this method,
five was considered a reasonable number of solutions that could also
be processed simultaneously by an operator. Fitness scaling based
on a technique called sigma truncation®® was also applied because
this was found to yield faster improvement of the solutions. In case
that constraints were not met, a maximum of 40 attempts was made
to satisfy the constraints by using repairing strategies. If after this
the solution was still infeasible, it was discarded.

Analysis
Assumptions

To be able to quantify any potential benefits of flexible arrival
trajectories, the first situation that has to be considered is the way
approaches are currently carried out. For this reason, use is made
of recorded radar data from Schiphol Airport made available by
ATC The Netherlands. The data concern all flights that arrived at
Schiphol Airport on one particular day (12 September 1997). The
main runways used for landing in the airport configuration at that
time were the two runways 18C and 27. The data concern the flights
from entry into the terminal area until landing and specify for all
flights the aircraft type, the runway at which the aircraft landed, the
meter fix that was used, the flight level at which the meter fix was
crossed, the time at which the meter fix was crossed, and the time
at which the aircraft landed. From these data, a traffic sample is
extracted, containing 15 flights with their landing times spanning a
time interval of 15-20 min, a typical time horizon in the final phase
of route planning for arrival traffic. The sample was selected for
a time period when traffic demand was high and is assumed to be
representative of current demand at this airport. The wind direction
and speed at the time the sample was taken were 240° north and
9.7 m/s, respectively (data obtained from the Royal Netherlands
Meteorological Institute), and they are assumed to be representative
of the atmospheric conditions near this airport.

In the genetic algorithm, 15 flights are created. For each flight,
the genetic algorithm uses the aircraft type that was recorded to
determine which data to use from BADA. For each flight, (X, Ymr)
was set to the position of the meter fix that was recorded. The NTA
for each flight is set to the landing time that was recorded. The
other data were incorporated differently in different situations, as
discussed in the next section.

Definition of Cases

The transition from fixed routes toward more flexible routes is
studied in subsequent steps. This is done through first adding op-
erational constraints to the constraints that were already taken into
account so that a model of current operations is obtained and then
removing some of the constraints. This allows to quantify the ef-
fect of each step and to determine if it is worthwhile to proceed in
this direction. The different steps that are studied are optimizing the
landing sequences and time schedules, optimizing the altitude and
speed profiles, allowing a reduced final intercept distance, allow-
ing direct routes from the meter fix to the final intercept point, and
allowing the route structure to be optimized in terms of the lateral
profiles. To this end, a number of cases are defined (Table 3).

Case CUR represents the operations as recorded. The STARs
shown in Fig. la and standard speed profiles made available by
the National Aerospace Laboratory (giving reference speeds for the

points where two segments were connected) were used to define the
trajectories. The altitudes at the boundary of the terminal area as
they were recorded in the traffic sample were used. In the turns in
the traffic pattern, the altitude was kept constant to obtain a stepwise
descent with level flight segments that is characteristic for current
operations. On the other segments, the flight-path angle is kept con-
stant. This was achieved by selecting the valuesof T, R, L, y,and a
accordingly. In the STARs, the final interception point is not placed
closer to the runway threshold than 6 n mi (11.11 km) and not further
away than 11 nmi (20.37 km). In addition, for this case the RAs from
the recorded data are used, thus also prescribing the values of RA.
This is indicated in Table 3 as Standard because these assignments
correspond to standard current operations. The genetic algorithm
was allowed to schedule a deviation d of £0.5 min from the recorded
landing times because this was the accuracy with which the times in
the recorded data were logged. It was found that the same require-
ment for meeting the recorded meter fix time could not be met. The
reason for this is that the planning algorithm starts with planning in
space and time at the threshold. Any differences between the model
and the real situation at the time of the measured data, for example,
different atmospheric conditions or different routes used by con-
trollers, will, thus, be noticed as deviations from the recorded meter
fix times. A meter fix time deviation up to 5.0 min was necessary
to accommodate these differences. This means that the reliability of
the results decreases at farther distances from the runway.

Case CUR IDEAL considers the same situation as case CUR, but
now in an idealized setting by assuming that other runway assign-
ments and landing times that are found with the genetic algorithm
to result in a better solution can also be executed during real oper-
ation. The results for flexible arrival trajectories are compared with
the results for case CUR IDEAL so that a fair assessment of poten-
tial benefits is assured. Comparing with case CUR 1is not considered
fair because case CUR may include reasons not included in the other
cases for disallowing certain solutions. Because we are looking for
the best solution possible, the RA and landing times (in the form
of d) are optimized. The landing times were required to be within
42.0 min of the recorded times because larger deviations from the
original times did produce mostly infeasible solutions.

Case FLX TMS is defined to assess the effects of optimizing the
landing sequences and times in case CUR IDEAL without requiring
a maximum deviation from the originally recorded landing times,
which is indicated in Table 3 with the designation not applicable
(N/A). It is still desired to use an upper limit for the deviation from
the original meter fix time though because otherwise the traffic de-
mand can become different depending on the case. The maximum
delay and time advance that can be given at the meter fix were limited
to 15 min because this is a typical time horizon that controllers make
plannings for. In each of the following cases, a specific operational
constraint is changed with respect to case FLX TMS.

Case FLX ALT/SPD is defined to assess the effects of maintain-
ing the rigid route structure but allowing the altitudes and speeds
to be optimized. Therefore, the standard altitude and speed profiles
are not used for this case, and the genetic algorithm is also allowed
to optimize y and a. Changing altitude and speed profiles is ad-
dressed simultaneously because they are closely related through
energy management.

Case SHORT IC is defined to assess the effects of allowing a re-
duction of the final intercept distance to 3 n mi from the threshold,
the minimum distance mentioned earlier. Allowing such a reduction

Table 3 Definition of cases

Route Final intercept Altitude Speed Runway Deviation d from
Case structure distance, n mi profile profile assignment recorded landing time, min
CUR Conventional 6-11 Standard Standard Standard +0.5
CUR IDEAL Conventional 6-11 Standard Standard Optimized +2.0
FLX TMS Conventional 6-11 Standard Standard Optimized N/A
FLX ALT/SPD Conventional 6-11 Optimized Optimized Optimized N/A
SHORT IC Conventional 3-6 Standard Standard Optimized N/A
DIRECT Direct 6-11 Standard Standard Optimized N/A
FLX LAT Optimized 6-11 Optimized Optimized Optimized N/A
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results in not applying conventional STARs any more and a differ-
ent separation constraint therefore applies (Table 2). To make the
differences between a conventional final intercept and a short fi-
nal intercept more distinct, the maximum allowed final interception
distance was 6 n mi, which was the smallest distance allowed for
a conventional intercept. This is achieved by allowing the genetic
algorithm to also optimize the value of L for the second segment
(within the range that assures the earlier mentioned limits on the
final interception distance). Because in case SHORT IC the ILS in-
tercept takes places closer to the threshold than in the other cases, the
deceleration to approach speed takes place closer to the threshold
also.

Case DIRECT is defined to assess the effects of allowing direct
routes instead of STARs. For all traffic direct routes are used from
the meter fix to the final approach interception point by selecting
the values of T', R, L, y, and a accordingly.

Case FLX LAT is defined to assess the effects of not limiting
the routes to conventional or direct routes, but instead optimizing
the route structure laterally. Also for this case, STARs are not used.
Because there is no fixed route structure, the standard speed and
altitude profiles, which are largely based on the horizontal shape of
the routes, cannot be used. The speed and altitude profiles are, there-
fore, optimized. The genetic algorithm is, thus, allowed to optimize
T,R,L,y,anda.

Results

Because the genetic optimization process is a stochastic process
and the outcome may, therefore, be different each time, the genetic
algorithm was run 30 times for each case and the results are analyzed
with a statistical analysis. For all runs, Fig. 8 shows how the fitness
f changes from generation to generation for each case. Because
f < 0.5 for all runs, it follows that F > 2, which means that for
all runs at least one of the desired aspiration levels is not met by a
factor larger than 2. Thus, either the throughput T is more than two
times lower than desired, or the altitude deviation A, or the speed
deviation Ay, or the noise load on community L is more than two
times higher than desired.

Note that for the first couple of cases the genetic algorithm can
only provide alimited improvement in the value of f, whereas for the
higher case numbers significant improvements can be made. It can
also be seen that the level of convergence is different depending on
the case. Although it cannot be proven that better solutions cannot be
found, the genetic search process was continued for 500 generations
so that for most runs reasonable convergence was achieved.

The typical shape of obtained solutions, containing the trajecto-
ries from the meter fixes to the runways, is shown in Figs. 9-11.
Figures 9-11 show for all trajectories the shape of the trajectory in
the horizontal plane projected on a map of the environment. The
solid trajectories are the generated arrival trajectories; the dashed
trajectories are the SIDs used for this runway configuration. Addi-
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tionally, for all flights, the altitude #, the speed V, and the bank
angle @ are plotted against the reference time . The reference time
was always the same. Figure 9 shows an example of a solution for
case CUR. It can be seen that standard arrival trajectories with level
flight segments are used. Figure 10 shows an example of a solution
for the direct routes (case DIRECT), where it can be seen that trajec-
tories directly from the meter fix to the interception point of the final
approach course are used. Figure 11 shows an example of a solution
for the routes optimized in the horizontal plane (case FLX LAT). It
can be seen that more airspace is used to schedule the lateral profiles
and that the altitude and speed profiles contain more variation when
compared to those for the other cases because they are optimized.
Examples of more solutions can be found in Ref. 34.

The cases are compared to each other with respect to ATM per-
formance by comparing the scores on the objectives throughput 7',
altitude deviation A, speed deviation Ay, and noise load on com-
munity L. Because the aspiration levels are not all met, the scores
are obtained by calculating the constrained aspiration levels for all
objectives. The cases are compared with respect to airspace com-
plexity by comparing the scores on the metrics Ny, Ny, Ng, Ni3,
Nae, N¢, Su, Sy, CRy, and C Ry (Table 1) for the final solutions
found by the genetic algorithm.

Performance

The constrained aspiration levels found are shown for the different
objectives in Fig. 12, where the aspiration levels that were originally
selected also are indicated. It can be concluded that the selected
aspiration levels of 90 arrivals per hour for 7', 1000 ft for A, and
20 kn for Ay are not met. This shows the difficulty of meeting all
aspirations at the same time. The competitiveness of the objectives
is confirmed especially by comparing cases CUR and CUR IDEAL.:
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Fig. 10 Direct routes (case DIRECT).

Removing unmodeled influences does not increase the throughput
T, which is explained by the deviation from another aspiration level
being larger and more important. Statistically significant differences
between the cases were, however, observed for all objectives (T':
Feo03 = 729.015, p= 0.01; Ay Feo03 = 2350.636, p= 0.01; Ay:
Fe 203 =1434.244, p <0.01; and L: Fg 03 =244.615, p <0.01).

For the throughput 7', a Student—-Newman—Keuls (SNK) test with
o = 0.05 showed that cases FLX TMS, FLX ALT/SPD, SHORT IC,
DIRECT, and FLX LAT resulted in higher values than case CUR
IDEAL. The mean throughput was for case CUR IDEAL equal to
43.73 arrivals per hour, whereas it increased for cases DIRECT
and FLX LAT to 56.16 and 56.35 arrivals per hour, respectively.
This corresponds to an increase up to about 28% arrivals per hour
more. Optimizing the arrival times and the trajectories is, therefore,
concluded to enable increased throughput.

For the altitude deviation Aj;, an SNK test showed that cases
FLX ALT/SPD and FLX LAT (the two cases where altitude and
speed profiles were optimized) are the cases with the lowest altitude
deviation: The mean value of A, was equal to 2560 (780 m) and
3106 ft (947 m), respectively. For case CUR IDEAL, it was equal to
4729 ft (1441 m), which confirms that optimization of the profiles
resulted in altitude profiles closer to those belonging to a continuous
descent approach. The reduction of the mean value for case FLX
ALT/SPD as compared with case CUR IDEAL is equal to 2169 ft
(661 m), which is significant because it is more than the standard
vertical separation distance of 1000 ft applied by ATC.

For the speed deviation Ay, an SNK test showed that case
SHORT IC resulted in the best score: The mean value of Ay was
49.08 kn (25.25 m/s), whereas for case CUR IDEAL, it was 81.43 kn
(41.89 m/s). The lower deviation for case SHORT IC is explained
by the later deceleration to final approach speed. The fact that lower
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Fig. 11 Routes optimized in the horizontal plane (case FLX LAT).

values for Ay are not found for the cases where the genetic algo-
rithm optimizes the altitude and speed profiles is explained by the
fact that to resolve energy-related constraint violations the genetic
algorithm favored changing the speed profile over changing the al-
titude profile.

For the noise load on community L, an SNK test («¢ =0.05)
showed that cases CUR and CUR IDEAL resulted in the worst
scores. The mean value of L was 0.00829 s/m? for case CUR IDEAL.
The other cases all resulted in statistically significant better values
for L: The lowest mean value was found for case FLX ALT/SPD
and was equal to 0.00621 s/m?, corresponding to a decrease of about
25%. This indicates that optimizing the altitude and speed profiles,
allowing a short final intercept distance, applying direct routes, and
optimizing the horizontal route structure all can significantly reduce
the time flown over residential areas at low altitude.

Airspace Complexity

The values of the considered airspace complexity metrics are
shown in Figs. 13 and 14. Statistically significant differences were
found between the cases for all metrics (Np: Fg 03 =15.968,
P < 001, Nsc: F6,203 = 32193, P < 001, Ng: F6,2()3 = 21527,
p= 0.01; Nis: F6,203 =23.267, p= 0.01; Ny: F()’203 =42.171,
P < 001, NC: F(,,203 = 186460, )4 < 001, SHZ F6,203 = 108487,
p= 0.01; Sy: F6,203 =6.918, p= 0.01; CRy: F()’203 =22.574,
p <0.01; and CRy: Fg 203 =98.508, p <0.01).

For the peak number of aircraft in the terminal area, Ny, case
CUR IDEAL resulted in a mean value of 11.2. The flexible ar-
rival trajectories generally resulted in lower values according to an
SNK (o =0.05) test. The lowest mean value was found for case
SHORT IC and was equal to 9.5. For Ng, the maximum number of
aircraft pairs with less than 8-n mi separation, case FLX TMS was
the only case that resulted in a higher mean score (26.1) than case
CUR IDEAL (24.5); cases FLX ALT/SPD, DIRECT, and FLX LAT
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resulted in lower mean scores (23.1, 22.0, and 20.6, respectively)
than case CUR IDEAL (SNK, o =0.05). An SNK test also showed
that for the mean value of N3, the maximum number of aircraft pairs
with less than 13-n mi separation, flexible arrival trajectories gen-
erally resulted in lower values: For case CUR IDEAL it was 37.9,
whereas the lowest value was 28.7, which was found for case FLX
LAT. Based on the results for N, Ng, and N3, it can be concluded
that more freedom in the trajectories helps to decrease the traffic
densities and the number of aircraft at low separation distances.

For the maximum number of aircraft changing speed significantly,
Ny, case CUR IDEAL resulted in the highest mean value (7.1), fol-
lowed by case CUR (6.9). An increasing number of aircraft simul-
taneously changing speed, therefore, does not seem to be a concern
for the studied flexible arrival trajectories. Cases FLX ALT/SPD,
SHORT IC, and FLX LAT actually decreased the mean value of N
to 5.3, 5.2, and 6.1, respectively (SNK, o =0.05).

A similar trend was found for the maximum number of aircraft
changing altitude quickly, N,.: The flexible trajectories generally
resulted in lower values. The mean value was for case CUR IDEAL
equal to 9.1. The lowest mean value was found for case FLX
ALT/SPD and was equal to 6.6.

The mean number of crossing points, N¢, was for case CUR
IDEAL equal to 5.8. It increased considerably, however, for the
optimized route structure in case FLX LAT (SNK, « = 0.05), where
it was equal to 9.8. Because this value is almost two times higher
than for case CUR IDEAL, an increasing number of crossing points
may be an important concern for the flexible arrival trajectories.

For the horizontal separation distance Sy, the values found for
case FLX LAT were comparable to those for CUR IDEAL (SNK,
a =0.05): The mean value was equal to 11.15 n mi (20.65 km) for

case FLX LAT and to 11.05 n mi (20.46 km) for case CUR IDEAL.
All of the other cases resulted in statistically significant lower values
than case CUR IDEAL. The lowest mean value was found for case
FLX TMS, in which case it was equal to 7.66 n mi (14.19 km). Thus,
all of the studied flexible arrival trajectories decreased the minimum
horizontal separation as compared to the original situation, except
case FLX LAT, which is due to the added horizontal flexibility that
allows for more spreading of trajectories.

For the vertical separation distance Sy, the only statistically sig-
nificant difference from case CUR IDEAL was found for case FLX
TMS. (The mean value was 992.4 ft (302 m) for case CUR IDEAL
vs 945.6 ft (288 m) for case FLX TMS, which is only a small dif-
ference.)

For the horizontal closure rate C Ry, the highest mean value was
found for case CUR IDEAL (135.1 m/s). An SNK test (¢ =0.05)
showed that all other cases resulted in statistically significant lower
values, indicating that higher horizontal closure rates are not a con-
cern for the flexible arrival trajectories.

For the vertical closure rate C Ry, case CUR IDEAL resulted in a
mean value of 1.45 m/s. Statistically significant higher values (SNK,
o =0.05) were found for cases FLX ALT/SPD (2.73 m/s), SHORT
IC (1.74 m/s), DIRECT (2.46 m/s), and FLX LAT (2.61 m/s). It
is, therefore, concluded that optimizing the altitude and speed pro-
files, applying a short intercept distance, applying direct routes, and
optimizing the lateral profiles all can increase vertical closure rates.

Conclusions

A multi-objective scheduling algorithm was developed that pro-
vides a way to find flexible approach trajectories that meet aspiration
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levels on multiple performance factors simultaneously. This was
done in a sequential fashion using a genetic algorithm.

It was observed that for the currently used arrival procedures
the ATM performance related to throughput, deviation from three-
degree decelerated approaches, and noise impact on the community
could not be increased by only optimizing runway assignments and
landing times as compared to data recorded from practice. This con-
firms the high degree of efficiency with which the current procedures
are applied.

However, changing the routes and schedules did improve the per-
formance. It was found that changing the sequence and the times at
which traffic entered the terminal area or allowing flexible arrival
trajectories in the sense that the altitude and speed profiles may
be optimized, that the final intercept distance may be reduced, that
direct routes from the meter fix to the final intercept point are al-
lowed, or that the lateral profiles may be optimized all resulted in
more throughput, up to a maximum of 28%. In addition, applying
these trajectories was shown to enable the application of altitude
profiles closer to those belonging to a continuous descent approach
and to allow routing flights less often over residential areas. The
maximum deviation from an altitude profile belonging to a con-
tinuous descent approach was for flexible arrival trajectories up to
about 2000 ft (610 m) lower than for standard arrival trajectories.
The noise impact on community, modeled as a combination of time
spent and altitude flown over residential areas, was reduced with up
to about 25%.

A number of metrics were used to address airspace complexity.
The traffic density generally became lower for flexible arrival tra-
jectories than for conventional trajectories because more airspace
could be used. The flexible trajectories could, however, result in
almost doubling the number of crossing points between arrival and
departure traffic, almost doubling the mean value of the maximum
vertical closure rates between aircraft pairs, and reducing the mean
value of the minimum horizontal separation distances between air-
craft pairs with more than 3 n mi (5.56 km). Although for flexible
arrival trajectories that were optimized in terms of the lateral pro-
files a decrease in minimum horizontal separation distance was pre-
vented, it is concluded that flexible arrival trajectories may increase
airspace complexity.
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