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Investigating Per-Flight Criteria for the Application of

Idle and Fixed-FPA Descents towards the IAF

L.M.M. Blom
Supervised by Dr.ir. J. Ellerbroek! and Dhr. F. Dijkstra®

Control & Operations, Faculty of Aerospace Engineering
Delft University of Technology, Delft, The Netherlands

! Faculty of Aerospace Engineering, Delft University of Technology
2KDC Mainport Schiphol

Traffic flows are highly dynamic. Traffic densities vary locally throughout the day, indicating poten-
tial for idle descents outside of night hours. Alternatively, fixed-FPA descents can be flown with lower
uncertainty. This paper presents the development of novel per-flight criteria for executing idle and fixed-
FPA descents from cruise to the Initial Approach Fix (IAF), using associated trajectory uncertainties.
The influence of the criteria on the number of successful idle descents is assessed throughout a 24-hour
operation. Trajectory uncertainty models were identified from simulations under various wind condi-
tions. Using conflict probabilities, nominal aircraft spacing, and IAF arrival times, descent criteria sets
were developed. The number of successful idle descents was evaluated for various reference scenarios
with execution restrictions in time frames, developed criteria sets, and trajectory uncertainties. The re-
sults show conditional inverse relationships between the trajectory uncertainty, reference scenario, and
criteria strictness, and the number of successful idle descents. Scenarios with stricter time restrictions
contain fewer successful idle descents. This also holds for stricter criteria, provided that aircraft spacing
does not conceal the effect of the different criteria. Similarly, higher trajectory uncertainty reduces the
number of successful idle descents, provided that, additionally, the criteria set is not too strict to conceal
the effect. At least 50% of the aircraft descending outside of peak hours could complete an idle descent,
regardless of scenario, criteria set, and uncertainty set. Including peak hours, this changes to 40% of all
descending aircraft. The difference between high and low uncertainty remained below 2% of all flights
for all explicitly developed criteria and scenarios. The theoretical maximum is found when all aircraft
fly idle descents in the allocated time frames. This is 76% outside peak hours and 68% overall. This
research provides a foundation for assigning idle descents and demonstrates their potential by allowing

them outside night hours.

I. Introduction

The demand for air travel in Europe is increasing rapidly. In
the record year 2019, nearly 11 million flights were conducted
in European airspace [1]. This number is expected to increase
to 16 million flights by 2050. In order to ensure safe and effi-
cient handling of all flights in the future, innovation is required.
Over the past years, extensive research has been performed on
Trajectory-Based Operations (TBO). The core of the TBO con-
cept revolves around flying a user-preferred, optimal flight path
by constructing the 4D trajectory prior to the flight and updating
during the flight, and sharing the trajectory information amongst
all stakeholders [2]. This concept enables a greater use of Con-
tinuous Descent Operations (CDO). By using CDO, an aircraft
can execute a continuous descent profile optimised to the opera-
tional capability of the aircraft, with low-thrust settings [3]. Var-
ious studies have demonstrated that continuous descents show a
reduction in fuel consumption, emissions, and noise compared
to conventional step-down descents with level segments [4-7].

In order to minimise fuel consumption, emissions, and noise,
a continuous descent is ideally flown with idle thrust [8]. How-
ever, an idle descent comes with increased uncertainty as the ver-
tical profile of an idle descent is highly sensitive to the descent
speed profile, wind conditions, and aircraft weight. An alterna-
tive continuous descent follows a constant geometric flight path
angle (FPA). This fixed-FPA descent has higher predictability
and thus lower uncertainty compared to an idle descent [6, 8].
The feasibility of flying idle and fixed-FPA descents has been
demonstrated [9-14]. However, CDOs are currently restricted
to low traffic densities due to low predictability [14]. At Ams-
terdam Airport Schiphol, this is limited to nighttime operations
only [15]. In reality, traffic densities vary throughout the day,
meaning that low traffic densities can occur locally. Therefore,
potential lies in investigating when idle descents can be flown
throughout a 24-hour operation. No clear criteria, based on ac-
curate trajectory uncertainty modelling, have been developed
for when these descents can be executed safely throughout the
day. This research gap will be addressed in this paper.



The main contribution of this paper is to develop criteria
for the execution of idle and fixed-FPA descents from cruise to
the Initial Approach Fix (IAF) on a per-flight basis throughout a
24-hour operation, taking into account the associated trajectory
uncertainties, and assessing the influence on the number of suc-
cessful idle descents. This will be done by means of descent sim-
ulations. The simulated descents will be flown towards Schiphol
Airport using existing Standard Arrival Routes (STARs). The
IAFs for Schiphol Airport are the waypoints ARTIP, RIVER,
and SUGOL. Within the 24-hour operation, several scenarios
with different execution restrictions in time frames are consid-
ered. The trajectory uncertainties associated with idle and fixed-
FPA descents and the sensitivity of the developed criteria to tra-
jectory uncertainty under the various restriction scenarios will
be investigated. Throughout the 24-hour operation, only idle
and fixed-FPA descents are flown. The criteria will explicitly
assign idle or fixed-FPA descents to each aircraft. The resulting
number of successful idle descents is of interest, as idle descents
are the most environmentally friendly descents.

Although Schiphol Airport will be used for this research, the
aim is to develop general criteria for the application of idle and
fixed-FPA descents, allowing the findings to be extrapolated to
other airports and airspaces. A clear overview of when idle de-
scents can be applied throughout a 24-hour operation has the
potential to accelerate the implementation of idle descents in
the daily operation. Executing idle descents in higher traffic
densities enables the possibility of further reducing noise, emis-
sions, and fuel burn. Furthermore, a quantification of the sen-
sitivity of the implementation of these continuous descents to
trajectory uncertainties potentially provides a new perspective
on the discussion regarding uplinking and downlinking data to
and from the aircraft, such as uplinking weather information and
downlinking aircraft mass via ATS B2 ADS-C EPP data.

This paper is structured as follows. In section II, background
information on trajectory uncertainty, idle descents, and fixed-
FPA descents is provided. The preliminary research concerning
trajectory uncertainty is presented in section III. The main ex-
periment design is described in section IV. The experimental
setup is discussed in section V. The results are presented in sec-
tion VI and discussed in section VII. Conclusions are drawn in
section VIIL.

II. Background

This section contains background information relevant to
the methodology of the research. Detailed information is pro-
vided on trajectory uncertainty, idle descents, and fixed-FPA
descents.

A. Trajectory Uncertainty

It is essential to consider the trajectory uncertainties associ-
ated with idle and fixed-FPA descents when developing descent
application criteria. Accurately modelled trajectory uncertainty
makes the simulation results more reliable. Therefore, several
aspects regarding trajectory uncertainty that are relevant for this
application are discussed first.

1. Sources of Trajectory Uncertainty

Trajectory uncertainty is characterised by various different
factors that influence the accuracy of a trajectory prediction.
Over the years, numerous studies investigating the sources of
trajectory uncertainty have been conducted [16-21]. Their re-
sults provide a clear overview of the sources of trajectory uncer-
tainty, and their effects.

Initial Aircraft State

Every trajectory prediction starts with a set of initial aircraft
states. These states include the aircraft position, heading, speed,
vertical rate, and mass [18, 21]. Research has shown that devi-
ations in aircraft mass from the expected greatly influence the
uncertainty of the vertical profile of a trajectory, where devi-
ations in speed profiles from the expected or planned mainly
affect the duration of flight and the rate of descent [17, 18]. De-
viations in the assumed state values from the actual state values
will propagate throughout the predicted trajectory [19]. There-
fore, the accuracy of trajectory prediction is highly dependent
on the accuracy of the initial aircraft state data. ATS B2 ADS-C
is a new datalink technology and is expected to be readily avail-
able in the future. The EPP profile contains data regarding the
aircraft gross mass. By using ATS B2 ADS-C EPP data, the
accuracy of trajectory predictors can be improved significantly
[22]. Knowing the aircraft mass practically eliminates the mass
uncertainty.

Modelling

The accuracy of the mathematical representation compared
to the real aircraft behaviour directly influences the trajectory
prediction [19]. Common simplifications for the mathematical
model are the small-angle approximation and the point mass ap-
proximation, considering only the centre of gravity of the air-
craft [18]. The errors induced by aircraft motion modelling are
considered to have a negligible effect on trajectory uncertainty.

The aircraft performance models are used for the calcula-
tions on aircraft performance, such as thrust, drag, and fuel con-
sumption for various flight conditions [19]. The parameters for
these models are usually generalised. The Base of Aircraft Data
(BADA) is commonly used for this. Models from BADA are
highly accurate, meaning that the trajectory uncertainties intro-
duced by errors in aircraft performance modelling are small for
ATM applications [18]. However, this is difficult to prove, but
a necessary assumption for this research, to contain the scope.

Using an Earth Model such as the WGS84 model or a spher-
ical Earth representation leads to trajectory uncertainty. How-
ever, errors in the Earth model are second order and therefore
negligible for ATM applications [18].

Aircraft Intent

Aircraft intent represents the commanded instructions and
executed control actions as a result of ATC procedures, pilot
procedures, and the flight plan [18, 19]. The uncertainty arises
when the aircraft intent is (partially) unknown to the trajectory
predictor. This uncertainty represents how the aircraft is actu-
ally operated compared to the original flight plan used for the
trajectory prediction. This uncertainty can be caused by various
factors [20]. These include vectoring, ATC clearance for the
TOD location, instructed level-offs, and speed intent. ATS B2



ADS-C data allows controllers to have a clearer picture of air-
craft intent and airspace sector loads [23]. With this, the trajec-
tory prediction can be updated, leading to smaller uncertainties.

Flight Control Inaccuracy

Uncertainty due to flight control inaccuracy is known as a
flight technical error. This error describes the inability of an
aircraft to stay on its specified track due to the performance of
the FMS and the flight control systems. Arguments have been
made stating that the long-term effect of flight technical errors
on trajectory accuracy is negligible compared to other uncer-
tainty sources [19].

Weather

Atmospheric temperature and pressure influence trajectory
uncertainty to some extent. Temperature errors lead to errors
in speed due to speed conversions between Mach, indicated air-
speed (IAS), and true airspeed (TAS). However, the effect of
temperature error on trajectory uncertainty has been found to
be marginal [18]. On the contrary, wind uncertainty is overall
one of the biggest contributors to trajectory uncertainty, espe-
cially influencing the horizontal error [17, 24]. Wind directly
influences the ground speed (GS) of the aircraft, and is taken
into account by the FMS for constructing the descent path. The
wind profile prediction error can be split up into three compo-
nents [25]. The first component is the prediction error in the
base forecast data, defining the difference between the weather
forecast and the actual weather. The second component is the er-
ror due to selecting forecast grid cells that are not on the planned
trajectory. In [25] it is mentioned that the wind forecast avail-
able to the FMS is taken as the wind profile of a stationary loca-
tion, meaning it is likely not representative for an entire descent.
This error can be reduced by updating the meteorological infor-
mation in the FMS during flight execution, using uplink to the
aircraft [26]. The last error component is due to interpolation
by the FMS between the available levels.

In the literature, an approach for quantifying wind uncer-
tainty is presented. This approach uses time-lagged ensembles
of weather forecasts for a specific time to determine the wind
uncertainty [19, 27-29]. The forecast error is measured as the
difference with the O-hour forecast. Wind forecast uncertainty
is defined as the standard deviation of the ensemble members,
where each member is an x-hour forecast for a specific time. By
using many forecasts, where each forecast has the same num-
ber of ensemble members, probability density functions of the
wind can be constructed, as done in [29]. Having multiple en-
semble members at the same time stamp will lead to better wind
uncertainty modelling than having to use x-hour forecasts as en-
semble members. However, it is the only feasible option if only
one forecast is provided per time stamp for a specific forecast
time.

A drawback of this approach is that the correlation between
ensemble members is generally larger than for other techniques
[27]. However, a key advantage is that with this approach, re-
gional variations in uncertainty, that are related to weather phe-
nomena, can be identified. In addition, only the obtained x-hour
forecasts from e.g. the KNMI are needed, making this method
less computationally intensive than methods that require addi-
tional forecast models.

When quantifying trajectory uncertainty, it is important to
consider the influence of wind error correlation. Various stud-
ies have researched this [24, 30-32]. It was found that simplify-
ing assumptions regarding the wind field correlation influences
trajectory uncertainty. This is especially relevant for the prob-
ability of conflict between two aircraft, as correlation effects
are stronger for aircraft in closer proximity to each other. By
neglecting wind correlation, the conflict probability is overesti-
mated [24]. Therefore, neglecting it is a conservative assump-
tion. This assumption allows for a first conservative approxima-
tion.

2. Trajectory Uncertainty Quantification

The track error forms the basis of quantifying trajectory un-
certainty. It describes the difference between the desired track
position and the actual position. Track error can be expressed
as a temporal error and as a spatial error. The temporal error
is defined as the time difference between the predicted and ac-
tual time the aircraft is at a particular position along the course.
This metric is commonly used to determine the status of a flight:
premature, delayed, or on time. The spatial error is the result
of a combined horizontal and vertical error. The horizontal er-
ror is defined as the great-circle distance between the predicted
and the actual position of an aircraft at time ¢. It can be decom-
posed into along-track and cross-track error components. The
along-track error is the component of the horizontal error that is
projected onto the actual course of the aircraft. The cross-track
error is projected perpendicular to the actual course. With this
decomposition, it can be shown that the along-track error is as-
sociated with the temporal error, whereas the cross-track error
is not. In fact, the along-track error is the spatial representation
of the temporal error. When a flight is on time, the along-track
error is zero. The vertical error is the altitude difference between
the predicted and actual aircraft position.

Trajectory uncertainty can be quantified using various tech-
niques. In general, position uncertainty at time ¢ can be visu-
alised as a 3D ellipsoid around the projected aircraft position
on the predicted reference trajectory. This covariance ellipsoid
represents the probability distributions of the along-track, cross-
track, and vertical errors compared to the reference trajectory.
This is illustrated in Figure 1. The subsequent ellipsoids at each
time ¢ form a tube that represents the possible aircraft positions
throughout the trajectory [17].

The positional probability distributions can be constructed
using parametric estimations. The error components are then
described by zero-mean Gaussian random variables, for which
the standard deviation increases with time [33]. This approach
is suitable for online applications because of the low computa-
tional load. It can therefore be used in a simulation of a repre-
sentative traffic scenario to determine the worst-case distances
to other aircraft.

Additionally, Monte Carlo simulations are used to investi-
gate the effects of changes in uncertain inputs on the trajectory
uncertainty, by means of simulating the trajectory. The inputs
are treated as random variables, such that different combinations
are used in each simulation. The Monte Carlo approach is com-
monly used to quantify trajectory uncertainties [17-19, 34, 35].
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Figure 1 Trajectory uncertainty expressed as 3D ellipsoid
(adapted from [19]).

From the observed trajectory uncertainties based on varying un-
certain inputs, relationships can be derived that describe the un-
certainty in a parametric estimation. Essentially, the simulation
outputs can be used to find parameter values for a parametric un-
certainty estimation. This way, the results of Monte Carlo simu-
lations can be converted to online applications by using them in
parametric estimations. Conducting the simulations requires a
high computational load, especially since many simulations are
required to obtain statistically reliable results.

3. Conflict Detection with Trajectory Uncertainty

The lookahead time for conflict detection considered in this
research is approximately 20 minutes, meaning that mid-range
conflict detection models are most appropriate. It is important
that conflict probabilities can be calculated in real-time. Since
trajectory uncertainty changes over time, the conflict probabil-
ity also changes. An established mid-range conflict prediction
model using parametric estimations, which is appropriate for
this application [33], will be explained below. This model is
developed for level-flight conditions, meaning it is at least ap-
propriate for cruise segments. In this research, the applicability
of this model to descents will be investigated. Subsequently, the
model will be adjusted if needed.

In the model, trajectory uncertainty is modelled as the vari-
ance of the along-track error as a function of time and as the
variance of the cross-track error as a function of time. The
along-track variance grows quadratically with time, while the
cross-track error grows quadratically with distance, which is a
function of time. The cross-track variance saturates at a fixed
value. That is because corrections for the cross-track error are
done in the short term, either by the pilots or the FMS, which
has a saturation point. Meanwhile, along-track errors are dealt
with in the long term, usually by speed instructions from ATC.

The model proposed in [33] can be extended by accounting for
vertical error as well. Initially, it is assumed that the vertical er-
ror variance grows linearly with time during climb or descent,
and returns to zero when a set altitude is reached because the
FMS is very capable of holding altitude. This assumption will
be verified in this research and adjusted if needed.

a(t) ~r2f?
a2(t) ~ min{r’s*(1), 52}

ey

2
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Here, 4, 1, and r,, are the error growth rates for the along-
track, cross-track, and vertical errors, respectively. These can
be determined from (Monte Carlo) simulations that include tra-
jectory uncertainties, or from literature [18], depending on the
desired accuracy.

An aircraft trajectory x(¢) is assumed to be normally dis-
tributed, with as mean the predicted nominal trajectory j(¢) and
as variance the covariance matrix composed from the track vari-
ances and corrected for aircraft heading 6 using a rotation ma-
trix:

X(t) ~ N(p(1), V(1)
V(1) = ROV ()R(O)T

(02 0 0
Vi)=10 o> 0
’ (2)
10 0 oy
[cos® —sin® 0
R(0) = [sinf cosd O
| O 0 1

Next, it is assumed that the trajectories of aircraft A and B
are uncorrelated. The distance between the two aircraft, d (1),
can then also be modelled as a Gaussian random variable. The
mean is the distance function between the two nominal trajec-
tories. The variance is the addition of the separate covariance
matrices for aircraft A and B:

d(t) ~ N(fi(1),0(1))
fi(1) = pa(t) - pa(1)
Q(1) = Valt) + V(1)

3

The resulting 3D multivariate probability density function,
p 4, represents the uncertainty ellipsoid of the distance between
two aircraft. The overlap between this ellipsoid and the Pro-
tected Zone (PZ) is the probability of conflict PC. This overlap
can be found by integrating p 4, over the PZ:

reoy = [ 5o @
yePZ

The PZ is a cylinder, with a predefined height of 2000 ft and
ahorizontal radius of 5 nm. This ensures that the separation min-
ima of 1000 ft vertical and 5 nm horizontal apply from all sides.



PC(t) is calculated for every time step until the lookahead time
T. The maximum value of conflict probability is straightfor-
wardly:

(&)

Here, y represents the current step in time. Every new time
step, new conflict probabilities are calculated until the looka-
head time. When the maximum conflict probability C(y) is
higher than a predefined threshold C, a conflict is declared.

In Figure 2, the horizontal ellipse overlap of the joint uncer-
tainty ellipsoid is shown on the left. This ellipse represents the
joint uncertainty of the horizontal components of di (1), as ex-
plained above. On the right side, the vertical ellipse overlap of
the joint uncertainty ellipsoid is illustrated.

C(y) = max ;e(0,71PC(1)
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Figure 2 Joint trajectory uncertainty overlap with the
protective zone [36].

B. Idle Descents

In an idle descent, the throttle is set to the idle position. This
is the lowest power setting possible without shutting down the
engines. A small amount of thrust is still produced. During the
idle descent, a constant Mach is maintained until the crossover
altitude. From this point onward, a constant calibrated airspeed
(CAS) is maintained. This is stopped only at a speed change
point, such as the IAF, or when ATC instructs a new speed. In
Figure 3, a schematic overview of the vertical profile of an idle
descent is provided. It shows that constant Mach and later con-
stant CAS are maintained until deceleration is required to adhere
to the speed constraint at the IAF.

The idle descent is very efficient in terms of fuel usage, noise,
and emissions, but comes with increased uncertainty, thereby
needing greater spacing [8]. The vertical profile of an idle de-
scent is highly sensitive to the descent speed profile, wind, and
aircraft mass. The descent path becomes shallower with a de-
crease in descent speed, an increase in tailwind, or an increase
in aircraft weight. Typically, large separation buffers are applied
by ATC to ensure adequate spacing from an aircraft performing
an idle descent. Due to the rapidly increasing uncertainty in an
idle descent, level segments are often imposed by ATC to re-
duce the vertical uncertainty back to zero, usually for conflict
resolution purposes.

TOD:
altitude,
cruise

Mach

position,
altitude,
cruise Mach

descent CAS,
idle thrust

DECELERATE:
rate of descent,
idle thrust

CRUISE:
altitude,
cruise
Mach

METER FIX:
position,
altitude,

CAS

constant Mach,
idle thrust

Figure 3 Schematic overview of an idle descent [9].

In 2006, a trial was conducted where aircraft flew CDAs
from cruise until the final approach at Schiphol Airport, dur-
ing night-time operations [10]. An idle descent path was flown
to the first vertical constraint. This constraint was beyond the
TMA boundary and thus beyond the IAF, meaning that idle de-
scents were flown from cruise till at least the IAF. The test was
conducted in low traffic densities only, to ensure safe circum-
stances and sufficient spacing. Optimal CDAs flown during the
trial used minimal altitude stabilisation, minimal thrust increase
from idle, and no excessive use of speed brakes. The findings
of this test support the statement in section II.A.1 that accurate
wind information should improve trajectory predictability and
thus reduce trajectory uncertainty. Therefore, CDAs should in-
clude uplinking weather forecasts prior to TOD. Most aircraft
have the ability to receive uplinks.

Even though the vertical profile of an idle descent is highly
sensitive to the descent speed profile, wind, and aircraft mass,
a large portion of the idle descent is flown with a near-constant
FPA until the deceleration segment is started. The magnitude
of this FPA depends on aircraft characteristics (including mass),
descent speed, and wind conditions. Therefore, a fixed-FPA de-
scent is a logical alternative for the idle descent when seeking to
increase trajectory predictability while slightly increasing thrust
usage.

C. Fixed-FPA Descents

In a fixed-FPA descent, the aircraft follows a predefined, con-
stant geometric FPA (yg). A great advantage of this descent
type is that the vertical profile of the aircraft is explicitly de-
fined. Because of this, fixed-FPA descents have an increased
predictability and thus decreased uncertainty compared to idle
descents [6, 8]. Therefore, fixed-FPA descents are more suit-
able in higher traffic densities. However, in order to adhere to
the fixed y,, non-idle thrust is required. Instead of a constant
¢ throughout the entire descent, the descent can be split into
segments. In each segment, a different y, can be used. Using
this can make a descent more efficient, as the optimal y, varies
with altitude.

In a fixed-FPA descent, a constant Mach is maintained un-
til the crossover altitude. Then, a constant CAS is maintained
for each segment, similar to an idle descent. Also, a decelera-



tion segment before the IAF is introduced to adhere to the speed
restrictions there [6, 8]. During a deceleration segment, it is pos-
sible to fly either at the fixed-FPA, which is typically done, or at
different angles to complete the deceleration as quickly as pos-
sible. The thrust required is calculated based on the predefined
v¢ and CAS, and on the other aircraft- and weather-specific vari-
ables. In Figure 4, a schematic overview of a fixed-FPA descent
is provided.

TpD

Descent with constant
FPA and CAS

Crossovér ‘*.‘ Deceleration
altitude ' phases
¢ : Altitude

Approach

restrictions 10,000 ft

Figure 4 Schematic overview of a fixed-FPA descent
(adapted from [13]).

Various aircraft types contain an autopilot mode through
which a fixed-FPA descent can be flown [15]. The pilot can
select the desired y, using a knob on the Mode Control Panel
(MCP). This FPA mode is available on the A320, A330, A340,
and A380 Airbus types. For Boeing aircraft, this mode has been
introduced on the B777, B787, and B747-800. If no specific
FPA mode is available, a fixed-FPA descent is generally flown
in the VNAV PATH autopilot mode [37]. Alternatively, the pi-
lot can manually create a waypoint after the TOD, and input an
altitude for all necessary waypoints along the route in the FMC
[11, 37]. By adhering to these altitude constraints, the desired
FPA is flown.

Although the fixed-FPA descent profile is independent of
wind conditions, accurate wind information remains important
for determining ground speeds and subsequently calculating ar-
rival times at waypoints. Because of this, consistency between
wind information available on the ground and wind information
loaded into the FMS is desired [6].

A flight test at Louisville International Airport in 2002 con-
firmed noise reduction and fuel saving compared to a conven-
tional step-down approach [5]. In addition, it was confirmed that
accurate trajectory predictions are needed when this descent is
to be implemented in high-density traffic, as it requires a differ-
ent spacing strategy from ATC. In [11], the importance of accu-
rate wind estimations to achieve more accurate time spacing is
underlined.

In recent years, various flight tests and simulator tests have
shown that the fixed-FPA descent trajectory can be predicted
with great accuracy [37], and that the fixed-FPA descent is feasi-
ble for wide-body aircraft using the current FMS and pilot inter-
vention, for angles under 2.5° [11-13]. The fixed-FPA descent
has the capabilities required for procedure integration into con-
gested airspace. The combination of a fixed-FPA descent with
speed control has the potential to result in significant improve-

ments in fuel and time management efficiency in future opera-
tions, compared to conventional arrival operations.

In [7], it was demonstrated that the 3° fixed-FPA descent
generally has considerably less fuel usage and increased time
saving compared to conventional descents. In [38], the highest
fuel saving relative to a 1°-FPA was found to be 14.0% (191
kg) for an FPA of 2.5°. Furthermore, [13] demonstrated that the
fixed-FPA descent could potentially reduce the fuel consump-
tion in congested airspace compared to the idle descent. This
is the case especially when arrival time delays of more than ap-
proximately 120 s are present.

In December 2022 and February 2023, for the first time ever,
the fixed-FPA descent was demonstrated on scheduled commer-
cial flights with A320neo and A320ceo aircraft to Kansai In-
ternational Airport [14]. The aim of this demonstration was to
expand the time frame for a possible implementation of CDO
in Japan. Idle descents are currently limited to three airports in
Japan, for scheduled arrival times between 23:00 and 07:00 JST
(Japan Standard Time). The flight test showed that, compared
to conventional step-down descents, the reduction in fuel con-
sumption for the 2.5°-FPA descent was 9%, while it was 6.7%
for the 2.0°-FPA descent. Because of increased predictability,
the CDO implementation window can be extended by allowing
fixed-FPA descents outside the current CDO hours.

I1I. Preliminary Research

The aim of this research is to develop criteria for the appli-
cation of idle and fixed-FPA descents and analyse the resulting
numbers of successfully flown idle descents. This is done by
evaluating the conflict probabilities between aircraft involving
idle descents in various traffic scenarios. At the core of this lies a
realistic trajectory uncertainty model, with which conflict prob-
abilities can be calculated. Therefore, the preliminary research
focuses on identifying trajectory uncertainty model parameters.
The methodology and resulting models are presented in this sec-
tion.

A. General Outline

The trajectory uncertainty model parameters are identified
through simulation. With the simulations, trajectory uncertainty
solely due to wind prediction error is quantified, as wind uncer-
tainty is generally found to be the biggest contributor to trajec-
tory uncertainty. The trajectory uncertainty model from [33],
discussed in section II.A.3, serves as the base model for this,
but is adjusted based on the simulation findings.

The simulations for the trajectory uncertainty parameters are
conducted for three reasons. Firstly, the uncertainty model in
[33] is developed using level flight. These simulations can ver-
ify this model for cruise segments. Secondly, an uncertainty
model for descent is obtained from the simulations. It can be
compared to the cruise model to see the applicability of the
model in [33] to descents. Lastly, the simulations enable the
determination of trajectory uncertainty parameters that indicate
the order of magnitude applicable to idle and fixed-FPA descents.



B. Assumptions

The trajectory uncertainty models and simulations are set
up using several assumptions. These assumptions are listed and
explained below.

* Model errors caused by the accuracy of aircraft perfor-
mance models, the spherical Earth assumption, equations
of motion simplifications, and numerical methods are not
significant enough to be incorporated in trajectory uncer-
tainties, as shown in [18].

* Variation in aircraft mass is decreased by the capability
of receiving ATS B2 ADS-C EPP data, making mass un-
certainties irrelevant for trajectory uncertainty [22]. Even
though currently ATS B2 ADS-C data is not readily avail-
able, this assumption is valid as this research focuses on
continuous descent implementations aimed for the future.

* The aircraft intent is clear, so possible errors originating
from pilot actions or wrong FMS settings are neglected.

* The FMS has knowledge of the high-resolution wind field
grid. Usually, the FMS has knowledge of a few altitude
layers. Since only wind prediction error is investigated in
this research, it is outside the scope of the research to ac-
curately model those layers. Furthermore, the importance
of accurate wind information available to the FMS can be
underlined in this way.

* The FMS is assumed to be capable of obtaining very high
lateral precision in the flight path due to the current RNP
capabilities, as stated in [10]. Therefore, cross-track er-
rors are neglected when modelling trajectory uncertainty.
Trajectory uncertainty will be expressed in the along-track
and vertical error.

Itis assumed that IAS is equal to CAS. At higher airspeeds
and altitudes, IAS and CAS are approximately the same,
making this assumption valid.

C. Simulation Platform

All simulations run for the research presented in this pa-
per are done using BlueSky. BlueSky is a widely used, open-
source air traffic simulator, developed at TU Delft. It is written
in Python, making it highly suitable for further development.
The simulator has a user interface consisting of a main radar
screen and a command line, in which user commands can be
entered. These commands include simulation commands, sim-
operating commands, or aircraft-specific commands. In addi-
tion, a BlueSky simulation can be run without the user interface.
In ”sim-detached” mode, BlueSky can be called directly into a
Python script and run in the background. Usually, a simulation
is run by calling a scenario file. This file contains information
and commands for all aircraft in the simulation. All commands
in BlueSky are added to the “’stack” and carried out from there.
This way, commands can originate from different sources and
are all carried out in the correct order. Furthermore, it is possi-
ble to run sped-up simulations. The simulation speed can range
up to 60x faster than real-time, depending on the CPU usage and
computer performance. As BlueSky is open-source, it is being
developed by multiple developers and users in parallel, leading
to the existence of (slightly) different versions. The specific ver-

sion of BlueSky used for this research is the version developed
at LVNL iLabs. This BlueSky version has improved aircraft
performance models, improved autopilot performance, and ex-
tra functionalities to increase the resemblance of the interface
with actual ATCO working stations. Its default descent mode
is a performance descent, which is an idle descent based on the
BADA performance model. Due to its extensive functionality
and performance models, BlueSky is highly suitable for this re-
search.

D. Preparations

While BlueSky has many capabilities, it needed some modi-
fications to fulfil the needs of this research. As preparatory work,
some features were added to BlueSky. Geometric descent func-
tionality has been implemented in the BlueSky autopilot. Via a
stack command, a geometric descent with a pre-specified fixed
FPA can be assigned to an aircraft prior to TOD. A geometric
path with the fixed FPA is then constructed by placing corre-
sponding altitude constraints at each waypoint along the route.
The autopilot adheres to the resulting fixed geometric path using
a vertical speed controller with a feed-forward term and P-gain.

Additionally, wind conditions were implemented. Ground
speed is updated based on the wind conditions the aircraft en-
counters. The autopilot uses the wind conditions to construct
the descent path and determine the TOD. Furthermore, a plugin
was written that allows wind fields from either GRIB files (ex-
plained in detail later) or CSV files to be loaded into BlueSky
as a wind field. The wind field grids provided in these files are
translated into the wind field grid structure present in BlueSky.

E. Obtaining Trajectory Uncertainty Model Parameters

With BlueSky fully prepared for simulations, the trajectory
uncertainty model parameters can be obtained. As stated ear-
lier, the effect of wind prediction error on trajectory uncertainty
is investigated through simulation. Other factors, such as not
knowing the geometric descent angles of an idle descent, are
not taken into account. Because of this, the parameter values
found serve as lower bounds for the trajectory uncertainty pa-
rameter range to be used for the sensitivity analysis regarding
the application criteria.

1. Wind Data Processing

The weather forecast for the Dutch FIR is provided by the
Royal Netherlands Meteorological Institute, which is abbrevi-
ated to KNMI in Dutch. Data are provided in the GRIB (GRId-
ded Binary) format. Every file provides information on wind,
temperature, and specific humidity on a predefined grid of lati-
tudes and longitudes for various pressure levels. Every file con-
tains a forecast for a specified time in the future, or for the cur-
rent time. The forecasts from the GRIB files are used to con-
struct the wind predictions that are used in the simulations.

GRIB files recorded at every full hour, ranging from 12:00
on 13-03-2025 to 12:00 on 17-03-2025, are used as the database,
as these files were available. Times are expressed in Central
European Time (CET). Firstly, the GRIB files are converted to



CSV files, as the data are processed in this form. Then, the
GRIB data is sorted based on forecast time, rather than on the
time at which the prediction is made. The forecast times used
are at every full hour from 12:00 on 14-03-2025 to 12:00 on 17-
03-2025, giving 73 forecast times. This way, every forecast time
contains a 0-hour forecast, where the prediction time is equal to
the forecast time, and 24 forecasts with a prediction time ranging
up to 24 hours before the forecast time, with time steps of 1 hour
in between. These 24 forecasts per forecast time are referred to
as the ensemble, and the O-hour forecast is referred to as the
true forecast. For every ensemble, the mean yu and standard de-
viation o of the wind vectors are calculated per grid point of the
wind field. Shapiro-Wilk tests were conducted randomly at grid
points to assess the normality of the ensemble. As no strong ev-
idence was found to contradict normality, and since assuming a
normal distribution for the wind forecast ensembles is accurate
enough for this application, it was found to be valid to assume
that the ensembles are normally distributed. This leads to four
wind fields per forecast time: the O-hour forecast, the ensemble
U, the ensemble y — o, and the ensemble u + o.

2. Simulation and Track Error Calculations

All 73 -4 = 292 wind conditions were simulated in BlueSky,
for various aircraft parameters, routes, and descent types. The
same set of aircraft flies in each wind condition. The simulation
setup is explained in more detail in section IIL.F. After the sim-
ulations, the data is processed to calculate the along-track and
vertical errors. For each of the 73 wind forecasts, the along-track
and vertical errors of each aircraft are calculated relative to the
aircraft in the O-hour forecast wind field. In total, this gives 3
along-track and vertical errors per wind forecast, per timestamp.

The vertical error is simply calculated as the altitude differ-
ence of the aircraft between the ensemble condition and the 0-
hour condition:

—ho (6

The along-track error is drawn in Figure 5. Here, the black
aircraft is the reference aircraft, located at the predicted aircraft
position at time ¢. The white aircraft is located at the actual air-
craft position at time 7. The angle trk is the track angle of the
reference aircraft. It is the angle between the magnetic North
and the ground speed vector. The angle gdr represents the mag-
netic heading to the actual aircraft position. It is the angle be-
tween the magnetic North and the line expressing the distance
between the two aircraft positions. The distance d is calculated
using the latitude and longitude data.

The along-track error is then calculated as:

€ = heps

€, =cos(trk —qdr) -d (@)

The aircraft trajectories are split into a cruise segment and
a descent segment, to avoid overlap where, at a certain times-
tamp, an aircraft is in cruise for one wind forecast but already
in descent for another. The descent segment is offset such that
for each wind forecast, the TOD falls at t = 0. With this, every
timestamp in every segment contains a sample of 73 - 3 = 219
data points for the along-track error and the vertical error, for

North

Figure 5 Visualisation of along-track error.

each aircraft. For each sample, the error variance is calculated,
allowing for plotting the along-track error variance and vertical
error variance over time for the cruise and descent segments, per
aircraft.

3. Model Parameter Generation

Curve fits are constructed on the error variances for each air-
craft. From these curve fits, the model structure and parameters
of o2 and o2 are found. Different model structures are iden-
tified for idle and fixed-FPA descents. As the model structures
involve separate segments, curve fits are made for each segment.
Additionally, different uncertainty parameters are chosen based
on the different aircraft parameters used in the simulations. This
means that Light, Medium, and Heavy aircraft all have different
uncertainty parameters, while adhering to the different idle and
fixed-FPA model structures. The uncertainty parameter values
were averaged over the different routes used in the simulations,
as all routes showed the same model structure.

The uncertainty parameters described above are referred to
as the first uncertainty parameter set. In addition, a second set is
constructed to assess the influence of trajectory uncertainty mag-
nitudes on the number of successful idle descents under various
criteria. This second set is chosen such that the error standard
deviations o, and o, are twice as high as for the first set. Es-
sentially, this means that the trajectory uncertainty is doubled.
Therefore, the error variance uncertainty parameters for o2 and
o2 of the first set are multiplied by 4 to obtain the second set.
The values of o2 and o2 for both sets are used as the uncer-
tainty model for the conflict probability model described in sec-
tion IL.A.3.

F. Uncertainty Simulation Setup

As stated in section IIILE, 292 wind conditions were sim-
ulated in BlueSky for various aircraft parameters, routes, and
descent types. The descent types are an idle descent and a fixed-
FPA descent at 2.5 deg. Furthermore, three routes were selected,
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one to each IAF. This ensures the wind fields are encountered
from different directions, as the trajectories are flown towards
the West, North, and East. In Table 1, the routes used are shown.
The first waypoint is the starting waypoint of the route. The sec-
ond waypoint is the first waypoint of the STAR to be flown once
the Dutch FIR is entered. The last waypoint is the IAF, where
the route ends.

Table 1 Routes used in the simulations.

Route Nr. | Waypoints Route Direction
1 ROBEG-NORKU-ARTIP | West

2 LESDO-HELEN-RIVER | North

3 SUPEL-MOLIX-SUGOL | East

Furthermore, three aircraft types were chosen. For each
type, a cruise speed, descent speed, and cruise altitude were se-
lected. The results are shown in Table 2. Combining the param-
eters, routes, and descent types leads to 18 aircraft to be simu-
lated per wind condition. The scenario files, which are called
during each simulation, each contain all 18 aircraft and one of
the 292 wind conditions. The specifics for each aircraft, by com-
bining Table 1 and Table 2, are displayed in Table 7, shown in
Appendix A.A.

Table 2 Aircraft parameters used in the simulations.

Type ‘ Cruise Alt. | Cruise Spd. | Descent Spd.
E190 FL350 0.74 M 250 KCAS
B737-800 | FL370 0.78 M 280 KCAS
B787-800 | FL390 0.84 M 310 KCAS

A simulation framework was set up in which BlueSky was
run in “’sim-detached” mode, meaning no user interface was
called at startup. BlueSky was called from a function with as in-
puts a configuration file, the scenario file to be run, and the run
directory relative to BlueSky. This function was called in a sub-
process, ensuring the correct closure of BlueSky before calling
the function again. Each time BlueSky was called, a new sce-
nario file with a different wind condition was used as input. This
enables the automatic execution of all scenarios, eliminating the
need for manual intervention. In total, four subprocesses were
created so that BlueSky could be started four times in parallel.
This setup was found to be the most optimal for CPU usage and
needed minimal manual intervention. When a simulation was
completed, a log file containing the simulation data was written.
The log files were used for processing the simulation data, as
explained in section IILE.

G. Resulting Trajectory Uncertainty Models

Firstly, the along-track model is presented and elaborated on.
This is followed by the vertical model. The order of magnitude
of the uncertainties is presented afterwards.

1. Along-Track Model

In Figure 6, the along-track error variance model found from
the trajectory uncertainty simulations is presented over time for
a B738 aircraft using the first parameter set. Its current position
is in cruise, and its lookahead is until the IAF is reached.
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Figure 6 Along-track error variance for a B738 in cruise,
with lookahead until the IAF is reached.

It can be observed that the along-track error variance is con-
structed from three parabolas, essentially creating three sepa-
rate segments. The first parabola is due to the cruise phase. As
mentioned in section II.A.3, the along-track error variance was
assumed to grow quadratically in cruise. This assumption was
validated with the trajectory uncertainty simulations. For com-
pleteness, this is shown in Figure 23, in Appendix A.C.

The second parabola starts at the TOD and lasts until the
crossover altitude. The last parabola starts at the crossover al-
titude and continues until the IAF is reached. In Figure 7, the
along-track error variance results for descents from the trajec-
tory uncertainty simulations are shown for the route to SUGOL.
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Figure 7 Along-track error variance for idle descents
with quadratic curve fits.
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The aircraft IDs correspond to the data in Table 7, given in Ap-
pendix A.A.

The quadratic curve fits on these results confirm the parabolic
nature of the along-track error variance for descent. It was found
that a new parabola starts at the crossover altitude due to the
change in descent speed. Since a speed change also happens
at the TOD, a new parabola is started here as well. For refer-
ence, the speed changes at the TOD and the crossover altitude
can be observed from Figure 25 in Appendix A.E. It must be
noted that for LBOOS in Figure 7, the cruise altitude is almost at
the crossover altitude, meaning that no speed change is present.
Therefore, only one descent parabola is present. It was found
that the along-track error variance for a fixed-FPA descent has
the same parabolic behaviour as for an idle descent. Therefore,
showing an example of an idle descent is sufficient to demon-
strate the along-track error variance model.

2. Vertical Models

For the vertical error variance, the idle and fixed-FPA de-
scent exhibit different behaviour. Therefore, two separate mod-
els were identified. In Figure 8, the vertical error variance model
found from the trajectory uncertainty simulations is presented
over time for a B738.

2
OVertical
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Vertical Error Variance o

0.0
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Time [s]

Figure 8 Vertical error variance for a B738 in cruise,
about to fly an idle descent, with lookahead until the IAF is
reached.

Again, the first parameter set is used. The aircraft is in cruise
and planning to execute an idle descent. Here, various linear
segments are observed. Firstly, the variance is zero during the
cruise phase. This was assumed as the altitude hold capabilities
of the autopilot are sufficient. The BlueSky autopilot perfor-
mance confirmed this. After the cruise segment, six segments
are identified during descent. A steep increase is observed at
the TOD, due to the uncertainty of where the TOD lies in time.
The next segment starts at the TOD and ends at the tropopause
boundary. Then, a steep increase is observed at the tropopause
boundary because of a change in descent angle y, as will be
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explained later. Afterwards, a new segment ranges from the
tropopause to the crossover altitude. A steep drop is observed
at the crossover altitude, again due to a change in y. The last
segment ends when the IAF is reached.

In Figure 9, the vertical error variance results for idle de-
scents from the trajectory uncertainty simulations are shown for
the route to ARTIP. Here, the six segments are clearly present.
The linear behaviour is confirmed with curve fits.
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Figure 9 Vertical error variance for idle descents with
linear curve fits.

The steep segments are caused by changes in descent an-
gle v. An idle descent is flown at the most optimal y depend-
ing on the flight conditions. The changes in y due to chang-
ing flight conditions are sudden. They occur at the TOD, the
tropopause boundary, and the crossover altitude. Due to uncer-
tainty about when in time these y changes occur, the vertical er-
ror variance changes rapidly during this time, causing the steep
segments. This can be explained by comparing the same air-
craft flying towards the TOD in two different wind conditions.
The time difference between reaching the TOD is the time dur-
ing which both aircraft fly at different y values. The absolute
value of y increases when reaching the TOD, leading to a steep
increase of the vertical error variance. On the other hand, at the
crossover altitude the y becomes less negative, so its absolute
value decreases. Using the same logic as above, the segment at
the crossover altitude is now expected to decrease steeply due
to the sudden decrease in y. This can be observed from Fig-
ure 9. For reference, Figure 25 in Appendix A.E contains flight
data of an aircraft flying an idle descent. It must be noted that
the aircraft used here was flying below the tropopause bound-
ary. The graph of descent angle y shows sudden changes in y at
both the TOD and the crossover altitude. The crossover altitude
is marked by the grey dashed lines.

As can be seen for LB0O1 in Figure 9, not all aircraft cruise
above the tropopause boundary and above the crossover altitude.
Because of this, the vertical error variance for LBOO1 only has
two segments. The first is the increase at TOD, and the second
continues until the IAF is reached. This shows that segments are
only present when applicable. For every aircraft in the descent
criteria simulations, the segments are assigned as applicable.

In Figure 10, the vertical error variance model found from
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the trajectory uncertainty simulations is presented over time for
a B738 planning to execute a fixed-FPA descent. Similarly to
the models above, the first parameter set is used.
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Figure 10 Vertical error variance for a B738 in cruise,
about to fly a fixed-FPA descent, with lookahead until the
IAF is reached.

Comparing this model to the idle model, it is clear that again
linear segments can be observed. However, the fixed-FPA de-
scent consists of only two segments. The first segment is the
steep increase at the TOD and follows the same logic as de-
scribed for the idle descent. The second segment ranges from
the TOD to the IAF. In Figure 11, the vertical error variance
results for fixed-FPA descents from the trajectory uncertainty
simulations are shown for the route to RIVER. Here, the linear
behaviour of the two segments is confirmed with curve fits.
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Figure 11 Vertical error variance for fixed-FPA descents
with linear curve fits.

It should be noted that the tropopause and crossover altitude
have no influence on the vertical error variance of a fixed-FPA
descent. This is because at the TOD, the absolute value of y
increases from 0° to 2.5°, with some overshoot at the begin-
ning. The y is kept at 2.5° throughout the flight. Therefore,
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no changes in 7y are present at the tropopause boundary and the
crossover altitude, which does happen for an idle descent. As a
result, the vertical error variance of a fixed-FPA descent consists
of two segments. For reference, the constant y can be observed
from flight data of a fixed-FPA descent, displayed in Figure 26,
shown in Appendix A.E.

3. Trajectory Uncertainty Order of Magnitude

As mentioned in section III.E.3, the first parameter set was
chosen by averaging the curve fit parameters over the routes for
each aircraft weight category. The second set was then gener-
ated by multiplying all variance parameters by 4, so that the
standard deviations are doubled. Because of this, the variance
plots for the second set only changed in magnitude compared
to those shown in this section. Each aircraft in the descent cri-
teria simulations is assigned trajectory uncertainty parameters
that are applicable to its situation. The error variance graphs
are shifted such that at the current time, the variance is always 0.
The lookahead is always until the IAF is reached. The segments
related to the crossover altitude and tropopause are only present
when applicable for that aircraft.

To make the trajectory uncertainty parameter sets tangible,
the error variances were calculated for all aircraft, with the cur-
rent position being the aircraft’s spawn point. This ensures the
highest possible uncertainty at the IAF. The variances were then
converted to standard deviations. A 95% confidence interval is
constructed using u + 1.960. Therefore, 1.960 is of interest
when quantifying trajectory uncertainty. The maximum uncer-
tainties found across all aircraft are expressed as 1.960 in Ta-
ble 3, for various lookahead times. The along-track values are
denoted with AT, and the vertical values with V.

Table 3 Maximum trajectory uncertainty expressed in
the 95% confidence interval.

Unc. Set | Lookahead | Descent AT = V=
Low 20 min Idle 1.16 nm | 363 ft
High 20 min Idle 2.32nm | 726 ft
Low 20 min Fixed-FPA | 1.03 nm | 308 ft
High 20 min Fixed-FPA | 2.06 nm | 616 ft
Low 30 min Idle 1.97 nm | 387 ft
High 30 min Idle 394 nm | 774 ft
Low 30 min Fixed-FPA | 1.81 nm | 314 ft
High 30 min Fixed-FPA | 3.62 nm | 628 ft

IV. Main Experiment Design

Central to this research are descent simulations from which
criteria for applying idle and fixed-FPA descents are identified.
This section explains how these simulations are designed. It
shows how the research methodology is linked to the literature
discussed in section II and the preliminary research presented
in section III.
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A. Research Design

From the preliminary research, trajectory uncertainty mod-
els are identified. High and low uncertainty parameter sets are
constructed and are important variables in the research. It was
stated earlier that the aim of this research is to develop criteria
for the application of idle and fixed-FPA descents, and analyse
the resulting numbers of successfully flown idle descents. The
research design is discussed here.

1. General Outline

Various traffic scenarios are constructed that contain vary-
ing traffic densities throughout the day, and execution restric-
tions in time frames for the application of idle descents. These
scenarios will be referred to as reference scenarios. Next to
these, the trajectory uncertainty parameters and models obtained
in the preliminary research are used to develop criteria for the
application of idle and fixed-FPA descents and investigate the
effects on the number of successfully flown idle descents. The
criteria are determined based on the conflict probabilities, air-
craft spacing, and IAF arrival times of the descents in various
reference scenarios, as stated above. They are tailored to the
level of individual flights, allowing the application of idle and
fixed-FPA descents to be conducted on a per-flight basis.

The high and low uncertainty parameter sets are used for
a sensitivity analysis on how the number of successful idle de-
scents varies with uncertainty under various reference scenarios
and criteria sets. Furthermore, the influence of the reference sce-
narios and criteria sets themselves on the number of successful
idle descents is investigated. The exact details of how this is
done are explained below.

2. Research Variables

The research variables are formulated based on the main ob-
jective of this research. The first part of the objective revolves
around developing criteria sets for the application of idle and
fixed-FPA descents. The second part focuses on analysing the
effects on the number of successful idle descents.

As stated above, various reference scenarios with idle de-
scent execution restrictions are considered. Outside of these
constraints, only fixed-FPA descents may be applied. Since a
24-hour operation is considered, varying traffic densities are en-
countered in each reference scenario. An overview of the refer-
ence scenarios to be used in the traffic simulations is provided
in Table 4. The constraints are based on fixed time windows and
traffic densities.

In the first scenario, idle descents may only be initiated at
night between 00:00 and 04:00 LT (Local Time). In the second
scenario, this time window is extended from 23:00 to 06:00 LT.
This resembles the current implementation at Schiphol, where
idle descents are only allowed at night. The third scenario allows
for idle descents throughout the day, except during peak hours.
How the peak hours are determined is explained later. In the
final scenario, idle descents may be applied throughout the day.
The percentage of the total flights that may become idle descents
in each scenario is indicated in the table. Below the table, all
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independent variables are listed and explained.

Table 4 Reference scenarios used in the simulations.

Name Description Flights
MIDNIGHT | Idle initiated at 00:00-04:00 LT | 0.3%
FULLNIGHT | Idle initiated at 23:00-06:00 LT | 2.6%
OFF-PEAK Idle allowed outside peak hours | 39.2%
FREE No restrictions 100%

Independent variables:

* Uncertainty parameters: low and high uncertainty param-

eter sets, as obtained from the preliminary research.
Time frames for idle descent allocation: these time frames
are used in the reference scenarios, which contain traffic
derived from radar data. Four time frames and thus four
reference scenarios are chosen, as shown in Table 4.
Idle descent criteria sets: idle and fixed-FPA descent allo-
cation based on distance and time criteria. Three criteria
sets are designed in this research, referred to as sets 1, 2,
and 3 or as medium, strict, and lenient, respectively. Ad-
ditionally, set 0, or the zero set, describes the situation
where no distance and time criteria are applied. There-
fore, a total of four different criteria options are used in
this research.

Two uncertainty parameter sets, four time frames, and four
criteria sets give a 2x4x4 experiment design. This results in 32
unique combinations for which a dependent variable analysis is
conducted. All dependent variables are listed below.

Dependent variables:

* Number of conflicts involving idle descents: these follow
from the conflict probability calculations.

* Aircraft spacing: nominal distances between aircraft over
the full flight, to be used in the conflict probability model.

* Arrival times at the IAF: arrival times following from the
nominal trajectories, which are the predicted trajectories.

» Number of successfully flown idle descents: expressed as
both a number and a success rate.

To develop the medium, strict, and lenient criteria sets, the
FREE scenario and the low uncertainty parameter set are used.
Obviously, no distance and time criteria are applied yet, mean-
ing that technically, the zero set is used here. The developed
criteria sets result from a post-simulation analysis of the depen-
dent variables. More specifically, the number of conflicts, air-
craft spacing, and IAF arrival times are analysed.

Based on the developed criteria sets, idle and fixed-FPA de-
scents will be reassigned within the allowed time frames in each
reference scenario. This results in a total of 16 unique idle de-
scent allocations and thus traffic scenarios, all of which are simu-
lated in BlueSky. The two uncertainty sets are applied to all sim-
ulations, leading to the 32 unique combinations mentioned ear-
lier. For every combination, the number of successfully flown
idle descents is analysed.

A diagram, illustrating the relationships between the inde-
pendent and dependent variables through simulations, is pre-
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sented in Figure 12. The independent variables are depicted in
orange, the dependent variables in green, and the simulations in
blue. The workflow presented in the diagram is elaborated on
in detail in section III.E and section IV.C.
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Figure 12 Overview of how the dependent variables
relate to the independent variables and simulations.

It must be noted that the aircraft spacing and IAF arrival
times are independent of the uncertainty parameters, because
these are based on the simulated nominal flight trajectories. Tra-
jectory uncertainty is then added to the nominal path to deter-
mine the conflict probabilities and calculate the number of con-
flicts.

3. Hypotheses

Hypotheses regarding the influence of the independent vari-
ables on the dependent variables are formulated. In total, this
research considers three hypotheses:

¢ H1: The strictness of the reference scenario and the
number of successful idle descents have an inverse re-
lationship. Overall, it is expected that the most idle de-
scents can be flown successfully when the restrictions from
the reference scenario are the least strict. In practice, this
means that it is expected that the most idle descents can be
flown when idle descents are allowed throughout the full
day. This way, the per-flight idle descent allocation can
be exploited to the fullest. On the other hand, the smallest
number of successful idle descents is expected under the
strictest reference scenario.

H2: The strictness of the descent criteria and the num-
ber of successful idle descents have an inverse relation-
ship. Overall, the highest number of successful idle de-
scents is expected when the idle descent criteria, which
allocate idle descents on a per-flight basis, are the least
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strict. On the other hand, the smallest number is expected
when the idle descent criteria are the strictest.

H3: Trajectory uncertainty and the number of success-
ful idle descents have an inverse relationship. A strong
relation between trajectory uncertainty and the number of
successful idle descents is foreseen. With greater uncer-
tainty, the success rate is predicted to decrease.

B. Assumptions

The descent application criteria are developed using several
assumptions. These are listed and explained below.

* A lookahead of around 20 minutes is needed for trajec-
tory prediction and uncertainty modelling from the TOD
to the IAF. Therefore, Medium-Term Conflict Detection
(MTCD) methods are considered.

The effect of wind correlation on conflict probability is
neglected. Wind correlation causes the wind vectors and
thus aircraft trajectories in close proximity of each other
to be coupled. By neglecting this correlation, the conflict
probabilities will be overestimated [24]. This is a conser-
vative assumption and allows for the use of the conflict
probability model described in [33].

Itis assumed that IAS is equal to CAS. At higher airspeeds
and altitudes, IAS and CAS are approximately the same,
making this assumption valid.

Every aircraft flying a fixed-FPA descent uses the same
constant geometric FPA of 2.5 deg, which is shown to be
the optimal angle [12, 14, 38].

The altitude constraint at each IAF is assumed to be at
FL100. In reality, any altitude from FL70 to FL100 is
allowed. The desired altitude then depends on the runway
allocation. This would lead to higher model complexity
and is beyond the scope of this research.

Aircraft can only fly the descent type (idle or fixed-FPA)
designated before the TOD. Switching descent type dur-
ing flight increases model complexity and is beyond the
scope of this research.

In the simulations, no ATC intervention or metering is
considered. No speed changes leading to more successful
idle descents are allowed, as this would increase model
complexity significantly and is beyond the scope of this
research.

C. Developing Criteria for Idle and Fixed-FPA Descent Ap-
plications

Using the identified trajectory uncertainty models from sec-
tion III, the descent criteria can be developed and the dependent
variables can be analysed. Firstly, traffic is generated and sim-
ulations are run. Then, a conflict analysis is conducted and the
criteria are developed. Then, the effects of the criteria on the
flown idle descents are analysed. These steps are explained in
detail below.
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1. Traffic Generation and Simulations

Realistic traffic is needed to evaluate the developed criteria
and other variables considered. Therefore, radar data of aircraft
inbound to Schiphol Airport on the full day of 28-02-2024 are
used to set up the BlueSky simulations. This specific day was
chosen simply because the radar data were available for this re-
search. Also, the aim is to develop general criteria that should
be applicable to any day, meaning that radar data of any regular
day should suffice. Any regular day contains both high traffic
peaks and periods of low traffic density in various regions.

A dashboard was developed to visualise the radar data, al-
lowing for the verification of the data processing conducted on
the radar data. The simulations require a starting position for
each aircraft, which in this case must be in cruise. This ’spawn
point’ is chosen to be the first position visible in the radar data.
However, some aircraft from e.g. London or Diisseldorf are still
climbing when visible on radar for the first time. For all these
aircraft, the first data point in cruise is chosen as the spawn point.
Aircraft departing from Schiphol Airport and returning because
of an emergency are excluded from the data, as only representa-
tive descents from cruise to the IAF are considered. An aircraft
is deleted in the simulation when it has reached the IAF.

Some aircraft types in the radar data are not available in
BlueSky. These types are converted to available types with
the closest resemblance. Furthermore, the types are categorised
into either Light, Medium, or Heavy, depending on their RE-
CAT classification. Each category is assigned a different speed
schedule, with a cruise speed in Mach and a descent speed in
KCAS.

Four reference scenarios with different descent application
constraints are constructed. These constraints restrict the pos-
sibility to apply an idle descent specifically, as a fixed-FPA de-
scentis flown alternatively. No conventional step-down descents
are considered. The reference scenarios were explained in de-
tail in section IV.A, but are summarised here. The first two refer-
ence scenarios contain time frames at night during which idle de-
scents are permitted to be initiated. The third reference scenario
states that idle descent may be flown only outside peak hours. In
the fourth reference scenario, idle descents may be flown at any
time. The information on peak hours for the third scenario is de-
rived from the radar data. For every hour, the number of aircraft
flying to an IAF is counted. If at least 65 aircraft are counted,
the hour is labelled as peak hour. In Figure 24, shown in Ap-
pendix A.D, the number of aircraft flying to an IAF is displayed
per hour. From this, the peak hours become apparent.

The same approach is used for each reference scenario. The
spawn points are exactly the same. For the first simulation set,
all aircraft are assigned idle descents within the application con-
straints of the reference scenario. These application constraints
were shown in Table 4 and elaborated on in section IV.A. The
results of the fourth scenario (FREE) are used to develop the
descent criteria, as will be explained later.

2. Conflict Probability Model Implementation

The simulation results represent the nominal (or ‘mean’)
paths denoted in the conflict probability model described in sec-

tion II.A.3. This means that the trajectories flown in the simu-
lations are considered to be the trajectories predicted by a Tra-
jectory Predictor (TP). The current position of an aircraft can
be any position on the nominal path. The trajectory uncertainty
is then calculated for the remaining lookahead time until the
IAF is reached. The remaining simulated trajectory as the nom-
inal path is used for this, and the error variance parameters on
this path, found from the uncertainty models established in sec-
tion IILE, are applied. These models are always calculated from
the time at the spawn point towards the time at the IAF. The
graph is then shifted such that an error variance of zero aligns
with the time at the current aircraft position. The resulting error
variance over time then applies to the remaining lookahead time
until the IAF. For any aircraft, the maximum lookahead time
for the cruise and descent phases separately is approximately 20
minutes, meaning that MTCD methods are applicable.

The conflict probabilities over time between any aircraft pair
are calculated by analysing the timestamps for which both air-
craft are still to reach the IAF, starting from the current times-
tamp. The error variance graphs for o2 and o2 are constructed
for both aircraft. With Equation 2, the covariance matrices are
calculated. An illustrative example of two aircraft and their un-
certainty is given in Figure 13. The along-track, cross-track, and
vertical errors are indicated.

Top view

A B

Side view B

A

Figure 13 Two aircraft with uncertainty ellipsoids.

In accordance with Equation 3, the nominal distances fi(7)
and combined covariance matrix Q(#) are calculated. From
these, a multivariate normal (a 3D Gaussian distribution) is con-
structed. The visualisation of this is a 3D ellipsoid. For every
timestamp, this ellipsoid changes since o2 and o2 change over
time, as explained earlier.

Theoretically, the conflict probabilities (PC) are calculated
using Equation 4. In practice, this operation is tedious. It often
takes a long time and gives wrong answers when the probability
density functions are narrow or sharp, and when the covariance
matrix is singular. This can happen when both aircraft are in
cruise, because the vertical error variance is then zero. There-
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fore, Monte Carlo sampling is used. Essentially, the 3D ellip-
soid is reconstructed by taking 1 million samples of the 3D Gaus-
sian distribution. For every sample, it is calculated whether it
lies within the Protective Zone (PZ). The ratio between the num-
ber of samples within the PZ and the total number of samples is
then the PC. If no samples lie within the PZ, then PC = 0. If all
samples lie within the PZ, then PC = 1. The conflict probability
between the two aircraft shown above in Figure 13 is illustrated
in Figure 14. The overlap between the PZ and the 3D distance
ellipsoid A is shown.

PZ

Top

Side

Figure 14 Conflict probability shown as the overlap
between the PZ and the distance ellipsoid.

A dashboard is created that visualizes aircraft positions, flight
parameters, and conflict probabilities over time. With this, the
calculations and resulting outcomes could be visually verified.
Furthermore, the dashboard provides great insight into the type
and location of conflicts encountered. In addition, conflict prob-
abilities can be visually linked to nominal distances and associ-
ated 3D ellipsoids, thereby increasing understanding of the sit-
uations dealt with.

3. Criteria Development

Naturally, the highest trajectory uncertainties are encoun-
tered at the highest lookahead time. Therefore, it is desirable
to develop descent criteria based on these uncertainties. It is
important to note that the criteria are developed using the first
trajectory uncertainty parameter set, as this is the set that was
determined from simulations. For every aircraft A, its spawn
point is taken as the current position and timestamp. Then, all
other aircraft flying to the same IAF and in view at that times-
tamp are identified. For all these aircraft, the error variances are
calculated based on their current position (at the timestamp of
the spawn point of aircraft A). The conflict probabilities with
aircraft A are then calculated as described above. This is done
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for every aircraft throughout the day, such that all aircraft pairs
and corresponding conflict probabilities over time are captured
exactly once. Furthermore, the nominal distances over time and
the difference in arrival time at the IAF are calculated and stored.
The above is done for the FREE scenario of the first simulation
set, where only idle descents are flown throughout the day. This
is because the descent criteria are focused on the application of
idle descents and are designed to omit any conflicts between
two aircraft on idle descents. From the analysis of the FREE
scenario, explicit restrictions for assigning idle descents can be
developed.

For every aircraft pair in conflict, the exact future timestamp
at which the predicted conflict probability becomes non-zero is
of particular interest. Based on the nominal aircraft spacing at
this first non-zero PC timestamp and the difference in arrival
time at the IAF, a set of idle descent criteria is formulated. This
is the medium set. Based on this, a strict set is formulated, re-
quiring a larger spacing and greater IAF time difference. Lastly,
a lenient set, requiring a smaller spacing and the same IAF time
difference, is formulated. Thus, three descent criteria sets are
formulated. These sets will be presented in the results, in sec-
tion VLA.

4. Idle Descent Reassignment and Data Analysis

For each reference scenario, the idle and fixed-FPA descents
are reassigned based on the three descent criteria sets. These
three new sets of simulations are run in BlueSky. For all sim-
ulations, the conflict probabilities between every aircraft pair
are calculated as described in section IV.C.3. This is now done
for both trajectory uncertainty parameter sets mentioned in sec-
tion IIL.LE, in order to assess the effectiveness of the criteria for
under different trajectory uncertainties. For every unique com-
bination of reference scenario, criteria set, and uncertainty pa-
rameter set, the number of successful idle descents is analysed.

This information is used to compare the performance and
effectiveness of the descent criteria sets for different uncertainty
parameter sets in a sensitivity analysis. Furthermore, it provides
insight into the potential idle descents throughout the day for
different application constraints in the reference scenarios.

V. Experimental Setup

The experiments conducted in this research were performed
through simulations. In this section, the simulation setups and
structures are explained in detail. First, the speed schedule as-
signment is discussed. Then, an overview of the simulations is
provided.

A. Speed Schedule Assignment

As stated in section IV.C.1, the aircraft types found from
the radar data are converted to similar aircraft types available in
BlueSky if needed. Then, all types are categorised into either
Light, Medium, or Heavy, depending on their RECAT classifica-
tion. Each category is then assigned a cruise speed and descent
speed for the simulations. In Table 5, the speeds corresponding
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to the categories are presented. As stated earlier, the cruise al-
titude is directly derived from radar data and is thus unique for
each aircraft.

Table 5 Assigned speed schedules from RECAT.

Category ‘ RECAT | Cruise Spd. | Descent Spd.
Light (L) E-F 0.74 M 250 KCAS
Medium (M) | D 0.78 M 280 KCAS
Heavy (H) A-C 0.84 M 310 KCAS

B. Simulation Overview

A Python script is written that automatically takes the prede-
fined spawn points of each aircraft, explained in section IV.C.1,
and assigns a speed schedule based on Table 5 and an idle or
fixed-FPA descent based on the constraints for each reference
scenario according to Table 4. This gives a BlueSky scenario
file for each reference scenario, meaning that one simulation set
consists of four BlueSky simulations.

In section IV.C.3, it is explained how three criteria sets are
determined from this first simulation set. These three criteria
sets are then used to generate three new simulation sets with
reassigned idle descents, under each reference scenario. There-
fore, a total of 16 BlueSky simulations are performed. Every
simulation is referred to by using the reference scenario name
from Table 4, and adding ‘_{num}’, with num the number of
the criteria set. Here, O indicates the first simulation set, where
no criteria other than the reference scenario constraints are en-
forced. Numbers 1 — 3 refer to the criteria sets in the same order
as explained in section IV.C.3, with 1 the medium set formulated
from the analysis, 2 the strict set, and 3 the lenient set. This no-
tation will be used frequently when discussing the results. An
overview of all 16 BlueSky simulations with this notation is pro-
vided in Table 8, shown in Appendix A.B.

Both trajectory uncertainty parameter sets, described in sec-
tion IIL.E.3, are applied to all 16 simulations. In section IV.C.3,
it was explained that the low uncertainty set and the FREE sce-
nario were used to develop the three descent criteria sets. How-
ever, the performance of the idle descents in all 4 criteria sets
(including number O without criteria) is of interest for all ref-
erence scenarios and both trajectory uncertainty parameter sets,
meaning that 16 - 2 = 32 unique results are analysed.

VI. Results

In this section, the main results of this research are presented.
The dependent variable analysis from which the descent crite-
ria sets are formulated is presented, along with the criteria sets.
Then, the assigned and successful idle descents resulting from
the simulations using all reference scenarios, criteria sets, and
uncertainty parameter sets are visualised.
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A. Criteria from Idle Descent Performance

As explained in section IV.C.3, FREE_0 is the reference sce-
nario used for the criteria development, as the aim is to omit idle-
idle conflicts. Furthermore, the highest uncertainties are used,
which are encountered at the highest lookahead times. There-
fore, the aircraft’s spawn position is taken as the current position,
with a lookahead until the IAF is reached. In other words, the
spawn position is the actual position of the aircraft and from this
point towards the IAF, a trajectory prediction is made. Over this
predicted trajectory, the conflict probabilities are calculated for
each timestamp. These are thus the predicted conflicts through-
out the trajectory towards the IAF. The first uncertainty param-
eter set is used, as determined from the uncertainty simulations.
Firstly, to validate the calculated predicted conflict probabilities
throughout the lookahead time, the nominal aircraft distances
at maximum predicted conflict probability PC are plotted for all
aircraft pairs in conflict. The result is shown in Figure 15. The
PZ with a radius of 5nm horizontally and a length of 2000 ft
vertically is shown with the dashed lines.
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Figure 15 Nominal aircraft distance at maximum
predicted conflict probability for conflicting aircraft pairs.

The nominal aircraft distances serve as the predicted dis-
tances (the mean) since these are simulated. These are the cen-
tres of the probability ellipsoids. It can be observed that the
nominal distances of aircraft pairs with high predicted conflict
probabilities are located in the PZ, while those of aircraft pairs
with low predicted conflict probabilities are located outside the
PZ. The nominal distances of the aircraft pairs with a conflict
probability of around 50% are located on or near the PZ border.
This is because half of the probability ellipsoid then lies inside
the PZ, while the other half lies outside. All these results are
expected and validate the implementation.

In section IV.C.3, it was mentioned that the exact predicted
timestamp and nominal distances where the predicted PC be-
comes nonzero for an aircraft pair in conflict are of particular in-
terest to develop the descent criteria, as these indicate the start of
the predicted conflict. This is because a nonzero conflict proba-
bility indicates the possibility of a conflict at that particular time
in the future. The corresponding predicted nominal distance is
then the border between no chance of conflict at that time, or a
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nonzero chance of conflict. The time at which this is predicted
to occur will be referred to as the conflict start. Figure 16 shows
the nominal aircraft distances at the start of the predicted con-
flict, for each aircraft pair in conflict.

Distance at Predicted Conflict Start for FREE_O
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Figure 16 Nominal aircraft distance at the predicted
timestamp at which the predicted conflict probability
becomes nonzero, for conflicting aircraft pairs.

It can be observed that, as expected, the predicted conflict
probabilities become nonzero when the nominal distances be-
tween the aircraft are still outside the PZ, as a result of the asso-
ciated trajectory uncertainties. In addition, it is clear that most
conflicts are predicted to start when the predicted nominal hori-
zontal distance is less than 10 nm and the vertical distance less
than 2000 ft. Because of this, these numbers are used in the first
criteria set, which will be formulated later.

Another parameter of interest is the predicted time differ-
ence of arrival at the IAF. In Figure 17, these time differences
are shown.

Descent Time % vs. Time Diff at IAF at
Predicted Conflict Start for FREE_O
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Figure 17 Predicted arrival time difference at the IAF for

conflicting aircraft pairs, plotted against the ratio of
descent time at the predicted start of the conflict.

On the x-axis, the average descent time of an aircraft pair in
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conflict at the start of that conflict (when the predicted conflict
probability becomes nonzero) is shown as the ratio of the full
descent time.

The figure shows that most conflicts are predicted to occur
either at the start of the descent or at the end, when aircraft are
merging towards the IAF. Especially close to the IAF, the arrival
time difference is important. It can be seen that no conflicts are
predicted to occur near the IAF when the arrival time difference
is larger than 90 seconds. Therefore, this number is used when
formulating the first criteria set.

The clear split in conflict occurrence can also be visualised
by plotting the average descent time of an aircraft pair in conflict
at the predicted start of that conflict against the average altitude
at that moment. This is done in Figure 18, for FREE_0 again.

Descent Time % vs. Altitude at Predicted
Conflict Start for FREE_O
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Figure 18 The predicted conflict start visualised in terms
of descent time ratio and altitude for conflicting aircraft
pairs.

Logically, aircraft are close to their cruising altitude for con-
flicts that are predicted to occur earlier in the descent and close
to the IAF altitude constraint of FL.100 for the conflicts that are
predicted to occur late in the descent. In the formulated criteria
sets, the constraint of arrival time difference at the IAF is used
to mitigate the conflicts that occur when merging towards the
IAF, while the distance constraint is used to also mitigate the
conflicts that occur at the start of the descent.

As explained, the first criteria set is formulated based on the
graphs above. A second and third criteria set are formulated to
be stricter and more lenient, respectively, than the first criteria
set, in order to assess the influence of the criteria on the num-
ber of successful idle descents under both uncertainty parame-
ter sets. In Table 6, the three criteria sets are formulated. The
criteria are formulated explicitly for when idle descents are not
allowed. For distances, the constraints hold for any point in time
throughout the predicted nominal flight trajectory. The time dif-
ference at the IAF is the predicted time difference that follows
from the predicted nominal flight trajectory. If an idle descent
is not permitted, the aircraft must fly a fixed-FPA descent in the
simulation. For completeness, the situation where no distance
and time restrictions are applied is added to the table as set 0.
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Table 6 Criteria formulation of when idle descents are
not allowed. The constraints hold throughout the flight.

Criteria Set | Hor. Dist. Vert. Dist. IAF AT

0, zero Unrestricted | Unrestricted | Unrestricted
1, medium <10 nm <2000 ft <90 sec

2, strict <15 nm <2500 ft <120 sec
3, lenient <7 nm < 1500 ft <90 sec

B. Idle Descents under Criteria

In section V.B, it was explained how simulations and data
processing were performed for all four reference scenarios, the
four criteria sets, and the two uncertainty parameter sets. The
results are presented here.

1. Successful Idle Descent Ratios

For every unique combination, the number of successful idle
descents was obtained and expressed as a ratio of the maximum
number of theoretically possible idle descents. The maximum
number theoretically possible is the number of descents flown
when the reference scenario restrictions allow an idle descent
to be flown. Therefore, this number is equal to the number of
idle descents flown for criteria set O, where no additional dis-
tance and time criteria are applied. An idle descent is marked as

successful when no conflicts are predicted throughout the flight.
The results are visualised in Figure 19.

Every sub-figure represents one of the four reference scenar-
ios. For every criteria set, the results are shown per uncertainty
parameter set. The bars indicate the number of successful idle
descents as a ratio of the maximum number theoretically possi-
ble, as mentioned above. The green dots indicate the number
of assigned idle descents for that criteria set as a ratio of the
maximum number theoretically possible. The numbers written
on the bar in the white boxes are the numbers of assigned idle
descents. For criteria set O, this is the maximum number theoret-
ically possible, as explained above. The numbers in the boxes
are related to the green dots, as the green dots express these
numbers as ratios.

When the green dot and the bar share the same value, it
means that all assigned idle descents were successful. It must be
noted that the idle descents were assigned using the first uncer-
tainty parameter set, as explained in section IV.C.3. Therefore,
the number of assigned idle descents is the same for both un-
certainty parameter sets. This allows for a sensitivity analysis
investigating the effect of trajectory uncertainty on the number
of successful idle descents. The findings from Figure 19 are
discussed in detail in section VIL.A.1.

Assigned and Successful Idle Descent Ratios

MIDNIGHT

Idle Descent Ratio [%]
Idle Descent Ratio [%]

Criteria Set

OFF-PEAK

Idle Descent Ratio [%]
Idle Descent Ratio [%]

Criteria Set

FULLNIGHT

—o— Assigned Idle Descents
Successful Idle Descents with
Low Uncertainty

Successful Idle Descents with
High Uncertainty

O Total Assigned Idle Descents

Criteria Set

FREE

Criteria Set

Figure 19 The number of successful and assigned idle descents expressed as ratios of the maximum theoretically
possible number of idle descents, for each reference scenario, criteria set and uncertainty parameter set.
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2. Successful Idle Descents throughout the Day

In addition to analysing the number of successful idle de-
scents in its totality, it is interesting to see how the number
of successful idle descents varies throughout the day. This is
shown in Figure 20. The total descents show the number of air-
craft in the air at every hour. The number of successful idle
descents per hour is then shown for each criteria set and uncer-
tainty parameter set. The number of assigned idle descents is
not displayed in this graph to prevent clutter, and showing it
does not align with the intent of this graph.

From this graph, it becomes clear when the reference scenar-
ios allow for idle descents, independent of the criteria set used.
For FULLNIGHT, it can be seen that after 6:00 LT, no idle de-
scents are allowed. The graph for OFF-PEAK clearly shows the
peak hours that were identified as explained in section IV.C.1,
using Figure 24 in section A.D. By comparing Figure 24 to the
OFF-PEAK graph, it is clear that hours 7, 8, 12, 15, 18, and 19
are marked as peak hours, because in the radar data used for the
simulations at least 65 aircraft were flying towards an IAF dur-
ing those hours. In the simulations and thus in Figure 20, the to-
tal descent numbers are slightly different because here different
descent types are flown compared to the conventional descents
in the radar data, meaning that the time in the air is different
for each aircraft. Additionally, this graph clearly shows which
hours are busiest and what effects the criteria sets and uncer-
tainty parameter sets have on the number of successful idle de-
scents. This is most interesting for the OFF-PEAK and FREE

scenarios.

This analysis is taken a step further for those scenarios by
plotting the information from Figure 20 separately per IAF. This
is presented in Figure 21 for the OFF-PEAK scenario and in Fig-
ure 22 for the FREE scenario. With these graphs, itis possible to
identify traffic streams throughout the day towards each IAF. It
can be observed that these vary strongly per IAF, indicating that
it is important to consider this in the interpretation of the sim-
ulation results. The effects of the criteria sets and uncertainty
parameter sets are clearly visible. This will be elaborated on in
the discussion, in section VIL.A.2.

VII. Discussion

The main results from this research entail the successful idle
descents under various reference scenarios, criteria sets, and un-
certainty parameter sets. The findings from these results will
now be discussed, using the figures introduced in section VI.B.
In addition, limitations and potential are discussed. The discus-
sion ends with recommendations for future work.

Successful Idle Descents and Total Descents throughout the Day
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Figure 20 The number of total descents and successful idle descents throughout the day for each reference scenario,
criteria set and uncertainty parameter set.
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OFF-PEAK: Successful Idle Descents and Total Descents throughout the Day
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Figure 21 The number of total descents and successful idle descents throughout the day for reference scenario
OFF-PEAK, split up per IAF.

FREE: Successful Idle Descents and Total Descents throughout the Day
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Figure 22 The number of total descents and successful idle descents throughout the day for reference scenario FREE,
split up per IAF.
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A. Research Findings

1. Successful Idle Descent Ratios and Numbers

From Figure 19, several interesting facts can be observed.
For the MIDNIGHT scenario, only two aircraft were flying dur-
ing the idle descent window, and both were able to complete an
idle descent under all circumstances. For the FULLNIGHT sce-
nario, 16 aircraft were flying during the idle descent window, of
which 14 were able to complete an idle descent under all circum-
stances. In fact, apart from the two aircraft in conflict, all other
aircraft were tens of nautical miles separated from each other.
This suggests that allowing idle descents during the night is a
safe measure with barely any increase in workload for ATC, as
most aircraft are not even near each other.

For both the OFF-PEAK and FREE scenarios, it can be ob-
served that, as expected, criteria set 0, with no restrictions, al-
lows for the most successful idle descents. To reiterate, crite-
ria set 3 contains the lenient restrictions for idle descents (H:
< 7nm, V: < 1500ft and IAF AT < 90sec), criteria set 1 the
medium restrictions (H: < 10nm, V: < 2000 ft and IAF AT <
90 sec) and criteria set 2 the strict restrictions (H: < 15nm, V:
< 2500 ft and IAF AT < 120 sec) respectively, as displayed in
Table 6. It is therefore expected and confirmed from the graph
that the order of most successful idle descents follows the order
of criteria strictness.

Furthermore, doubling the trajectory uncertainty (by means
of uncertainty parameter set 2, the high uncertainty set) has no
influence on the number of successful idle descents flown under
the strict criteria set. This criteria set is strict enough to allow
for a great variety in trajectory uncertainty without causing ex-
tra workload for ATC to avoid idle-idle conflicts. For all other
criteria sets, more idle descents are successful under lower un-
certainty, which is to be expected. However, the difference be-
tween high and low uncertainty remained below 2% of all flights
for all explicitly developed criteria (sets 1-3) and scenarios. The
greatest difference is 12 flights, found for the FREE_3 scenario.
This indicates that the developed criteria sets are not very sen-
sitive to varying uncertainties. Thus, the spacing chosen is suf-
ficient to ensure a safe execution of the idle descents, without
drastically increasing the workload of ATC. When no criteria
are applied (set 0), the differences are greater. The greatest dif-
ference is logically found for the FREE_0 scenario, which is 9%
or 54 flights. For OFF-PEAK, the greatest difference is 7% or
17 flights. This indicates that the maximum number of possible
idle descents is sensitive to trajectory uncertainty, which is to
be expected.

The actual numbers of successful idle descents are signifi-
cantly higher for the OFF-PEAK and FREE scenarios than for
the night scenarios, which were considered realistic scenarios.
It was found that at least 50% of all aircraft flying outside of
peak hours can perform an idle descent successfully, regardless
of the criteria and uncertainty parameter set used. This value
goes up to 62% for the lenient criteria set (which is set 3). The
zero set demonstrates the full potential independent of extra cri-
teria, which is 76% for the low uncertainty parameter set.

For the FREE scenario, at least 40% of all aircraft can per-
form an idle descent successfully, regardless of the criteria and
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uncertainty parameter set used. This value goes up to 52% for
the lenient criteria set, set 3. In numbers, the 40% corresponds
to more than double the number of aircraft that make up the 50%
for the OFF-PEAK scenario (244 aircraft versus 121 aircraft).
This captures the great advantage of allowing idle descents dur-
ing peak hours as well, as roughly double the amount of fuel can
be saved. The full potential of successful idle descents through-
out the day is almost 68%, or 419 aircraft for the low uncertainty
parameter set.

The numbers found for the OFF-PEAK and FREE scenar-
ios are much higher than for the night scenarios, demonstrating
a high potential for fuel savings and emission reduction by as-
signing idle descents outside of night hours, and based on the
descent criteria formulated in this research.

It should be noted that some conflicts in which an idle de-
scent is involved are between an idle and a fixed-FPA descent
instead of two idle descents. This means that this idle descent
could, in theory, still be flown successfully when the aircraft on
the fixed-FPA descent is given an instruction by ATC. Account-
ing for these situations also brings the numbers of assigned and
successful idle descents even closer together.

2. Successful Idle Descents throughout the Day

From Figure 20, it can be observed that the traffic flow is
highly dynamic. The effects of different criteria sets on the num-
ber of successful idle descents are noticeable throughout the day.
In general, the spread of successful idle descents between crite-
ria sets is highest when the most total descents are flown, when
looking at the FREE scenario. Clearly, the most idle descents
are successfully flown under the zero criteria set and the least
under the strict criteria set, as already observed from Figure 19
and mentioned above. Figure 20 clearly shows that many idle
descents can be flown during peak hours, by comparing the OFF-
PEAK and FREE graphs.

It is interesting to express the spread of successful idle de-
scents between the criteria sets in numbers. During the night
hours, between 80% and 100% of the total descents per hour
are successful idle descents. The other off-peak hours are more
dynamic. For the strict criteria set, between 15% and 73% of
the total descents per hour are successful idle descents. This
high variability is a result of the traffic flows being very dynamic
throughout the day. For the zero criteria set, the ratios vary from
15% to 91%. The effect of the criteria sets on the number of
successful idle descents is measured as the ratio increase from
the strict set to the zero set for every hour. The highest increase
from the strict to the zero set is 45% and occurs at hour 10. Thus,
the effect of the criteria sets is the greatest here. The peak hours
show a smaller variability. For the strict criteria set, between
21% and 44% of the total descents per hour are successful idle
descents. This changes to a range from 42% to 76% for the zero
criteria set. Here, the ratio increase from the strict to the zero set
is more consistent. For most peak hours, the increase is between
30 and 40%.

The high ratios of successful idle descents during peak hours
demonstrate the benefits of applying the criteria sets under the
FREE scenario over the OFF-PEAK scenario. From Figure 19,
it was already determined that more idle descents can be flown
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during peak hours than during off-peak hours, for all formulated
criteria sets.

Splitting the OFF-PEAK and FREE scenarios between the
IAFs, as shown in Figure 21 and Figure 22, provides more in-
sights. ARTIP is found to be the busiest IAF, as it has the high-
est total descents. As a result, the effect of the criteria sets on
the number of successful idle descents is greatest there. This
is especially noticeable for the FREE scenario. These graphs
demonstrate how dynamic the traffic flows to the different IAFs
are. It can be seen how the traffic density varies per IAF and
per hour, underlining that the total traffic density is not necessar-
ily a good indication of the traffic density per IAF. The graphs
thus demonstrate the benefits of applying the criteria sets in a
dynamic way, by assigning idle descents on a per-flight basis.

3. Hypotheses Assessment

Based on the findings discussed above, statements can be
made about the hypotheses presented in section IV.A.3. Statis-
tical tests are needed to formally accept or reject a hypothesis.
However, not enough data are used in this research to perform
statistical tests on, as only one day of traffic is simulated and two
uncertainty parameter sets are used. However, the results of this
research support or contradict the hypotheses. For the first hy-
pothesis, stating an inverse relationship between the strictness
of the reference scenario and the number of successful idle de-
scents, strong evidence is found that supports this. The results
clearly show that the most idle descents can be flown under the
FREE scenario, which is the least strict. The stricter the refer-
ence scenario, the fewer idle descents can be flown.

The second hypothesis states an inverse relationship between
the strictness of the descent criteria and the number of success-
ful idle descents. The results partially support this hypothe-
sis, showing that it is true under certain circumstances. In the
OFF-PEAK and FREE scenarios, the least strict descent crite-
ria indeed allow for the highest number of successful idle de-
scents and vice versa. However, for the MIDNIGHT and FULL-
NIGHT scenarios, the aircraft spacing was so large that the dif-
ference in the criteria sets had no effect on the idle descent allo-
cation. In the FULLNIGHT scenario, the only conflict encoun-
tered in criteria set O was filtered out by all three other criteria
sets as the aircraft were very close together.

The third hypothesis states an inverse relationship between
trajectory uncertainty and the number of successful idle descents.
Again, this hypothesis is supported under certain circumstances.
For various reference scenarios and criteria sets, the combina-
tion of the aircraft spacing and the strictness of the criteria sets
led to trajectory uncertainty having no effect on the number
of successful idle descents. For the MIDNIGHT and FULL-
NIGHT scenarios, this is solely because of aircraft spacing as
discussed above. For the OFF-PEAK and FREE scenarios, it
is a combination of both. For the least strict criteria sets, the
zero set and the lenient set, the hypothesis is supported because
lower uncertainty leads to a higher number of successful idle de-
scents. This is because the criteria are within the range where
an increase in uncertainty has an effect. In the other cases, the
criteria sets are so strict that even with increased uncertainty, no
extra conflicts are induced.
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B. Limitations from Assumptions

Naturally, the assumptions taken in this research and listed
in section III.B and section IV.B affect the research outcome.
For the identification of the trajectory uncertainty models, only
wind uncertainty is considered. Possible model errors in the
BlueSky simulation are neglected, as this simulator is widely
accepted as a useful tool for real-world applications. Mass un-
certainty is neglected under the assumption that ATS B2 ADS-C
EPP data are available and can be downlinked. Aircraft intent
and flight control inaccuracy are neglected, as their effects are
considered small when flying on autopilot and highly complex
to model accurately. The FMS is required to have knowledge
of a high-resolution wind field grid, which is in reality not the
case yet. However, this is expected to be possible in the future.
Cross-track errors are neglected because of the current RNP ca-
pabilities of aircraft. Trajectory uncertainty is expected to be
higher when these factors are all accounted for, but a sensitivity
analysis using two uncertainty parameter sets was designed to
account for this.

The greatest effect on the research outcome follows from
several other assumptions. Firstly, every aircraft flies to FL100
at the TAF, whereas in reality, any altitude between FL70 and
FL100 is allowed. This assumption takes away opportunities
for successful idle descents, which would have been there if alti-
tude spacing at the IAF had been possible. In addition, no ATC
intervention is considered, and fixed speed schedules based on
RECAT categories are used. Because of this, possibilities for
more successful idle descents by means of speed changes or dif-
ferent speed schedules are excluded. These assumptions result
in the research outcome presenting a lower bound for idle de-
scent possibilities. With these assumptions lifted, even more
idle descents would be possible for multiple reference scenarios
and criteria sets.

Lastly, only one descent type is considered per aircraft. Be-
cause of this, only fully completed idle descents are marked as
successful. In reality, an idle descent can be completed partially
and then stopped by introducing a level segment or switching to
a fixed-FPA descent in order to avoid a conflict. This way, the
total time of idle descents flown increases, resulting in higher
fuel savings and reduced emissions.

These limitations show that the numbers found in this re-
search should be viewed as conservative, since they can be in-
creased by introducing the discussed additional complexities.

C. Operational Potential

This research serves as a foundation for implementing more
idle descents in daily operations in the future. A clear view on
what this implementation would look like in the operation is
sketched now. The uplinking of weather information to the FMS
and the downlinking of ATS B2 ADS-C EPP data are needed to
ensure low trajectory uncertainty, ensuring more idle descents
can be flown safely. While an aircraft is in cruise and has ap-
peared on the ACC radar, a trajectory predictor (TP) predicts
this aircraft’s path in case an idle descent is initiated for a certain
speed schedule. The same is done for all other aircraft on the
radar and flying towards the same IAF. Then, trajectory uncer-
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tainty is added to these nominal flight paths, and conflict prob-
abilities are calculated between each aircraft pair. All aircraft
that adhere to the criteria of the chosen criteria set are assigned
idle descents. If desired, from each aircraft pair in conflict, one
aircraft could still be assigned an idle descent while the other
is given a conventional descent with ATC intervention. To in-
crease complexity, aircraft of conflict pairs can be granted per-
mission to fly a partial idle descent for the part where no con-
flicts are predicted. In order to execute the above safely, informa-
tion sharing between various ANSPs is vital. Depending on the
cruise altitude, an idle descent permission is granted by either
UAC or ACC, meaning that EUROCONTROL and LVNL are
both involved. When handing over an aircraft, this information
must be transferred. Airspace capacity and flow management,
as provided by EUROCONTROL, must also be considered.

D. Recommendations for Future Work

As stated above, no statistical tests can be performed to ac-
cept or reject the hypotheses, due to insufficient data being used
for this. In this research, only one day of traffic is simulated.
Therefore, the first recommendation is to repeat the analysis for
multiple days of traffic, where different traffic distributions are
encountered, to see if the trends discovered in this research still
hold. In addition, it is recommended to expand the analysis with
more uncertainty parameter sets, to more accurately quantify the
effect of trajectory uncertainty on the number of successful idle
descents.

In order to achieve the operational potential described in the
section above, it is recommended to research several aspects.
Firstly, it is important to remember that the trajectories are deter-
mined using only wind uncertainty in the trajectory simulations.
For this assumption to be correct, it is important that accurate
weather information is uplinked to the aircraft and ADS-C EPP
datais downlinked to the ground. In case this is not possible, fur-
ther research is needed to quantify uncertainty by accounting for
other uncertainty sources that are now assumed to be small.

Next to this, successful idle descents can be investigated
when altitude spacing at the IAF is included. Furthermore, the
effect of ATC intervention and different speed schedules can be
researched. In addition, the possibility and effects of assigning
partial idle descents can be investigated. Also, an analysis can
be conducted that quantifies the benefits of flying idle descents
throughout the day in terms of fuel usage and emissions. This
is vital for creating a business case to actually implement idle
descents based on per-flight criteria in daily operations.

After everything mentioned above has been researched, a
framework can be set up that allows for assigning idle descents
throughout the day in daily operations. The trajectory prediction
simulations performed in BlueSky for this research take several
seconds or minutes per aircraft. Adding trajectory uncertainty to
the predicted path and calculating subsequent conflict probabil-
ities also takes several minutes per aircraft. This is not feasible
for real-time operations. A framework is needed in which all
these calculations can be done in the order of seconds, to ensure
feasibility for real-time operations.

VIII. Conclusion

Information on when idle descents can be flown throughout
a 24-hour operation based on per-flight criteria cannot be found
in the literature. Therefore, the aim of this research was to de-
velop per-flight criteria for the application of idle and fixed-FPA
descents towards the IAF and to analyse the resulting numbers
of successfully flown idle descents, thereby taking into account
associated trajectory uncertainties. Trajectory uncertainty mod-
els for along-track and vertical motion for both idle and fixed-
FPA descents were obtained using aircraft simulations under
various wind conditions. These models were used to calculate
conflict probabilities between aircraft flying towards the same
IAF. Four reference scenarios with time restrictions on the ap-
plication of idle descents were constructed. Three descent cri-
teria sets were developed based on the idle descent conflicts en-
countered without imposed criteria. The number of successful
idle descents was evaluated for all four reference scenarios, four
criteria sets, and two trajectory uncertainty parameter sets.

This research produced various results. An inverse relation-
ship between the strictness of the reference scenario and the
number of successful idle descents was found. In addition, an
inverse relationship between the strictness of the criteria set and
the number of successful idle descents was found for scenarios
where aircraft pairs were found to be separated within the range
of the criteria sets. Outside this range, no effect of the strictness
of the criteria set on the number of successful idle descents was
observed. Furthermore, an inverse relationship between trajec-
tory uncertainty and the number of successful idle descents was
found for some reference scenarios and criteria sets. To observe
this relationship, aircraft spacing was again required to be in the
range of the criteria sets. Furthermore, some criteria sets were
strict enough to conceal this inverse relationship and make tra-
jectory uncertainty have no effect on the number of successful
idle descents.

In fact, the difference between high and low uncertainty re-
mained below 2% of all flights for all explicitly developed cri-
teria (sets 1-3) and scenarios. The greatest difference in these
sets was found to be 12 flights, for the FREE_3 scenario. The
total greatest difference is 9% or 54 flights, logically found for
the FREE_O scenario. These numbers demonstrate that, even
though the inverse relationship with trajectory uncertainty ex-
ists, the effects under developed criteria are small.

Furthermore, it was found that between 50% and 62% of all
aircraft descending outside of peak hours can complete an idle
descent successfully, depending on the criteria set and uncer-
tainty used. This goes up to 76% when criteria set 0 (no extra
criteria) and low uncertainty are used, meaning this is the the-
oretical upper bound. The lower bound of 50% corresponds to
121 successful idle descents. When looking at all descending
aircraft throughout the day, between 40% and 52% can com-
plete an idle descent successfully, with a maximum potential of
68%. The lower bound of 40% here corresponds to 244 suc-
cessful idle descents, which is more than double the number
obtained for the off-peak hours. Both numbers are significantly
higher than for the night scenarios, due to considerably fewer
aircraft flying idle.

In addition, the variability of the number of successful idle
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descents per hour throughout the day was expressed using ra-
tios of the total descents per hour. This was done by comparing
the strict criteria set to the zero set, where no developed criteria
were applied. The highest variability was found for the off-peak
hours, with night hours excluded. For the strict set, between
15% and 73% of the total descents per hour are successful idle
descents for those off-peak hours. The greatest effect of the cri-
teria sets was measured for hour 10, where the difference in suc-
cessful idle descents between the strict set and the zero set was
45%. During peak hours, between 21% and 44% of the total
descents per hour are successful idle descents for the strict set.
Here, the ratio increase from the strict to the zero set is more
consistent. For most peak hours, the increase is between 30 and
40%. The high variability indicated by these numbers under-
lines the dynamic flow of traffic throughout the day. Splitting
the hourly descents per IAF further demonstrates the benefits of
applying criteria on a per-flight basis. The effect of the different
criteria sets varies per IAF due to the different traffic densities,
and is most noticeable during peak hours.

Recommendations are made to allow the hypotheses stated
in this research to be formally accepted or rejected. Firstly, it
is recommended to repeat the analysis for multiple days of traf-
fic with different traffic distributions. Additionally, it is recom-
mended to expand the analysis with more uncertainty parameter
sets, to more accurately capture the effect of trajectory uncer-
tainty on the number of successful idle descents.

To prepare this concept for daily operations, several aspects
should be researched. It is important to uplink accurate weather
information and downlink ADS-C EPP data, so that wind un-
certainty is the only main contributor to trajectory uncertainty.
Further research is needed to quantify uncertainty by account-
ing for other uncertainty sources that are now assumed to be
small, in case this is not possible. The possibility of altitude
spacing at the IAF could be introduced in the model. ATC inter-
vention and different speed schedules could be introduced, and
their effects on the number of successful idle descents are to be
investigated. Also, the effect of assigning partial idle descents
instead of only full idle descents can be investigated. An analy-
sis quantifying the benefits of idle descents throughout the day
in terms of fuel usage and emissions has to be carried out. After-
wards, a framework should be set up that allows for calculating
predicted trajectories, trajectory uncertainty, and conflict proba-
bilities in the order of seconds, to allow for real-time operations.
The research presented in this paper serves as a foundation for
assigning idle descents on a per-flight basis throughout the day
in daily operations. It demonstrates the possibilities for greatly
increasing the number of idle descents flown throughout the day
by allowing idle descents outside of night hours.
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A. Appendix

A. Aircraft Data for Trajectory Uncertainty Simulations

Table 7 Aircraft data used in the trajectory uncertainty simulations.

1D Type | Route Cruise Alt. | Cruise Spd. | Descent Spd. | Descent Type
LB001 | E190 | ROBEG-NORKU-ARTIP | FL350 0.74 M 250 KCAS Idle
LB002 | E190 | ROBEG-NORKU-ARTIP | FL350 0.74 M 250 KCAS Fixed-FPA
LB003 | E190 | LESDO-HELEN-RIVER | FL350 0.74M 250 KCAS Idle
LB004 | E190 | LESDO-HELEN-RIVER | FL350 0.74M 250 KCAS Fixed-FPA
LBO005 | E190 | SUPEL-MOLIX-SUGOL | FL350 0.74 M 250 KCAS Idle
LB006 | E190 | SUPEL-MOLIX-SUGOL | FL350 0.74M 250 KCAS Fixed-FPA
LB007 | B738 | ROBEG-NORKU-ARTIP | FL370 0.78 M 280 KCAS Idle
LB008 | B738 | ROBEG-NORKU-ARTIP | FL370 0.78 M 280 KCAS Fixed-FPA
LB009 | B738 | LESDO-HELEN-RIVER | FL370 0.78 M 280 KCAS Idle
LBO10 | B738 | LESDO-HELEN-RIVER | FL370 0.78 M 280 KCAS Fixed-FPA
LBO11 | B738 | SUPEL-MOLIX-SUGOL | FL370 0.78 M 280 KCAS Idle
LB012 | B738 | SUPEL-MOLIX-SUGOL | FL370 0.78 M 280 KCAS Fixed-FPA
LB013 | B788 | ROBEG-NORKU-ARTIP | FL390 0.84 M 310 KCAS Idle
LB014 | B788 | ROBEG-NORKU-ARTIP | FL390 0.84 M 310 KCAS Fixed-FPA
LBO15 | B788 | LESDO-HELEN-RIVER | FL390 0.84 M 310 KCAS Idle
LB0O16 | B788 | LESDO-HELEN-RIVER | FL390 0.84 M 310 KCAS Fixed-FPA
LBO017 | B788 | SUPEL-MOLIX-SUGOL | FL390 0.84 M 310 KCAS Idle
LBO18 | B788 | SUPEL-MOLIX-SUGOL | FL390 0.84 M 310 KCAS Fixed-FPA

B. Descent Criteria Simulations

Table 8 Overview of the 16 BlueSky simulations with different reference scenarios and criteria sets.

Criteria | ¢t 0 (Zero) Set 1 (Medium) | Set 2 (Strict) | Set 3 (Lenient)
Ref. Scn
MIDNIGHT MIDNIGHT 0 | MIDNIGHT | | MIDNIGHT 2 | MIDNIGHT 3
FULLNIGHT FULLNIGHT 0 | FULLNIGHT_1 | FULLNIGHT 2 | FULLNIGHT 3
OFF-PEAK OFF-PEAK_0 | OFF-PEAK | | OFF-PEAK 2 | OFF-PEAK_3
FREE FREE,_0 FREE, FREE,_2 FREE_3
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C. Trajectory Uncertainty in Cruise
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Figure 23 Along-track error variance for cruise with quadratic curve fit.

D. Peak Hours from Radar Data
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Figure 24 Hourly traffic towards an IAF, used to identify peak hours.
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E. Descent Data
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Verification Methods

Verification of the implemented simulations and data processing code is highly important to ensure the
credibility of the results obtained in this research. For this, various verification methods have been applied.
These will be discussed here.

Next to verification, validation is important to ensure the models resemble reality. Validation of the iden-
tified trajectory uncertainty models and the number of idle descents under the developed descent appli-
cation criteria is not possible within this thesis research. It would involve multiple real aircraft flying idle
descents towards the IAFs of Schiphol Airport to replicate the simulations. In addition, access to these
data would be required. Unfortunately, for this research it is not possible to achieve that. Furthermore,
it must be noted that the verification and validation of the existing version of the BlueSky simulator were
outside the scope of this research. The BlueSky simulator is widely used and assumed to be suitable for
this research.

To start with, assumptions taken in this research were verified by consulting literature and assessing the
effects on the research outcomes. Regulations were consulted to ensure the research takes place in a
realistic context. Examples of this are the aircraft separation minima and RECAT classifications.

It is important to verify all core computations by means of unit tests. Throughout this research, all cal-
culations were subjected to unit tests to verify the correctness of the calculation implementations. This
includes the calculations added to the BlueSky simulator autopilot files. Afterwards, the calculations were
expanded to automate the calculations and apply them to multiple cases simultaneously. When appropri-
ate, outcomes were saved into CSV files and manually recalculated to make sure the outcomes matched.

Additionally, graphs were constructed to visually verify certain parameters. Fixed-FPA descent data
graphs were constructed to assess the newly added fixed-FPA descent implementation into the BlueSky
autopilot. It was checked whether key flight parameters had sensible values. Next to this, conflict proba-
bilities calculated for each aircraft pair were shown along with the nominal distances between the aircraft.
These were compared to the Protective Zone (PZ) to assess whether the probabilities were sensible in
all situations.

The number of successful idle descents was verified by calculating it using different methods. Counters
were added to the processing code to count the descents while processing the data. Afterwards, the
data were extracted from the CSV files they were saved to, and the number of successful idle descents
was recalculated using the raw data. Both outcomes from these methods were compared, and matching
values ensured correct calculations.

The most complicated task in this context is to verify whether the large simulations are set up correctly. In
addition, it is important to fully comprehend the data generated from the simulations and from the subse-
quent processing steps. The most intuitive way to verify whether all this has been done correctly, is through
visualisation. Because of this, a custom interactive dashboard was developed during this research. This
dashboard allows for full comprehension of the simulations and resulting conflicts encountered, thereby
providing a clear view on the correctness of the implementations. This dashboard is presented and elab-
orated on in chapter 2. Part of this dashboard evolved from a similar dashboard created to visualise the
radar data used to set up the simulations. That dashboard is not elaborated on due to the similarities,
but it was of vital importance to verify all filtering steps taken on the radar data in order to generate the
simulation spawn points for all aircraft.
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Interactive Dashboard for Data
Visualisation

As mentioned in chapter 1, the interactive dashboard showing the simulations and corresponding conflicts
is presented in this chapter. This dashboard is the main tool for visually verifying the simulation data and
the conflict probabilities between any aircraft pair, to obtain a thorough understanding of the simulation
results and the conflict scenarios encountered.

At start-up, a time slider and a world map are shown. All other fields are still empty. Via the time slider, any
time throughout a full 24-hour day can be selected with a resolution of 2 minutes. On the map, a snapshot
of the simulation at that time is displayed. The three IAFs are shown as black crosses on the map. Every
dot represents an aircraft. The aircraft are distinguished by colour based on to which IAF they are flying,
to clearly show the traffic streams towards each IAF. By changing the selected time in steps of 2 minutes,
the BlueSky simulation can be replayed. The view is shown in Figure 2.1.
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Figure 2.1: Snapshot of the dashboard at start-up for a selected time, using one of the simulation
configurations.

At the top, the selected scenario is displayed. In this case, the FREE reference scenario using criteria set
0 is loaded. The first trajectory uncertainty parameter set is used to calculate the conflict probabilities, as
shown later.
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By clicking on an aircraft, its dot turns red and its route is displayed. The waypoints making up the route are
shown as black triangles. lIts altitude and speed graphs are shown below the map. The current position
is indicated on these graphs by annotations. By clicking on a second aircraft, its route and its altitude and
speed information appear as well. For demonstration purposes, an example is chosen where two aircraft
from two different routes are meeting around the IAF. This is depicted in Figure 2.2.
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Figure 2.2: Altitude and speed graphs for two selected aircraft.

When two aircraft are selected, the trajectory uncertainties for the lookahead until the |IAF are calculated,
and the resulting conflict probabilities are computed. The conflict probabilities and nominal distances are
plotted over time in separate graphs. In Figure 2.3, this is shown for the same aircraft selected in Figure 2.2.
Clicking on any value of the conflict probability graph generates the corresponding uncertainty ellipsoid in
the graph below. This ellipsoid shows the positional difference of the two aircraft for the selected lookahead
time, based on the trajectory uncertainties with a 95% confidence interval. The selected lookahead time
is displayed in the top right corner of the dashboard. In Figure 2.3, the conflict probability clicked on is
0. Hence, the uncertainty ellipsoid is fully green. It can be seen that, even though the vertical distance
has a possibility of dropping below 1000 ft, the horizontal distance is not even close to 5 nm. The nominal
aircraft positions for the selected aircraft on the selected lookahead time are displayed in purple on the
map. Additionally, the altitude and speed at the lookahead time are annotated in blue in the altitude and
speed graphs.
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Figure 2.3: Conflict probabilities and nominal distance over time for two selected aircraft, and the
uncertainty ellipsoid for a selected lookahead time.

In Figure 2.4, a lookahead time is selected where the probability of conflict is 46%. The map shows how
the two aircraft will arrive at the IAF at nearly the same time. Their nominal IAF arrival time difference is
10 seconds. Because of this, the probability of conflict increases to more than 80% during the final stage
of the descent. The part of the uncertainty ellipsoid lying in the PZ, thus where a loss of separation would
occur, is coloured in red. Since here 46% of the ellipsoid is red, the probability of conflict is 46%. For this
ellipsoid, the radius of 5 nm of the protective zone is clearly visible as it cuts through the ellipsoid. It can
also be seen that part of the ellipsoid is under the vertical separation minimum of 1000 ft.
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Figure 2.4: Snapshot of the dashboard for a lookahead time with nonzero conflict probability, for the two
selected aircraft.
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This demonstration shows that this dashboard is extremely valuable for understanding the simulations
and the calculated conflict probabilities. It allows for visually verifying whether the calculated distances
and conflict probabilities are sensible. Furthermore, it provides great insights in the type of conflicts en-
countered throughout the simulation. The example used in this demonstration shows how two aircraft on
very different routes arrive at the IAF at nearly the same time, and how this is detected in terms of conflict
probabilities. Many other conflict encounters, such as conflicts due to differences in cruise levels and
TODs, can easily be visualised with this dashboard.
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Introduction

The demand for air travel in Europe is increasing rapidly. In the record year 2019, nearly 11 million flights
were conducted in European airspace[1]. This number is expected to increase to 16 million flights by
2050. Furthermore, new types of air vehicles will occupy the European skies, as autonomous aircraft and
electric- and hydrogen-powered aircraft are developed. In order to ensure safe and efficient handling of all
flights in the future, innovation is required. Over the past years, extensive research has been performed on
Trajectory-Based Operations (TBO). The core of the TBO concept revolves around flying a user-preferred,
optimal flight path by constructing the 4D trajectory prior to the flight, and sharing the trajectory information
amongst all stakeholders [2]. This concept allows for Continuous Descent Operations (CDO). Via CDO, an
aircraft can execute a continuous descent profile optimised to the operational capability of the aircraft, with
low-thrust settings [3]. Various studies have demonstrated that CDs show a reduction in fuel consumption,
emissions, and noise compared to conventional step-down descents with level segments.

In order to minimise fuel consumption, emissions, and noise, a continuous descent is ideally flown with
idle thrust [4]. However, an idle descent comes with increased uncertainty as the vertical profile of an idle
descent is highly sensitive to the descent speed profile, wind conditions, and aircraft weight. An alternative
continuous descent follows a constant geometric flight path angle (FPA). This fixed-FPA descent has
increased predictability and thus decreased uncertainty compared to an idle descent [4], [5]. However,
CDOs are currently restricted to low traffic densities due to low predictability [6]. At Schiphol, this is
restricted to nighttime operations only [7]. In reality, varying traffic densities occur throughout the day, so
local low traffic densities can occur. Therefore, potential lies in investigating when idle descents can be
flown throughout a 24-hour operation. No clear criteria exist for when these descents can be executed
safely in the presence of other traffic. Using accurate trajectory uncertainty modelling to determine these
criteria is novel. In the context of CDO, it is desired to investigate idle descent criteria in a full continuous
descent environment. This entails flying solely idle and fixed-FPA descents throughout the day.

In this thesis, it will be investigated through simulations how idle and fixed-FPA descents can be applied
throughout a 24-hour operation by means of per-flight descent application criteria, by analysing the num-
ber of successful idle descents. The descents will be flown towards Schiphol Airport using existing Stan-
dard Arrival Routes (STARs). Within the 24-hour operation, several scenarios with different idle descent
execution restrictions are considered. The trajectory uncertainties associated with idle and fixed-FPA de-
scents will be quantified, and the sensitivity of the developed criteria to trajectory uncertainty under the
various restriction scenarios will be investigated. Although the focus is on Schiphol Airport, the aim is to
develop general descent application criteria, such that the findings can be extrapolated to other airports
and airspaces. A clear overview of when idle descents in particular can be applied throughout a 24-hour
operation has the potential to accelerate the implementation of this outside of night hours. Furthermore,
a quantification of the sensitivity of the number of successful idle descents to trajectory uncertainties po-
tentially demonstrates the benefits of uplinking and downlinking data to and from the aircraft, such as
uplinking weather information and downlinking aircraft mass via ATS B2 ADS-C EPP data.

The structure of this report is as follows. In chapter 2, the research foundations are established. The
research objective and research questions are formulated. Chapters 3—-5 contain background information
obtained through a literature study. Chapter 3 contains information on the airspace structure and on the
concept of Trajectory-Based Operations. In chapter 4, trajectory uncertainty is discussed. This is followed
by a detailed explanation on idle and fixed-FPA descents in chapter 5.
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Research Foundations

In this chapter, the research foundations are established. Firstly, the research objective is formulated
in section 2.1. Afterwards, the research questions are presented in section 2.2. Lastly, the expected
outcome is discussed in section 2.3.

2.1. Research Objective

With the research topic having been introduced in chapter 1, the research objective can be formulated.
The main research objective of this thesis is formulated as follows:

Research Objective I

The objective of this research is to develop criteria for the execution of idle and fixed-FPA de-
scents from cruise to the Initial Approach Fix (IAF) on a per-flight basis throughout a 24-hour
operation under various idle descent application constraint scenarios, taking into account the
associated trajectory uncertainties, and assessing the influence on the number of successful
idle descents.

The objective can be broken down into several parts. The trajectory uncertainties associated with idle and
fixed-FPA descents must be investigated and modelled such that these uncertainties can be displayed
for the required look-ahead time until the IAF. Using these uncertainties, conflict probabilities between
aircraft involving idle descents in various traffic scenarios can be calculated. These are then used to
develop per-flight criteria sets for the application of idle and fixed-FPA descents. The influence of these
criteria sets on the number of successful idle descents is evaluated for all traffic scenarios, with the idle
descent application constraints and trajectory uncertainty sets considered. This then provides tangible
results regarding the benefits of applying idle descents in particular throughout a 24-hour operation.

2.2. Research Questions

The research objective can be translated into research questions, the answers to which are necessary for
accomplishing the research objective. The main research question is formulated as follows:

Main Research Question |

How does the number of successful idle descents from cruise to the IAF, throughout a 24-
operation, change for different per-flight idle and fixed-FPA descent application criteria, under
various idle descent application constraint scenarios and trajectory uncertainties?

In order to aid the process of answering the main research question, several supporting research questions
are formulated. By answering these questions, a final answer to the main research question can be
constructed. The supporting research questions consider several aspects that need to be investigated
before the main research question can be answered. These questions are provided below.
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Supporting Research Questions

. How can idle and fixed-FPA descents be simulated?

. What are the trajectory uncertainties associated with idle and fixed-FPA descents?

. What traffic scenarios are suitable for simulating idle and fixed-FPA descents?

. What idle descent application constraint scenarios (also referred to as reference
scenarios) must be considered?

. What are the main KPIs to be used for developing per-flight idle and fixed-FPA descent

application criteria?

()] ABON-

2.3. Expected Results

Guided by the research questions, expected results can be formulated. These are formulated as three

hypotheses:

* H1: The strictness of the reference scenario and the number of successful idle descents
have an inverse relationship. Overall, it is expected that the most idle descents can be flown
successfully when the restrictions from the reference scenario are the least strict. In practice, this
means that it is expected that the most idle descents can be flown when idle descents are allowed
throughout the full day. This way, the per-flight idle descent allocation can be exploited to the fullest.
On the other hand, the smallest number of successful idle descents is expected under the strictest
reference scenario.

H2: The strictness of the descent criteria and the number of successful idle descents have
an inverse relationship. Overall, the highest number of successful idle descents is expected when
the idle descent criteria, which allocate idle descents on a per-flight basis, are the least strict. On
the other hand, the smallest number is expected when the idle descent criteria are the strictest.

H3: Trajectory uncertainty and the number of successful idle descents have an inverse re-
lationship. A strong relation between trajectory uncertainty and the number of successful idle de-
scents is foreseen. With greater uncertainty, the success rate is predicted to decrease.

The hypotheses are directly linked to the variables mentioned in the research objective and main research
question, for whose unique combinations the number of successful idle descents will be calculated.



Airspace and TBO

This chapter covers information on the Dutch airspace structure and on Trajectory-Based Operations
(TBO). This information is essential as it provides the context for the research presented in this thesis.
The general structure and layout of the Dutch airspace are elaborated on in section 3.1. A discussion on
TBO and Continuous Descent Operations (CDO) in particular is provided in section 3.2.

3.1. Dutch Airspace Structure

Firstly, the general airspace structure will be discussed. Then, the layout of the airspace is elaborated on.

3.1.1. General Structure

The Flight Information Region (FIR) is the largest division of airspace [8]. In each FIR, flight information
service and alerting service are provided. Figure 3.1 shows the Dutch Airspace, formally known as the
Amsterdam FIR:

Figure 3.1: Map of the Amsterdam FIR with airports [9].

Two Air Navigation Service Providers (ANSPs) are involved in the ATC of the civil airspace within the
Amsterdam FIR, as shown in Figure 3.2a [8]. The upper airspace, above FL245, is controlled by the
Maastricht Upper Area Control Centre (MUAC). The lower airspace, below FL245, is controlled by Air
Traffic Control the Netherlands (LVNL). The upper airspace is referred to as the Upper Control Area (UTA).
The lower airspace is divided into several areas and zones. An overview of this is provided in Figure 3.2b.
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Figure 3.2: Overview of the Dutch civil airspace [8].

The Control Area (CTA) is generally controlled by Area Control (ACC). ACC is located at the LVNL main
office building at Schiphol. In the CTA, departing aircraft climb further towards the ATS routes, which can
be seen as highways in the sky [10]. Arriving aircraft are descending through the CTA towards an Initial
Approach Fix (IAF), thereby following a Standard Arrival Route (STAR). The IAF marks the start of the
approach procedure. At every IAF, a holding area is present. In this area, holding stacks can be built to
regulate the traffic flow towards the airport.

The Terminal Manoeuvring Area (TMA) is controlled by Approach Control (APP). APP is located in the
same operations room as ACC, at LVNL. This area surrounds the airport and is designed to protect aircraft
climbing from or descending to the airport [10]. Arriving aircraft are guided from the IAF until the aircraft
is established on the Instrument Landing System (ILS). Departing aircraft follow a Standard Instrument
Departure (SID) until they arrive on the ATS route. APP sequences all arriving aircraft towards the runways,
while ensuring sufficient spacing between all aircraft in the TMA.

The Control Zone (CTR) is controlled by Tower (TWR). TWR controllers are located in the aerodrome
control towers. The CTR is the airspace directly surrounding the airport. It is designed to protect arriving
and departing traffic in the vicinity of the airport [10]. TWR is responsible for operations on, to, and from
active runways. When an aircraft is on the ground but not on an active runway, it is controlled by Ground
Control (GND).

3.1.2. Airspace Layout

The layout of the Dutch airspace will be discussed further in this section. As stated earlier, the CTA
contains aircraft flying to and from the ATS routes. As the CTA takes up a major part of the airspace in the
Amsterdam FIR, is the CTA divided into sectors [10]. An ACC controller is responsible for all traffic in a
specific sector. When the traffic density is low, multiple sectors can be combined, and one ACC controller
then oversees the combined sectors. The CTA in the Amsterdam FIR is divided into five sectors. These
are, along with the Schiphol TMA, displayed in Figure 3.3.

From this figure, it is clear that not all sectors are adjacent. The area between sectors 1 and 5, as well as
sectors 2 and 3, is reserved for military airspace. Civil air traffic is not allowed to cross military airspace.
Military airspace is part of the special traffic zones. These zones can be established when restrictions
are necessary to accommodate air traffic operations that require special integration with civil aviation
[10]. These zones are referred to as restricted areas, danger areas, and prohibited areas, depending on
the imposed restrictions. Usually, special traffic zones are activated because of military operations. In
addition, prohibited areas are often areas around objects that must not be overflown. Examples are royal
palaces and international conferences.
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Sector1

Figure 3.3: Map with the CTA sectors in the Amsterdam FIR and with the Schiphol TMA [10].

In Figure 3.4, the STARs for Schiphol are displayed. It shows several aspects that will be discussed under

the figure.
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It can be seen that, as stated earlier, each STAR ends at an IAF. For Schiphol, three IAFs exist. ARTIP
is located in the East near Lelystad, above Flevoland. RIVER is located in the South near Europoort
Rotterdam. SUGOL is located in the West, above the North Sea. At each IAF, an aircraft must be between
FL70 and FL100, and have an indicated airspeed (IAS) of 250 kts at maximum.

In addition, the holding patterns next to each IAF are drawn. One pattern consists of two right-handed
180°-turns and two straight segments. The straight segment away from the holding fix is the outbound leg.
Similarly, the segment towards the holding fix is the inbound leg. The inbound leg should have a duration
of 1 minute. The time in the outbound leg may be adjusted such that the specified time of 1 minute for the
inbound leg is met.

Lastly, the entry coordination points (COPs) are shown in Figure 3.4. These are the waypoints on the Am-
sterdam FIR boundary. They mark the start of the STAR and have a maximum (and sometimes minimum)
FL defined with them. Therefore, it is important to note that generally speaking, an aircraft has already
started its descent before entering the Amsterdam FIR. This means that the descent considered in this
thesis research extends beyond the Amsterdam FIR, as it starts at cruise altitude.

3.2. Trajectory-Based Operations
This section elaborates on TBO and CDO in particular, to provide background information regarding these
concepts.

3.2.1. General Concept

In Europe, ATM is at a crossroads. In 2019, the European Network experienced nearly 11 million flights
[1]. This is expected to grow to 16 million flights by 2050. In the meantime, the European airspace will
become more complex as new types of air vehicles emerge. Furthermore, the airspace for civil aviation
in Europe has been reduced by approximately 20% because of the war in Ukraine.

In order to keep the capability of handling the growing amount of flights in the European Network safely
and efficiently, innovation is required [1]. The Single European Sky (SES) program aims at improving
ATM performance by reducing the fragmentation of the European airspace. The Single European Sky
ATM Research (SESAR) project is the pillar of technological innovation of the SES. The SESAR 3 Joint
Undertaking is a partnership between Europe’s leading innovators in the aviation industry, to develop the
required technologies and deliver the Digital European Sky. The Digital European Sky is a modern ATM
system providing Europe with a high-performance, standardised, and interoperable ATM infrastructure.
The European ATM Master Plan is the planning tool for realising the Digital European Sky. It sets out the
vision and priorities for this. In addition, its aim is to make Europe the most efficient and environmentally
friendly airspace in the world by 2045.

Two important concepts to accommodate this transformational change are Trajectory-Based Operations
(TBO) and dynamic airspaces [1]. It is expected that in the future, many types of air vehicles will occupy
the European skies. Electric and hydrogen aircraft will emerge. Remotely piloted and autonomous aircraft
will fly through the European airspace. In order to guarantee optimisation of all aircraft trajectories while
maintaining sufficient spacing in a congested airspace, TBO are necessary. The TBO concept foresees
an ATM environment in which every flown flight path is as close as possible to the user-preferred flight
path [2]. This is achieved by reducing potential conflicts and resolving imbalances between demand and
capacity in an earlier stage, thereby increasing efficiency. The key to this is a 4D flight trajectory that is
developed, managed, and shared between all stakeholders, so that it serves as a common reference for
decision-making.

TBO involves three key aspects [2]. Firstly, the full intended trajectory is constructed in 4D, such that the
geographical location, altitude, and time are known along the trajectory. Secondly, trajectory information
is shared amongst the stakeholders. This allows all involved parties and systems to have access to up-
to-date 4D flight information, as well as meteorological information, airspace information, and aerodrome
information. As not all stakeholder require access to all information, the information sharing is based on
operational needs only. The continuous sharing and updating of information is enabled through innova-
tion in air-ground datalink, automation, and information management. Thirdly, trajectory management by
Air Navigation Service Providers (ANSPs) is needed to ensure the trajectories can be executed. With
TBO, more accurate trajectory predictions can be made because of the extensive trajectory information
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available. A planned trajectory might change to accommodate any needs for modification of the trajectory.
If, because of this, the execution precision is exceeded, replanning, coordination, and modification are
required in order to obtain an updated, planned trajectory.

TBO plays a major role in avoiding unnecessary fuel burn, thereby reducing emissions [1]. As touched
upon earlier, accurate trajectory predictions are required to ensure the optimal execution of the planned
4D trajectory. Dynamic spacing allows for more efficient traffic flow, which is beneficial for the execution of
planned trajectories. Dynamically adjustable airspace sector configurations are seen as a possible solu-
tion. This provides maximum airspace efficiency and flexibility in response to (rapidly) changing weather
conditions and traffic densities [12]. Therefore, dynamic airspaces can aid the implementation of the TBO
concept.

Required Navigation Performance (RNP) is part of the Performance-Based Navigation (PBN) framework.
At the core of RNP lies the specification of allowable navigation performance metrics, specifically for
position accuracy, integrity, availability, and continuity of function [13]. RNP includes a requirement for on-
board navigation performance monitoring and alerting [14]. For this, Global Navigation Satellite Systems
(GNSS) are required. With this, possibilities arise to obtain very high lateral precision in the flight path.
Modern aircraft are capable of conforming to defined lateral routes to a high degree of accuracy [15]. This
way, trajectories can be tailored to a specific aircraft, thereby optimising fuel efficiency. Therefore, it is an
important consideration for TBO.

3.2.2. Continuous Descent Operations

The TBO framework opens up the possibility for Continuous Descent Operations (CDO). The technology
and strategic planning developed to realise TBO enables the implementation of CDO. CDO is defined
as an aircraft operating technique for descent, that enables an aircraft to execute a flight profile that is
optimised to the operating capability of the aircraft [3]. This includes low engine thrust settings and a
low-drag configuration. With CDO, fuel burn and hence emissions and noise are reduced during descent.
Level segments are reduced to a minimum, used only when needed to decelerate and configure the
aircraft, or to establish on a landing guidance system. The optimal flight profile consists of a continuously
descending path, from the Top of Descent (TOD) until the Final Approach Fix (FAF) or establishment on
the landing guidance system. Ideally, the aircraft stays as high as possible until the optimal descent point
(TOD) is reached, which is computed by the FMS. Every aircraft has a different optimal flight profile, as
it is based on aircraft performance and weight. In addition, the optimal flight profile depends on weather
conditions, meaning that the same aircraft has a different optimal profile every flight.

In order to safely execute continuous descents in varying traffic densities, traffic sequencing must start in
the cruise phase or in the early stages of the descent, by small speed interventions [3]. This minimises
the sequencing required at lower altitudes, leading to a reduction in fuel burn and noise. The challenge
lies in balancing the goal of reducing flight times and distances, fuel burn, emissions, and noise, while
meeting airport capacity and handling all traffic safely. Arrival management tools and sophisticated CDO
procedures can aid the execution of CDO in environments where traffic density is high.

Continuous Descent Approaches (CDAs) have been flown at Schiphol Airport for multiple years during the
night on a single runway [16]. A CDA is flown from the IAF to the ILS intercept point. Research on this has
shown that fuel burn and noise are substantially reduced for CDA compared to conventional approaches.
However, as a downside of CDA, it was found that the landing interval had to be increased from 1.8 min
to 4.0 min, to guarantee sufficient spacing on the final landing segment. A flight test during which CDAs
were executed at Louisville International Airport in 2002 also demonstrated significant reduction in fuel
burn and noise [17].

Because of its broad definition, there are many ways in which a continuous descent can be flown [4].
In general, it consists of a series of descent segments that are consistent with piloting procedures. For
a continuous descent, this entails a constant Mach until the crossover altitude. From there onwards,
the descent consists of various constant and decelerating Calibrated Airspeed (CAS) segments. The
two continuous descent types considered in this thesis research are the idle descent and the fixed-FPA
descent. These types will be discussed in detail in chapter 5, as they form the basis of this research.



Trajectory Uncertainty

In this chapter, trajectory uncertainty is discussed in detail. Firstly, track error definitions are discussed in
section 4.1. Sources of trajectory uncertainty are listed in section 4.2. Then, trajectory uncertainty quan-
tification techniques are discussed in section 4.3. Wind uncertainty is discussed in depth in section 4.4.
Furthermore, conflict detection with and without uncertainties is elaborated on in section 4.5. Lastly, the
potential effects of using ATS B2 ADS-C for trajectory prediction are mentioned in section 4.6.

4.1. Track Error Definitions

Before elaborating on the sources and quantification of trajectory uncertainty, it is important to discuss
the errors associated with trajectory prediction. These error definitions are used to quantify the difference
between the predicted trajectory and the actual trajectory flown [18], [19]. A distinction is made between
spatial errors and temporal errors.

4.1.1. Spatial Error

The spatial error is the result of a combined horizontal and vertical error. The horizontal error is defined
as the great-circle distance between the predicted and the actual position of an aircraft at time ¢. It can
be decomposed into along-track and cross-track error components, as shown in Figure 4.1
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Figure 4.1: Visualisation of the decomposed horizontal error [18].

The along-track error is the component of the horizontal error that is projected onto the actual course of
the aircraft. The cross-track error is projected perpendicular to the actual course. With this decomposition,
it can be shown that the along-track error is associated with the temporal error, whereas the cross-track
error is not. The vertical error is the altitude difference between the predicted and actual aircraft position.
It is orthogonal to the horizontal error. Logically, the spatial error is the result of combining the horizontal
and vertical error components.
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4.1.2. Temporal Error

The temporal error is defined as the time difference between the predicted and actual time the aircraft
is at a particular position along the course. This metric is commonly used to determine the status of
a flight: premature, delayed, or on time. Because of this definition, the along-track error is the spatial
representation of the temporal error. When a flight is on time, the along-track error is zero. However, the
cross-track error may be non-zero, as it is perpendicular to the flown course.

4.2. Sources of Trajectory Uncertainty

Trajectory uncertainty is characterised by various factors that influence the accuracy of a trajectory predic-
tion. Over the years, many studies investigating the sources of trajectory uncertainty have been conducted
[13], [19]-{23]. Their results provide a clear overview of the sources of trajectory uncertainty, and their ef-
fects. The results are described in this section. Uncertainty sources can be divided into several categories,
each describing a different type of source. These will be elaborated on below.

4.2.1. Initial Aircraft State

Every trajectory prediction starts with a set of initial aircraft states. These states include the aircraft position,
heading, speed, vertical rate, and mass [20], [23]. Deviations in the assumed state values from the actual
state values will propagate throughout the predicted trajectory [21]. Therefore, the accuracy of trajectory
prediction is highly dependent on the accuracy of the initial aircraft state data.

Research has shown that deviations in aircraft mass greatly influence the uncertainty of the vertical profile
of a trajectory [19], [20]. The uncertainty is larger during climb than during descent, but is clearly noticeable
in both. During cruise, the uncertainty decreases to zero because the aircraft can hold accurately at a
fixed altitude. In addition, deviation in speed profiles mainly affects the duration of flight and the rate of
descent [19], [20].

4.2.2. Weather

The weather conditions considered are atmospheric temperature and pressure, as well as wind. The
latter is arguably the biggest source of horizontal uncertainty. It has been shown that deviations in wind
direction have a greater impact than deviations in wind speed [19]. Wind uncertainty is discussed in detail
in section 4.4.

Deviations in temperature affect the computation of true airspeed (TAS). Aircraft speed control is per-
formed using Mach above the cross-over altitude and calibrated airspeed (CAS) below the cross-over
altitude. For conversion to TAS, the atmospheric temperature is needed. The TAS can then be converted
to ground speed (GS). For trajectory prediction, the observed GS can be converted to Mach (or CAS).
This means that temperature errors lead to errors in speed. However, the effect of temperature error on
trajectory uncertainty has been found to be marginal to negligible [20].

The weather forecast used on the FMS must be as accurate as possible to limit the uncertainty in trajec-
tory execution and increase efficiency, since fewer corrections with thrust or speed brakes are needed.
The inaccurate representation of the wind in the FMS is a main contributor to errors in the total energy
estimation, thereby reducing efficiency and increasing uncertainty [24]. Due to limited storage capacity in
the FMS, only a limited, less accurate forecast can be loaded in. In order to reduce the difference between
the used weather forecast and reality, updates of meteorological information are needed during flight [25].
With this, the forecast on the FMS can be updated, and the trajectory calculations can be adjusted.

In the planning phase, the 4D trajectory is constructed. The trajectory calculation can be optimised when
the meteorological conditions are known best along the full trajectory [26]. This requires several stake-
holders to share their data. Currently, only limited data is shared, so improvements are required. During
the flight execution, accurate updates can be sent to the FMS based on the shared data. With more accu-
rate trajectory information, buffers in declared capacity can be reduced, thereby increasing capacity and
limiting recalculations.

4.2.3. Modelling

Several types of models are used in trajectory prediction. The types considered are the aircraft motion
model, the aircraft performance model, and the Earth model. All will be elaborated on below.
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The chosen aircraft motion model describes the mathematical representation of the aircraft, used to calcu-
late future aircraft states. This representation includes the equations of motion and the numerical methods
used to solve them. The accuracy of the mathematical representation compared to the real aircraft be-
haviour directly influences the trajectory prediction [21]. Common simplifications for the mathematical
model are the small-angle approximation and the point mass approximation, considering only the centre
of gravity of the aircraft [20]. The errors induced by aircraft motion modelling are considered to have a
negligible effect on trajectory uncertainty.

The aircraft performance models are used for the calculations on aircraft performance. Straightforward
examples are the calculations of thrust, drag, and fuel consumption for various flight conditions [21]. The
parameters for these models are usually generalised. The Base of Aircraft Data (BADA) is commonly used
for this. However, using generic performance models that are more robust, inevitably introduces errors
in the trajectory prediction, thus contributing to trajectory uncertainty. Still, models from BADA are highly
accurate, meaning that the trajectory uncertainties introduced by errors in aircraft performance modelling
are negligible for ATM applications [20].

Another type of model needed for trajectory prediction is an Earth model. The accuracy of distance cal-
culations and trajectory projections depends on the Earth model used. Common models used are the
WGS84 model and a spherical Earth representation. However, errors in the Earth model are second
order, and therefore negligible for ATM applications [20].

4.2.4. Aircraft Intent

Aircraft intent represents the commanded instructions and executed control actions as a result of ATC
instructions, pilot procedures, and the flight plan [20], [21]. The uncertainty arises when the aircraft intent
is (partially) unknown to the trajectory predictor. This uncertainty represents how the aircraft is actually
operated compared to the original flight plan used for the trajectory prediction. This uncertainty includes
deviations from the pilot and FMS models used for the prediction, such as a different reaction time to
execute an ATC command.

In general, there are five types of intent errors that are of high impact on the prediction accuracy [22]. Vec-
tors provided by ATC lead to deviations from the expected route, leading to spatial errors. Knowledge of
the TOD location is limited when it depends on ATC clearance. Knowledge of altitude crossing restrictions
is beneficial for the prediction, but it is not sufficient to accurately predict the TOD location. In addition,
instructions to level off at interim altitudes are usually unaccounted for in the trajectory prediction. Lastly,
uncertainty in the speed intent of the aircraft affects the vertical error, as well as the along-track error and
temporal error.

4.2.5. Flight Control Inaccuracy

Uncertainty due to flight control inaccuracy is known as a flight technical error. This error describes the
inability of an aircraft to stay on its specified track due to the performance of the FMS and the flight
control systems. Arguments have been made stating that the long-term effect of flight technical errors on
trajectory accuracy is negligible compared to other uncertainty sources [21]. The underlying reason for
these errors becoming noticeable is that the aircraft is not operated according to its nominal capabilities.
Because of this, it can be assumed that the specified, predicted track is then unsuitable for the aircraft,
and that a more suitable track must be designed.

4.3. Trajectory Uncertainty Quantification Techniques

Trajectory uncertainty can be quantified using various techniques. In general, position uncertainty at time
t can be visualised as a 3D ellipsoid around the projected aircraft position on the predicted reference
trajectory. This covariance ellipsoid consists of the probability distributions of the along-track, cross-track,
and vertical errors compared to the reference trajectory. This is illustrated in Figure 4.2. The ellipsoids
at each time ¢ together then form a tube that represents the possible aircraft positions throughout the
trajectory [19].
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Figure 4.2: Visualisation of trajectory uncertainty as 3D ellipsoid [21].

The positional probability distributions can be constructed using parametric estimations. The error com-
ponents are then described by zero-mean Gaussian random variables, for which the standard deviation
increases with time [27]. This approach is suitable for online applications, because of the low computa-
tional load. It can therefore be used in a simulation of a representative traffic scenario, to determine the
worst-case distances to other aircraft.

Monte Carlo simulations are used to investigate the effects of changes in uncertain inputs on the trajec-
tory uncertainty, by means of simulating the trajectory. The inputs are treated as random variables, such
that different combinations are used in each simulation. The Monte Carlo approach is commonly used to
quantify trajectory uncertainties [19]-[21], [28], [29]. From the observed trajectory uncertainties based on
varying uncertain inputs, relationships can be derived that describe the uncertainty in a parametric estima-
tion. Essentially, the simulation outputs can be used to find parameter values for a parametric uncertainty
estimation. This way, the results of Monte Carlo simulations can be converted to online applications by
using them in parametric estimations. Conducting the simulations requires a high computational load,
more so because many simulations are required to obtain statistically reliable results. Even though this
method will be used in the research presented in this thesis, it is important to provide an overview of the
possibilities. Therefore, two other methods are discussed below.

Polynomial Chaos Expansions (PCE) are an alternative to using Monte Carlo simulations. While obtaining
practically the same trajectory uncertainties, the computational load is considerably lower [21], [30], [31].
With a PCE, the output of a system is presented as the sum of multivariate polynomials that form the
orthogonal basis for the input parameters. This way, uncertainty in input parameters is directly translated
into uncertainty in the system output, which is in this case the trajectory uncertainty. The amount of
equations needed to solve the system is directly proportional to the amount of input parameters and
the polynomial degree. Because of this, it takes less computational effort to solve this system than to
run thousands of Monte Carlo simulations. However, solving this system still takes time in the order of
seconds. Therefore, it is not suitable for online applications.

The Bayesian-Entropy information fusion method can be used to integrate data from a simulation model
with real-time traffic data and physical constraints, to calibrate trajectory uncertainty [32]. With the updated
uncertainties, more accurate trajectory predictions can be made. The method makes use of Bayes’ theo-
rem, stating that the posterior probability (the uncertainty after calibrating) is proportional to the product of
the prior probability (the uncertainty from simulation data only) and the likelihood function, describing the
likelihood of the observed real-time data given the simulation data. The likelihood function takes spatial
errors into account, but no temporal errors. In order to visualise the trajectory confidence bounds for the
prior and posterior distributions, Monte Carlo simulations are used. The distribution parameters are cal-
culated for the waypoints, and samples from these waypoint locations are drawn to evaluate the resulting
aircraft trajectories in the Monte Carlo simulations. Since this approach focuses on waypoint locations
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and requires Monte Carlo simulations, it is not suitable for online applications. For online applications,
the Monte Carlo simulations need to be replaced with a trained neural network that calculates the aircraft
position based on simulation input parameters directly. Instead of focusing on the aircraft trajectory of
one aircraft based on its input parameters, the Bayesian-Entropy information fusion method focuses on
a specific route to be flown. However, the idea of incorporating real-time traffic data into the uncertainty
estimate can be useful, also for validation purposes.

4.4. Wind Uncertainty

Wind uncertainty is one of the main contributors to trajectory uncertainty, and a central topic in this thesis,
as wind uncertainty will be used to quantify trajectory uncertainty. A discrepancy between the actual winds
and the wind forecast known to the FMS leads to deviations from the predicted trajectory. Due to limited
storage capacity on the FMS, the wind forecast loaded into the FMS covers a small number of altitude
levels on which the weather forecast is known [24]. The FMS considered in [24] accepts four levels for
descent. These are generally standard levels. The wind forecast loaded into the FMS is taken from the
wind profile above the destination. The FMS then interpolates between the levels to obtain a predicted
wind profile, as shown in Figure 4.3. The FMS uses this profile to construct its geometric path for an idle
descent, or to control staying on a predefined path. Since it is reasonable to assume that the wind profile
constructed by the FMS, based on four levels at the destination location, has deviations from the actual
wind forecast throughout the descent, the trajectory will not be flown as predicted.
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Figure 4.3: Interpolated wind profile (red line), based on wind forecast at used levels (red arrows) and
compared to the actual profile (green arrows) [24].

The weather forecast for the Dutch FIR is provided by the Royal Netherlands Meteorological Institute,
abbreviated to KNMI in Dutch. Data are provided in the GRIB (GRIdded Binary) format. Every file provides
information on wind, temperature, and specific humidity on a predefined grid of latitudes and longitudes for
various pressure levels. Every file contains a forecast for a specified time in the future, or for the current
time. The forecasts from the GRIB files are used to select the limited forecast used in the FMS.

The wind profile prediction error can be split up into three components [24]. The first component is the
prediction error in the base forecast data. This defines the difference between the weather forecast and
the actual weather. The second component is the error due to selecting forecast grid cells that are not
on the planned trajectory. As stated earlier, the wind forecast is taken from the wind profile above the
destination, meaning it is likely not representative for an entire descent. This error can be reduced by
updating the meteorological information in the FMS during flight execution, using uplink to the aircraft [25].
The last error component is due to interpolation by the FMS between the available levels.

A proposed method to obtain better insight into wind prediction accuracy is to utilise wind forecast integrity
monitoring [13]. By comparing wind forecasts with the downlinked aircraft observed values, regions with
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poor prediction accuracy can be identified. Then, using this information, the forecast can be corrected or
the trajectory uncertainty can be increased.

In [24], a method is proposed to increase the accuracy of the winds available to the FMS. The Tailored
Descent Winds Tool (TDWT), developed by Airservices Australia, aims to reduce the wind profile predic-
tion error in all three components described above. Firstly, it utilises weather forecasts with the highest
resolution. Secondly, the wind profile is updated along the trajectory, instead of using the wind profile
above the destination. Lastly, the winds at the four levels for the FMS are not just the forecast winds
at those levels. Instead, these winds are determined so that they describe the entire wind profile as ac-
curately as possible, thereby minimising the interpolation error. By using weights, the solution is biased
towards levels where the wind is most significant to true airspeed. This is achieved by minimising the
Root Mean Square Interpolation Error (RMSIE). The resulting tailored winds at the four levels can then
be uplinked to the FMS. The study found that the Tailored Descent Winds provide the FMS with a more
accurate representation of the full wind profile compared to the standard forecast at each level.

According to the literature, two main approaches are used to quantify wind uncertainty. The first approach
uses time-lagged ensembles of weather forecasts for a specific time, to determine the wind uncertainty
[21], [33]-[35]. The forecast error is measured as the difference with the 0-hour forecast. Wind forecast
uncertainty is defined as the standard deviation of the ensemble members, where each member is an z-
hour forecast for a specific time. Since wind forecast errors decrease with decreasing lead time, weighted
interpolation can be used to determine the uncertainty. Purely random corrections can be included to ac-
count for model residuals, measurement errors, and nominal wind determination (interpolation) errors [34].
A drawback of this approach is that the correlation between ensemble members is generally larger than for
other techniques [33]. However, a key advantage is that with this approach, regional variations in uncer-
tainty that are related to weather phenomena can be identified. In addition, no additional model forecasts
next to the obtained forecast from e.g. the KNMI are needed, making this method less computationally
intensive.

In [35], the ECMWF EPS is used. This is a 51-member ensemble based on the ECMWF Global Atmo-
spheric Model. This generates 51 forecasts at the same time for a particular forecast horizon. Every
forecast uses slight different initial conditions, to get an idea of the weather uncertainty. It can be com-
pared to the Monte Carlo simulation method. From these forecasts, probability density functions of the
wind can be constructed, as done in [35]. Having multiple ensemble members at the same time stamp
will lead to better wind uncertainty modelling than having to use z-hour forecasts as ensemble members.
However, it is the only feasible option if only one forecast is provided per time stamp.

The second approach compares aircraft wind data with the wind forecast at that time [36], [37]. The wind
forecast is again provided by a meteorological institute such as KNMI. However, the papers cited here use
the Rapid Update Cycle (RUC), an American model that was replaced after the papers were published. In
[36], ACARS reports from the aircraft were used to compare the wind forecasts to. The differences found
account for both errors in the ACARS data and errors in the forecast model. From this, the actual forecast
model errors can be estimated. Since the wind uncertainty model estimates found in the literature are
for the United States, it cannot be assumed blindly that these are representative for the Dutch FIR. In
addition, RUC and ACARS data should be replaced by KNMI and ADS-C data, which will have different
uncertainties. Therefore, the first approach described here is a more suitable alternative for evaluating
wind uncertainty.

When quantifying trajectory uncertainty, it is important to consider the influence of wind error correlation.
Various studies have researched this [37]-[40]. It was found that simplifying assumptions regarding the
wind field correlation influences trajectory uncertainty. This is especially relevant for the conflict probability
between two aircraft. Correlation effects are stronger for aircraft in closer proximity of each other. By
neglecting wind correlation, the conflict probability is overestimated [37]. Therefore, neglecting it is a
conservative assumption. When only wind uncertainty is considered in the model as a source for trajectory
uncertainty, this conservative assumption can implicitly account for the trajectory uncertainty as a result of
other sources discussed in section 4.2. Even though neglecting wind correlation results in less accurate
trajectory uncertainty computations and subsequent conflict probabilities, the estimate can be considered
a first conservative approximation.
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4.5. Conflict Detection

In order to determine whether a planned trajectory can be executed, it is important to consider potential
conflicts with other aircraft. State-based conflict detection is the most straightforward method and will be
elaborated on to demonstrate the concept of conflict detection. However, since trajectory uncertainties
must be considered, a probabilistic approach to conflict detection is provided, as this approach will be
used in the thesis research. This approach can be used in online applications and takes into account
trajectory uncertainties to estimate conflict probabilities.

4.5.1. State-Based Conflict Detection

Two aircraft are in a conflict when a loss of separation between the two is predicted within the lookahead
time horizon. A loss of separation (LoS) occurs when the two aircraft positions are within the protected
zone (PZ), thereby violating the separation minima. Conflicts are detected by predicting the aircraft trajec-
tories and evaluating these against the separation minima. To illustrate this, the principle of state-based
conflict detection will be explained. This method uses the current aircraft positions and extrapolates the
current velocity vectors, assuming that the aircraft continue their current path [41]. The closest point of
approach (CPA) is defined as the relative position closest to the other aircraft at any point in time. The
time of CPA and the CPA distance are calculated using vector algebra. In Figure 4.4, horizontal conflict
detection is visualised. It shows the relative position of two aircraft. Around aircraft B, the PZ of radius
R is drawn. When aircraft A is within this PZ at any time, a LoS has occurred. The CPA distance is also
drawn.
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Figure 4.4: State-based conflict detection by calculating the closest point of approach [41].

The relative velocity V;el and relative position z,; are defined as:
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The time of CPA and the CPA distance can be calculated as follows [41]:
Vier L (frel —topa- ‘Z'el)
Vrel . (frel —tcpa - ‘Zrel) =0
‘77'@1 . f’r'el ‘Z'sl . f’rel (42)
tepa = = =— = 3
rel * Vrel ‘Z‘el

—

frel - ‘/7'el . tC’PA

dcpa =



4.5. Conflict Detection 52

Subsequently, the time interval of LoS depending on the PZ radius R is:

VI? —dips

—

tLoShouna = tePA £ (4.3)

rel

For vertical spacing, the calculation involves only an altitude difference and a relative vertical speed. Here,
the calculations will be shown for a constant relative vertical speed to demonstrate the calculation proce-
dure. The time of vertical CPA is calculated as:

hrel = hb - ha
vS = VSq — VS
rel a b (44)
o hrel
lcpa =
USrel

Here, h...; is the relative altitude and vs,..; is the relative vertical speed. These are calculated with opposite
signs, so that a positive time results when aircraft A is lower than aircraft B and has a positive relative
vertical speed. This means that the two aircraft are vertically moving towards each other. The tcp4 is
the time when both aircraft are at exactly the same altitude. Since a minimum vertical separation A, of
usually 1000 ft is required, the time interval of vertical LoS is defined as:

hsep

rel

LLoSyouna = topPA £ (4.5)

The combined LoS time interval is found by taking the overlapping interval from the horizontal and vertical
intervals.

4.5.2. Probabilistic Conflict Detection

The lookahead time used for conflict detection is important for determining what conflict detection model
is appropriate to use. For very short lookahead times, the previously explained state-based detection
model can be sufficiently accurate. The lookahead time considered in this research is around 20 minutes,
meaning that mid-range conflict detection models are more appropriate. Furthermore, it is important that
conflict probabilities can be calculated in real-time. Since trajectory uncertainty changes over time, the
conflict probability changes too. An established mid-range conflict prediction model that is appropriate for
this application [27], will be explained below.

Trajectory uncertainty is modelled as the variance of the along-track error as a function of time and as
the variance of the cross-track error as a function of time. The along-track variance grows quadratically
with time, while the cross-track error grows quadratically with distance, which is a function of time. The
cross-track variance saturates at a fixed value because corrections for the cross-track error are done in
the short term, either by the pilots or the FMS, which has a saturation point. The relations are written out
below:

o2(t) ~ r2t?
o2(t) ~ min{r2s*(t), 5>

i C

(4.6)

Here, r, and r. are the error growth rates. These can be determined from Monte Carlo simulations that
include trajectory uncertainties, or from literature, depending on the desired accuracy. This uncertainty
model is considered fairly accurate for a lookahead time up to around 20 minutes [27]. Since corrections
for the cross-track error are done in the short term, a saturation point is present. Meanwhile, along-track
errors are dealt with in the long term, usually by speed instructions from ATC.
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An aircraft trajectory Z(t) is assumed to be normally distributed, with as mean the predicted nominal
trajectory p(t) and as variance the covariance matrix composed from the track variances and corrected
for aircraft heading 6 using a rotation matrix:

V(t)= ROV ()RO)T
v = |7 ;1 (4.7)
R(9) = cosf) —sind

sinf cos#f

Next, it is assumed that the trajectories of aircraft A and B are uncorrelated. In practice, this is not the
case due to e.g. correlations in wind fields. However, by assuming this, the spacing between the two
aircraft d(t) can then also be modelled as a Gaussian random variable. The mean is the distance function
between the two nominal trajectories. The variance is the addition of the separate covariance matrices
for aircraft A and B:

l

d(t) ~ N (ji(t), Q(t))
fi(t) = pa(t) — pu(t) (4.8)
Q(t) = Val(t) + Va(t)

The resulting multivariate probability density function, p;., represents the uncertainty ellipse of the distance
between two aircraft. The overlap between this ellipse ‘and the PZ is the probability of conflict PC'. This
overlap can be found by integrating pdt over the PZ:

PC(t) = / Py (4.9)
Yy

PC(t) is calculated for every time step until the lookahead time 7. The maximum value of conflict proba-
bility is straightforwardly:

C(y) = max PC(t) (4.10)

te[0,T]

Here, ~ represents the current step in time. Every new time step, new conflict probabilities are calculated
until the lookahead time. When the maximum conflict probability C(~) is higher than a predefined threshold
C, a conflict is declared.

Because the nominal trajectories are known and readily available at each time step, the nominal CPA can
be determined from these trajectories immediately. At this tcpa, PC(t) will then be the highest. In other
words, C(y) = PC(tcpa). Knowing this decreases the computational effort, since the integration over PZ
has to be conducted only once per time step.

In Figure 4.5, the horizontal ellipse overlap is shown on the left. This ellipse represents the joint uncer-
tainty from d(t), as explained earlier. The horizontal PZ is a circle with a specified radius, which is most
commonly 5nm. This is the standard minimum separation when surveillance systems such as radar or
ADS-B are used. The separation may be decreased in some situations, that are not taken into account in
this research.

The described model only considers horizontal conflict detection. However, for the 3D case, the vertical
error should also be accounted for. It can be assumed that the vertical error variance grows linearly with
time during climb or descent, and return to zero when a set altitude is reached. This is because the FMS
is very capable of altitude holding. The covariance matrix V' (¢) then becomes:
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The vertical error growth rate for climb and descent can also be determined from Monte Carlo simulations,
or from literature [20]. The probability density function Py, then becomes 3D multivariate. It is now repre-
sented by an ellipsoid. The 3D PZ is a cylinder, with a predefined height of usually 2000 ft. This is because
1000 ft is the minimum vertical separation for IFR flight. On the right side of Figure 4.5, the vertical overlap
of the joint uncertainty ellipsoid is illustrated.
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Figure 4.5: Joint trajectory uncertainty overlap with the protective zone [42].

In [35], a method is proposed to transform wind uncertainties into distance uncertainties and subsequently
into conflict probabilities. The conflict probabilities are calculated in essentially the same way as described
above in Equation 4.9. However, the probability density function of the distance between aircraft is gen-
erated by transforming the probability density functions of the wind components. This is done using the
Probabilistic Transformation Method (PTM).

The idea behind this method is that an explicit expression relating the wind components and the aircraft
distance is found. When the wind components then are expressed in terms of aircraft distance, the dis-
tance probability density function is obtained by multiplying the wind probability density function with the
absolute value of the Jacobian determinant of that expression.

Finding the explicit expression is not straightforward. Since no clear explanation of how the expression
was obtained in [35] is available, a proper implementation of the method becomes difficult. Instead, Monte
Carlo simulations of aircraft trajectories using wind uncertainties to find the track error variances, which
are used in [27], are more robust.

4.6. Possibilities with ATS B2 ADS-C

ATS B2 Automatic Dependent Surveillance - Contract (ADS-C) is a new datalink technology. It allows ATC
to obtain aircraft information from the FMS directly, without requiring any pilot interaction. It is operational
at MUAC since May 2022 [43]. Aircraft can automatically establish an ADS-C connection and downlink
aircraft intent information to the control centre. While basic information is transmitted with every message,
it can be expanded with the Extended Projected Profile (EPP) [44]. With this, information about the
reference trajectory computed by the FMS as the predicted path can be shared with the ground, in a
maximum of 128 trajectory change points. In addition, the current gross mass of the aircraft can be
shared. Furthermore, meteorological data as perceived by the aircraft are shared [43].
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With all this information available on the ground, the accuracy of trajectory predictors on the ground can
be improved significantly [44]. Knowing the aircraft mass practically eliminates the mass uncertainty dis-
cussed earlier. Also, from the EPP data, it can be analysed what type of descent is flown, e.g. an idle
or a fixed-FPA descent. This information can be used to analyse the actual trajectory and, if necessary,
adjust the trajectory predicted on the ground. In addition, "what-if’ scenarios can be constructed by a TP
on the ground, thereby using the downlinked aircraft intent. This is done by making adjustments to the
received intent and analysing the results.

In general, ATS B2 ADS-C allows controllers to have a clearer picture of aircraft intent and airspace sector
loads [43]. Air navigation efficiency, situational awareness, and safety are improved, while the odds of
human errors going unnoticed are reduced. Since ATS B2 ADS-C data are already available and will
become more commonly used in the future, the effect of having access to the data needs to be included
in the trajectory uncertainty models.



ldle and Fixed-FPA Descents

This chapter contains information on idle and fixed-FPA descents. Firstly, relevant descent physics are
elaborated on in section 5.1. Then, idle descents are explained in detail in section 5.2. This is followed by
a detailed discussion on fixed-FPA descents in section 5.3. Lastly, the knowledge gap that this research
project attempts to fill is formulated clearly in section 5.4.

5.1. Descent Physics

In this section, the descent physics are explained. First, airspeed definitions are provided. Then, the
equations of motion for an aircraft in descent are provided, and expressions for the FPA are derived.

5.1.1. Airspeed Definitions

During a descent, the airspeed ranges from high subsonic numbers near the TOD to low subsonic num-
bers at landing. Therefore, it is important to discuss the concept of compressible flow. All flows are in
fact compressible, meaning they experience considerable changes in fluid density under certain circum-
stances. As a rule of thumb, flow can be considered incompressible for Mach numbers below 0.3 [45].
Above Mach 0.3, the flow should be treated as compressible. Within the TMA, Mach numbers are gen-
erally around 0.3. This means that assuming incompressible flow would be valid. For the descent from
the TOD to the IAF, the Mach number is always higher than 0.3. Therefore, compressible flow must be
assumed. This information is relevant for the calculation of various airspeeds. Furthermore, the flow is
always considered to be isentropic.

Airspeed can be expressed in various ways. When talking about airspeed, it is important to clearly state
which airspeed type is meant. An overview of the various airspeed types and their relationships will be
provided below.

Indicated Airspeed (IAS) is the airspeed reading measured by the Airspeed Indicator (ASI) [46]. The
airspeed is calculated from the total pressure measured with a pitot tube and the static pressure measured
with a static port. This pressure difference is the dynamic pressure, which is a measure for velocity. IAS is
uncorrected for variations in atmospheric conditions, instrument error, and installation error. However, an
airspeed independent of atmospheric conditions (temperature, pressure, density) can form the basis for
aircraft performance characteristics. For example, the stall speed of an aircraft is a constant value when
expressed in IAS. In IAS, the stall speed is expressed as the dynamic pressure required to not stall. The
required dynamic pressure is independent of atmospheric conditions. This means that the same dynamic
pressure is required at any altitude. The actual speed of the air required to obtain this dynamic pressure,
of course, changes with altitude. This will be discussed later.

For subsonic, inviscid, compressible flow, IAS is calculated as [45]:

2 =
Vias = aoMo = v/ ’YRTO\I po— | <(q + 1> - 1) (5.1)

DPo

From this equation, it can be seen that only the dynamic pressure ¢ is a variable. Ty and py are the
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temperature and static pressure at sea level, being 288.15 K and 101 325 Pa respectively. R is the specific
gas constant of air, with R = 287 J/(kgK). Lastly, - is the heat capacity ratio of air, with v = 1.4.

Calibrated Airspeed (CAS) is the IAS corrected for installation and instrument error [46]. Unfortunately,
installation errors and instrument errors are always present. Generally, these errors are the greatest at
lower airspeeds. At higher airspeeds and altitudes, IAS and CAS are approximately the same. No explicit
mathematical model exists to convert IAS to CAS. Airspeed calibration charts exist and can be used as
look-up tables for conversion between IAS and CAS. Since this research considers higher speeds and
altitudes, it is valid to assume that IAS is equal to CAS.

Equivalent Airspeed (EAS) is CAS corrected for compressibility effects [45]. These effects occur at higher
speeds and altitudes, as stated earlier. EAS and CAS are equal at sea level. Where IAS (and thus CAS)
considers the static pressure and temperature at sea level only, EAS considers the actual static pressure,
as well as a compressibility correction. It still uses the temperature at sea level. For low subsonic speeds
and lower altitudes, it is often assumed that EAS and CAS are equal. This assumption follows from
assuming incompressible isentropic flow. For high subsonic speeds and altitudes, which are considered
when analysing descents from the TOD to the IAF, the compressibility effects cannot be neglected, as
stated earlier.

For subsonic, inviscid, compressible flow, EAS is calculated as [45]:

[Ds 2 q = Ds
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Here, the actual static pressure p, is used to calculate the Mach number at altitude. Also, the compress-
ibility correction , /%3 is added. Note that the speed of sound qy is still calculated for sea level conditions.

When IAS is known, it is possible to determine the corresponding EAS. From Equation 5.1, the dynamic
pressure ¢ can be obtained by rewriting the equation. Furthermore, p, can be obtained for the current
altitude, by using the International Standard Atmosphere (ISA) relations. The values found for ¢ and p,
can then be used in Equation 5.2 to obtain the corresponding EAS.

True Airspeed (TAS) is CAS corrected fully for altitude and non-standard temperature [46]. It defines the
actual speed of the air travelling over the aircraft wing. Since air density decreases with increasing altitude,
an aircraft has to fly faster at higher altitudes to obtain the same dynamic pressure compared to lower
altitudes. For a given CAS, TAS thus increases with increasing altitude.

For subsonic, inviscid, compressible flow, TAS is calculated as [45]:

Ps
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Itis clear that for TAS, the atmospheric conditions at altitude are used. Both the temperature T and static
pressure p, at altitude are required.

Converting EAS to TAS is quite straightforward. The relation between EAS and TAS can be derived by
combining Equation 5.2 and Equation 5.3. Dividing Equation 5.3 over Equation 5.2 gives:

Vras _ oM VARTs  _ [Tspo (5.4)
Veas  qoM /% m/ﬁ \/Tops

From the ideal gas law, ps; = pRTs = pR = % this ratio can be expressed as:
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(5.5)
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Therefore:

Vras [ Tspo [P0

= = —_— 5.6
VEas Tops p (5.6)
This shows that EAS and TAS are linked through a correction for air density, with p the air density at

altitude and py the air density at sea level, being 1.225kg/m3. It should be noted that this relation also
follows from Bernoulli’'s equation for incompressible flow.

Ground speed (GS) is defined as the actual speed of the aircraft relative to the ground [46]. It is TAS
adjusted for wind. When the aircraft experiences a tailwind, GS is bigger than TAS. The equation relating
GS to TAS is given later, when the equations of motion are derived.

5.1.2. Derivation of FPA Expressions
Before elaborating on idle and fixed-FPA descents, it is important to be familiar with the physics behind
an aircraft in descent. Several assumptions are made for the derivations of the equations of motion:

» The Earth is spherical and non-rotating.

» The aircraft is rigid and symmetric.

» The forces act in the centre of gravity (point-mass model).

* The thrust vector is parallel to the aerodynamic velocity, i.e. ar = 0.

The flight path angle (FPA) ~ is negative for descent and positive for climb.
* The winds considered are steady horizontal winds that depend only on altitude.
» Small angle approximations for ~ are appropriate.

In Figure 5.1, a general force diagram of an aircraft in descent is shown. The body-fixed reference frame
F, and the aerodynamic reference frame F, are provided. Since no pitch, roll, and yaw are considered
in this diagram, the body-fixed reference frame coincides with the normal Earth reference frame Fz. The
aircraft weight W = mg acts along the Zg-axis, so in this case also along the Z,-axis. The lift L, drag D
and true airspeed Vr are all acting in F,. Since ar = 0 is assumed, the thrust also acts along the X,-axis.
The aerodynamic FPA +, is the angle between the Xg- (here also X,-) and X, -axis.

Zq

Zy

Figure 5.1: General force diagram of an aircraft in descent [7].

For descent, the longitudinal equations of motion are important. These are expressed in F,, both parallel
and perpendicular to the flight path. When no wind is considered, these equations are [7]:

d
mﬁ =T —D —mgsiny, (5.7)
dt
da
mVrp =L —mgcos~y, (5.8)

dt
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In [7], ~ is assumed to be positive downwards. Therefore, the equations above are not exactly the equa-
tions found in [7]. When a steady horizontal wind is considered, extra terms taking into account the wind
dependency on altitude are added to the equations, so these then become [47]:

dV; . dVy .
md—tT =T — D —mgsiny, — mVTW sin 7y, COS 7, (5.9)
dva dVy .
mVrp th =L —mgcos~y, + mVT—dh sin’ v, (5.10)

Here, V,, is the horizontal wind velocity in the longitudinal direction. Since the equations are the longitudi-
nal equations of motion, lateral wind is not considered. The true airspeed Vr, the wind speed V,, and the
ground speed Vs are related as follows:

Vas =V +Vy (5.11)

In scalar form, longitudinally, V,, is positive for a tailwind and negative for a headwind.

The objective is to derive an expression for the geometric FPA ~,, based on the equations of motion.
Using small angle approximations, ~, and ~, are linked as follows [4]:
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Rewriting Equation 5.9 using small angle approximations (sin~y, ~ v, and cos~, = 1) and substituting

dVr _ dVr dh dh __ ) ; : ; .
“F = S, aswell as 57 = v,V as defined in Equation 5.12 gives:
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An expression for v, is obtained by substituting the final expression of Equation 5.12 for v, into Equa-
tion 5.13 and rearranging:

T-D
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From Equation 5.14, the thrust required to stay on the desired v, in known conditions can be calculated
directly.

In [7], another equation useful for idle descent is derived. In Equation 5.15, the maximum FPA for which
the aircraft will glide without accelerating in IAS is given. It must be noted that this derivation assumes no
wind. In addition, here v is defined as positive downwards, which is different from the equations above.
Furthermore, it assumes that Calibrated Airspeed (CAS) is equal to Equivalent Airspeed (EAS). Further-
more, instrument errors are neglected, meaning that it is assumed CAS is equal to IAS. This assumption
is valid, as the difference between the two is generally small. Even though the expression is expressed
in terms of EAS and strictly speaking determines the maximum FPA for gliding without accelerating in
EAS, it is used in [7] as if EAS is equal to IAS, as stated above. To make the equation useful for high
subsonic speeds and altitudes, the desired IAS should be converted to EAS properly before using the
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value in the equation. The conversion from |IAS to EAS is explained in section 5.1.1. In reality, IAS might
accelerate slightly when EAS is constant, but this acceleration is assumed to be small. So the equation
is a reasonable approximation for the maximum FPA without acceleration in IAS. For an idle descent, the
thrust 7" must be set to T; 4.

The equation for the maximum FPA for which the aircraft will glide without accelerating in EAS is [7]:
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The derivation of this equation starts with the time derivative of the relationship between TAS and EAS and
used the ISA relations to express the time derivative of air density. In addition, the longitudinal equation
of motion without wind parallel to the flight path is used. Lastly, it should be noted that here, ~ is the
aerodynamic FPA ~,. However, without wind, v, = v,, as can be seen from Equation 5.12 with V,, = 0.
The derivation becomes considerably more complex when wind is considered. However, the maximum
FPA obtained from Equation 5.15 should be viewed as an indication for situations involving wind.

5.2. Idle Descents

This section presents an overview of the research done on idle descents as found in literature. Since idle
descents are central in this thesis research, a thorough understanding of this is of high importance. In
an idle descent, the throttle is set to the idle position. This is the lowest power setting possible without
shutting down the engines. A small amount of thrust is still produced. During the idle descent, a constant
Mach is maintained until the crossover altitude. From this point onward, a constant calibrated airspeed
(CAS) is maintained. This is stopped only at a speed change point, such as the IAF, or when ATC instructs
a new speed. In Figure 5.2, a schematic overview of the vertical profile of an idle descent is provided. It
shows that constant Mach and later constant CAS are maintained until deceleration is required to adhere
to the speed constraint at the IAF.

TOD:
position, altitude,
altitude, cruise
cruise Mach Mach
descent CAS,

idle thrust DECELERATE.
rate of descent,
idle thrust

CRUISE:
altitude,
cruise
Mach

METER FIX:

constant Mach, position,
idle thrust altitude,
CAS

Figure 5.2: Schematic overview of an idle descent [48].

The idle descent is very efficient in terms of fuel usage, noise, and emissions, but it comes with increased
uncertainty, thereby requiring larger spacing [4]. The vertical profile of an idle descent is highly sensitive
to the descent speed profile, wind, and aircraft weight. The descent path becomes shallower with a
decrease in descent speed, an increase in tailwind, or an increase in aircraft weight. Typically, large
separation buffers are applied by ATC to ensure sufficient distance from an aircraft performing an idle
descent. Due to the rapidly increasing uncertainty in an idle descent, level segments are often imposed
by ATC to reduce the vertical uncertainty back to zero.
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When examining historical flight data, it is not always straightforward to determine whether an idle descent
was actually flown. In [49], a method to identify an idle descent with is given. The target Mach before the
crossover altitude and the target CAS after the crossover altitude until the IAF are derived from the flight-
specific Cost Index (Cl). The Cl is calculated such that minimum trip cost is achieved, using a trade-off
between operating costs and incremental fuel burn. For a selected Cl, the FMS manages the correspond-
ing idle-thrust descent path. An idle descent can be identified easily when data on the thrust or fuel burn
is available. Unfortunately, this information is usually only available on the aircraft, and is not downlinked
to the ground. Therefore, Air Navigation Service Providers (ANSPs) have no insight into these parame-
ters. Instead, [49] shows that an idle descent can be identified by comparing the actual speed profile to a
typical Mach/CAS target speed profile. A benefit is that the actual flown speed is not important. Since idle
descents are executed on a constant Mach/CAS speed profile, the only analysis required is whether the
speed profile is constant. This makes the method robust for varying Cl values between different flights.
Logically, this method does not give insight in whether the preferred Cl was adhered to during the descent.
Important to note is that for this method, it is assumed that above the crossover altitude, CAS increases
linearly with decreasing altitude for a constant Mach. Below the crossover altitude, CAS is constant. This
creates a regression problem with two segments. This model is used to determine the Root Mean Square
Deviation (RMSD) with the available airspeed data. The descent is found to be an idle descent when the
RMSD and the absolute maximum deviation are below a predefined threshold. In reality, it is possible
to fly a constant Mach/CAS speed profile without flying an idle descent. For example, a fixed-FPA de-
scent discussed later can be flown with a constant Mach/CAS speed profile. Therefore, this method is not
entirely robust for identifying idle descents.

The shape of the descent path determines the TOD. This is the location where the descent is initiated.
Naturally, steeper descents require a TOD closer to the IAF than shallower descents. In [48], the TOD
location is estimated as a linear function of several predictive factors, including aircraft type, aircraft weight,
wind, cruise altitude and Mach, descent CAS, and IAF constraints. Multiple regression was used for this
estimation. Flight and radar data of many flights were used to extract the flown flight paths and the values
of the predictive factors. It was found that the quality of the regression fit improves with more accurate
data on the predictive factors, especially on wind, speed, and altitude. Furthermore, the accuracy of
predicted TOD location was within 5 nm. Since this approach uses historical flight data to find regressions
for specific aircraft types, many models are needed for this to be useful in a high-density traffic scenario.
The approach could be used to derive relations between the mentioned predictive factors and the TOD
locations when simulating aircraft trajectories with uncertainty using the models described in chapter 4.

In 20086, a trial was conducted in which aircraft flew CDAs from cruise until the final approach at Schiphol
Airport (EHAM) during nighttime operations [15]. An idle descent path was flown to the first vertical con-
straint. This constraint was beyond the TMA boundary and thus beyond the IAF. The test was conducted
in low traffic densities only, to ensure safe circumstances and sufficient spacing. Optimal CDAs flown
during the trial used minimal altitude stabilisation, minimal thrust increase from idle, and no excessive use
of speed brakes. The findings of this test support the statement in section 4.2 that accurate wind informa-
tion should improve trajectory predictability and thus reduce trajectory uncertainty. Therefore, nighttime
CDAs should include uplinking weather forecasts prior to TOD. Most aircraft have the ability to receive
automated uplinks. Since this research involves a 24-hour operation, the uplinks would also be required
during the day.

Currently, CDAs are still only flown during nighttime operations at Schiphol Airport, mainly due to the need
for an increased landing interval [7]. Many types of CDA have been designed and elaborated on in [7],
but these are focused on the approach from the IAF to the FAF (Final Approach Fix), where the ILS is
intercepted. However, the newly proposed CDA type in this paper can potentially be used in the earlier
descent segment from the cruise TOD to IAF as well. This CDA type uses variable FPA. Furthermore, the
aircraft flies at 250 KIAS on autothrottle until a thrust-cutback point is reached, at which point the throttle
is set to the idle position. Thrust is reapplied only when the approach speed is reached. The approach
was flown with two segments of different constant FPA, using idle thrust as much as possible. With this
variation in FPA, the ETA could be adapted such that the RTA was met as close as possible.

Another CDO concept, planning a full idle descent from cruise TOD till the stabilisation point at 1000 ft
above ground, is named Time and Energy Managed Operations (TEMO) [50]. The algorithm uses the law
of conservation of energy to exchange kinetic and potential energy, to correct for deviations without using
thrust or speed brakes, thereby keeping the total energy constant. In practice, altitude is exchanged for
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speed and vice versa. A trajectory consists of a nominal airspeed profile. As stated earlier, a constant
Mach is flown until the crossover altitude. From here onwards, a constant CAS is flown until a rapid
deceleration to the IAF speed constraint is required. It can be assumed that CAS increases linearly with a
decreasing altitude for a constant Mach. Speed-on-elevator (SOE) control is used to fly the speed profile.
As the name suggests, only the elevator is used to control the aircraft speed. Thrust was set to idle, and
speed brakes were omitted. When large deviations are detected, the algorithm minimises the use of thrust
and speed brakes to return to the nominal trajectory. By using a tactical speed controller, the effects of
wind estimation errors were effectively minimised. This is the case because a tactical controller corrects
for deviations immediately, using a closed-loop control system.

5.3. Fixed-FPA Descents

This section presents an overview of the research done on fixed-FPA descents as found in the literature.
Since the fixed-FPA descent is an important factor in this thesis research, a thorough understanding of
this is required. In a fixed-FPA descent, the aircraft follows a predefined, constant geometric FPA (v,). A
great advantage of this descent type is that the vertical profile of the aircraft is explicitly defined. Because
of this, fixed-FPA descents have an increased predictability and thus decreased uncertainty compared to
idle descents [4], [5]. Therefore, fixed-FPA descents are more suitable in higher traffic densities. However,
in order to adhere to the fixed ~,, non-idle thrust is required. Instead of a constant -, throughout the entire
descent, the descent can be split into segments. In each segment, a different v, can be used. Using this
can make a descent more efficient, as the optimal v, varies with altitude.

Another option would be to follow a predefined, constant aerodynamic FPA (v,). Due to varying wind
conditions, this would result in various -, being achieved throughout the descent. With this, predictability
is decreased and uncertainty is increased, as the optimal ~, is different between aircraft types and weights.

In a fixed-FPA descent, a constant CAS is maintained for each segment, similar to an idle descent. Also,
a deceleration segment before the IAF is introduced to adhere to the speed restrictions there [4], [5]. The
thrust required is calculated based on the predefined v, and CAS, and on the other aircraft- and weather-
specific variables. In Figure 5.3, a schematic overview of a fixed-FPA descent is provided.
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Figure 5.3: Schematic overview of a fixed-FPA descent (adjusted from [51]).

Various aircraft types contain an autopilot mode through which a fixed-FPA descent can be flown [7]. This
FPA mode can be selected via the Mode Control Panel (MCP). The pilot can select the desired v, using
a knob on the MCP. The autopilot controls the aircraft along this ~,, independent of wind conditions. This
FPA mode is available on the A320, A330, A340, and A380 Airbus types. For Boeing aircraft, this mode
has been introduced on the B777, B787, and B747-800. Even though the fixed-FPA descent profile is
independent of wind conditions, accurate wind information is still important to determine ground speed and
subsequently arrival time at waypoints. Because of this, consistency between wind information available
on the ground and wind information loaded into the FMS is desired [5]. Generally, if no specific FPA mode
is available, a fixed-FPA descent is flown in the VNAV PATH autopilot mode [52]. While the autopilot guides
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the aircraft, pilots only monitor the vertical profile to make sure the aircraft is following the path along the
predefined FPA. Pilots may use speed brakes when instructed, in case the aircraft tends to deviate from
the desired path, to correct the VNAV PATH mode. Another possibility for flying a fixed-FPA descent, is to
have the pilot manually create a waypoint after the TOD, and input an altitude for all necessary waypoints
along the route in the FMC [52], [53]. By adhering to the input altitudes, the desired FPA is flown.

One of the first flight tests demonstrating a fixed-FPA descent, was in 2002, at Louisville International
Airport [17]. During this test, fixed-FPA descents were flown inside the TMA. Even though the descent
segment from cruise TOD until IAF is of interest, the flight test inside the TMA provides useful insights.
The test confirmed noise reduction and fuel saving compared to a conventional step-down approach. In
addition, it was confirmed that accurate trajectory predictions are needed when this descent is to be imple-
mented in high-density traffic, as it requires a different spacing strategy from ATC. In [53], the importance
of accurate wind estimations to achieve more accurate time-spacing is underlined.

In recent years, flight tests and simulator tests have been conducted in various research projects. Full-
flight simulator trials and field tests at Moses Lake Grant County International Airport, under Boeing’s
ecoDemonstrator 2018 program, have shown that the fixed-FPA descent trajectory can be predicted with
great accuracy [52]. Furthermore, simulator trials in full-flight B777-200 and B787-800 simulators, with
descents to Kansai International Airport and Tokyo International Airport, have demonstrated that the fixed-
FPA descent is feasible for wide-body aircraft using the current FMS and pilot intervention [51], [53], [54].
The descent is operationally feasible for FPA under 2.5°, and acceptable in operations in terms of tracking
performance. The fixed-FPA descent therefore has the capabilities required for procedure integration
into congested airspace. The vertical path can be predicted by ATC, and the arrival time is controllable.
Because of this, the combination of a fixed-FPA descent with speed control has the potential to result
in significant improvements in fuel and time management efficiency in future operations, compared to
conventional arrival operations.

Various studies have investigated the fuel usage of a fixed-FPA descent and compared it to other descent
types. In [55], real flight data of conventional descents were compared to simulated fixed-FPA descents of
3°. This showed that the 3° fixed-FPA descent generally has considerably less fuel usage and increased
time saving. The most optimal FPA for the highest fuel saving relative to 1° is investigated in [56], for
five similar aircraft types (B737, B738, A319, A320, and A321). Here, real flight data of flights containing
constant FPA descent segments of at least 200s were used to investigate the fuel usage during these
fixed-FPA segments. The results suggest a U-shaped pattern for total fuel burn with an increase in the
FPA. The highest fuel saving relative to a 1°-FPA was found to be 14.0% (191 kg) for an FPA of 2.5°. This
result is convenient, as [54] has shown the fixed-FPA descent is operationally feasible for FPA under 2.5°
for wide-body aircraft, as stated earlier.

While idle-thrust descents are generally seen as fuel-optimal descents, it has been shown that an idle
descent does not necessarily result in the most fuel-optimal trajectory [57]. Monte Carlo simulations were
performed to compare fixed-FPA descents to idle descents. It was found that the fixed-FPA descent
divided into multiple segments, with each unique FPAs, is the most fuel-efficient fixed-FPA descent. How-
ever, this descent requires explicit communication between the pilot and ATC regarding FPA intent prior
to the TOD. The fixed-FPA descent with constant FPA throughout the entire descent was found to be
more sensitive to speed brake conditions, which reduces the efficiency. The comparison to idle descents
showed that, on average of the test conditions sampled, idle-thrust descents burned 411bs (~ 18.6kg)
more fuel than the fuel-optimal fixed-FPA descents. The reason for this is that in some situations, fuel can
be saved by having the TOD for the fixed-FPA earlier than the TOD of an idle descent. The reduced fuel
burn in the cruise segment is then greater than the extra fuel burn in the descent segment.

In December 2022 and February 2023, for the first time ever, the fixed-FPA descent was demonstrated on
scheduled commercial flights to Kansai International Airport [6]. The aircraft types used were the A320neo
and A320ceo aircraft. The aim of this demonstration was to expand the time frame for possible implemen-
tation of CDO in Japan. The Profile Descent (PD) is the most fuel-efficient descent as it is optimised
by the FMS for the specific aircraft. However, trajectory predictability is lower due to the uncertainties
from specific aircraft performance and weather conditions. Due to the low trajectory predictability of PD,
its implementation in Japan is currently limited to three airports, one of which is Kansai International Air-
port. Here, PDs can be performed on flights with scheduled arrival times between 23:00 and 07:00 JST
(Japan Standard Time). By taking advantage of the fact that the fixed-FPA descent has higher vertical
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trajectory predictability than PD and thus facilitates ATC operations, the CDO implementation window
can be extended by allowing fixed-FPA descents outside the current CDO hours. The flight test showed
that, compared to conventional step-down descents, the reduction in fuel consumption for the 2.5°-FPA
descent was 9%, while it was 6.7% for the 2.0°-FPA descent. From flight simulator tests using the PD
under conditions similar to those in the demonstration flights, a 6.2% reduction in fuel consumption was
observed. This indicates that the PD and the fixed-FPA descent achieve nearly the same fuel consump-
tion reduction. Furthermore, [51] demonstrated that the fixed-FPA descent could potentially reduce the
fuel consumption in congested airspace compared to the PD. This is the case especially when arrival time
delays of more than approximately 120 s are present.

5.4. Knowledge Gap

In the chapters and sections above, a detailed overview is provided of the research conducted regarding
trajectory uncertainties, CDOs, and particularly idle and fixed-FPA descents. In this section, the knowl-
edge gap, linking the previous research found in the literature to the research topic of this thesis, is
formulated clearly.

Currently, CDOs are restricted to low traffic densities due to the high unpredictability [6]. Also at Schiphol,
it is restricted to only nighttime operations [7]. Potential lies in investigating when idle and fixed-FPA de-
scents can be flown throughout a 24-hour operation, as this information is currently unavailable. The feasi-
bility of flying idle and fixed-FPA descents has been demonstrated [6], [15], [48], [51], [53], [54]. However,
no clear criteria have been developed for when these descents can be executed safely in the presence
of other traffic. Using accurate trajectory uncertainty modelling to determine criteria for the execution of
these descents is novel. Therefore, this research will focus on developing criteria for the execution of idle
and fixed-FPA descents, taking into account the associated trajectory uncertainties. Executing idle and
fixed-FPA descents in higher traffic densities enables the possibility of further reducing noise, emissions,
and fuel burn.
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